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ABSTRACT
◥

Pediatric papillary thyroid carcinoma (PPTC) is clinically dis-
tinct from adult-onset disease. Although there are higher rates of
metastasis and recurrence in PPTC, prognosis remains highly
favorable. Molecular characterization of PPTC has been lacking.
Historically, only 40% to 50% of childhood papillary thyroid
carcinoma (PTC) were known to be driven by genomic variants
common to adult PTC; oncogenic drivers in the remainder were
unknown. This contrasts with approximately 90% of adult PTC
driven by a discrete number of variants. In this study, 52 PPTCs
underwent candidate gene testing, followed in a subset by whole-
exome and transcriptome sequencing. Within these samples, can-
didate gene testing identified variants in 31 (60%) tumors, while
exome and transcriptome sequencing identified oncogenic variants
in 19 of 21 (90%) remaining tumors. The latter were enriched for
oncogenic fusions, with 11 nonrecurrent fusion transcripts, includ-
ing two previously undescribed fusions, STRN-RET and TG-PBF.
Most fusions were associated with 30 receptor tyrosine kinase (RTK)

moieties: RET, MET, ALK, and NTRK3. For advanced (distally
metastatic) tumors, a driver variant was described in 91%. Gene
expression analysis defined three clusters that demonstrated distinct
expression of genes involved in thyroid differentiation and MAPK
signaling. Among RET-CCDC6–driven tumors, gene expression in
pediatric tumors was distinguishable from that in adults. Collec-
tively, these results show that the genomic landscape of pediatric
PTC is different from adult PTC. Moreover, they identify genomic
drivers in 98% of PPTCs, predominantly oncogenic fusion tran-
scripts involving RTKs, with a pronounced impact on gene expres-
sion. Notably, most advanced tumors were driven by a variant for
which targeted systemic therapy exists.

Significance: This study highlights important distinctions
between the genomes and transcriptomes of pediatric and adult
papillary thyroid carcinoma,with implications for understanding the
biology, diagnosis, and treatment of advanced disease in children.

Introduction
Papillary thyroid carcinoma (PTC) is the most common malignan-

cy in adolescents and young adults (1, 2) and incidence has been
increasing across all age groups for the past three decades (3). Pediatric
PTC (PPTC), diagnosed among individuals 18 years and under,
constitutes less than 2% of all PTC diagnoses; thus, the biology and
molecular genetics of pediatric disease has been sparsely characterized
relative to adults.

Clinical features of PTC in children differ from those in adults,
recognition of which led to the development of pediatric-specific
guidelines, first published in 2015 (4). Children with PTC present
with more advanced disease, larger primary nodules, and more
aggressive features than adults (5). Lymph node involvement
and distant metastases are more common in the pediatric popula-
tion (6, 7). Recurrence rates are also higher, reaching up to 40% in
children versus 20% in adults (8, 9). These differences may reflect the
host environment, but may also reflect distinct molecular mechanisms
underlying oncogenesis and invasiveness in children (10).

In 2014, The Cancer Genome Atlas (TCGA) adopted an integrated
multiplatform analysis to define the genomic landscape of 496
PTCs (11). This study demonstrated that PTC is primarily driven by
mutually exclusive substitutions in BRAF orRAS (which accounted for
59.7% and 12.9%, of tumors respectively) or by oncogenic fusions,
most commonly between RET and either CCDC6 (RET-PTC1) or
NCOA4 (RET-PTC3), which comprised an additional 5.3%. Rarer
substitutions and fusions were identified in a further 12% of PTCs.
These findings affirmed the importance of aberrant signaling through
theMAPK and PI3K pathways in thyroid oncogenesis. TCGA further
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described gene expression patterns according to (i) impact onmarkers
of thyroid differentiation; (ii) activation of the MAPK-ERK signaling
pathway; and (iii) a novel BRAF-RAS score (BRS) that designated
tumors as BRAF-like or RAS-like. A fundamental shortcoming of
TCGA, however, with respect to PPTC, was the inclusion of only 3
tumors from individuals less than 18 years and no individuals less than
12 years at diagnosis.

Molecular characterization of pediatric disease has been slower in
arriving. Several studies have adopted PCR-based genotyping or
targeted next-generation sequencing (NGS) panels to describe
PPTC (12–18), summarized nicely by Bauer (19) and Paulson (20),
although such analyses are limited to relatively small cohorts and finite
numbers of candidate genetic variants. Nevertheless, they identified
that the distribution of oncogenic variants in children differs from
those in adults, with substantially lower substitution rates (specifically
BRAFV600E and RAS substitutions). More recently two studies have
employed targeted next-generation gene panels, identifying oncogenic
drivers 69% to 77% of tumors (18, 21). Oncogenic fusions appear to
exist in excess, relative to substitutions (13, 15, 21). Finally, there is a
significantly greater proportion of PPTC without an identified geno-
mic driver. We recently summarized these studies and found that of
338 tumors analyzed, only 164 (49%) were associated with a genetic
alteration (22) while the remainder constituted “dark matter” tumors.
This is a meaningful deviation from TCGA, wherein 89.9% of tumors
was associated with a solitary oncogenic variant and only 10.1% were
dark matter.

The current study sought to identify the oncogenic drivers of
pediatric dark matter PTCs using whole-exome sequencing (WES)
and transcriptome-wide NGS [RNA sequencing (RNA-seq)], to char-
acterize gene expression patterns in pediatric PTC and to examine
these in contrast to adult PTC.

Materials and Methods
Patients and samples

This study was approved by the Institutional Research Ethics Board
and all patients provided informed written consent for participation.
Thyroid nodules were snap-frozen from 45 consecutive pediatric
patients at our institution. Peripheral blood lymphocytes were col-
lected for germline DNA extraction. An additional 12 archival tumors
were obtained from theCooperativeHumanTissueNetwork, although
sample quantity or quality limited analysis to genotyping alone for all
but 4 of these [3 PTC and 1 follicular thyroid carcinoma (FTC)]. Five
histologically benign lesions (1 follicular adenoma, 4 follicular nodular
disease) were included for gene expression analysis. DNA and RNA
were extracted using the AllPrep Universal Kit (QIAGEN).

Pathology review
All surgical specimens were reported utilizing a standardized

synoptic report. To ensure accurate tumor subclassification using the
2017 WHO classification of thyroid neoplasms (23), with the excep-
tion of 4 cases, all specimens were rereviewed by 2 pathologists with
endocrine pathology expertise (O. Mete and R. Chami). Four samples
lacked diagnostic-quality archival material or images, and thus we
relied on the original pathologist’s report for diagnosis. Histologic
variant could not be determined for 3 PPTCs based on available images
and original pathology report.

Genetic analysis: genotyping of common PTC alterations
Allele-specific quantitative PCR or quantitative RT-PCR, using

Thyroid Cancer Mutation Detection Kit and the Thyroid Cancer

Fusion Detection Kit (Entrogen Inc), was performed to genotype
all 52 carcinoma samples for 17 of the most common genetic
alterations found in adult thyroid carcinoma (alterations in BRAF,
HRAS, KRAS, NRAS, RET, and PAX8 genes). DICER1 analysis was
previously reported (22). The human telomerase reverse transcrip-
tase (hTERT) promoter was generated as a single 220 bp amplicon
using primers FWD-AGCGCTGCCTGAAACTCG and hTERT-
REV-CACAGACGCCCAGGACCG and custom TaqMan probes
for the C228T and C250T variants and 7deaza-dGTP modification
as described (24). Digital PCR was performed on a QX200 droplet
digital PCR System (BioRad Inc) according to manufacturer’s
directions. Samples were prepared with 2x ddPCR Supermix, for-
ward and reverse primers, and partitioned into a median of
approximately 14,000 droplets per well in the QX200 droplet
generator. After PCR amplification, samples were read on the
QX200 droplet reader using BioRad QuantaSoft software.

Genetic analysis: NGS
Exome and transcriptome sequencing were performed by The

Centre for Applied Genomics (TCAG) using established protocols.
Sequencing information, raw FASTQ files and clinical character-

istics for the 390 TCGA PTC samples were obtained from the
TCGA data portal (https://portal.gdc.cancer.gov/). The files were
downloaded and processed using the FusionValidator pipeline
(described below).

WES
Exome libraries were prepared using Agilent SureSelect Human

Exome Library Preparation V5 kit and the Agilent Bravo Automation
System followed by paired-end sequencing on an Illumina HiSeq 2500
platform. Genomic DNA (750 ng) was fragmented to 200-bp on
average using a Covaris LE220 instrument. Sheared DNA was end-
repaired and the 30 ends adenylated prior to ligation of adapters with
overhang-T. Genomic library was amplified by PCR using 10 cycles
and hybridized with biotinylated probes that target exonic regions; the
enriched exome libraries were amplified by an additional 8 cycles of
PCR. Exomic libraries were validated on a Bioanalyzer 2100 DNA
High Sensitivity chip (Agilent Technologies) for size and by qPCR
using the Kapa Library Quantification Illumina/ABI Prism Kit pro-
tocol (KAPA Biosystems) for quantities. Exome libraries were pooled
and sequenced with the TruSeq SBS sequencing chemistry using a V4
high throughput flowcell on a HiSeq 2500 platform following Illumi-
na’s recommended protocol. Approximately 6 to 8 gigabases of raw
paired end data of 126-bases were generated per exome library.

RNA-seq
Quality of total RNA samples was determined using the Agilent

Bioanalyzer 2100 RNA Nano chip. Concentration was measured by
Qubit RNA HS Assay on a Qubit fluorometer (Thermo Fisher). RNA
library preparation was performed following the NEB NEBNext Ultra
II Directional RNA Library Preparation protocol. Briefly, 400 ng of
total RNA were used as the input material and enriched for poly-A
mRNA, fragmented into the 200- to 300-base range for 4 minutes at
94�C and converted to double stranded cDNA, end-repaired, and
adenylated at the 30 to create an overhang A to allow for ligation of
Illumina adapters with an overhang T; library fragments were ampli-
fied under the following conditions: initial denaturation at 98�C for 10
seconds, followed by 15 cycles of 98�C for 10 seconds, 60�C for 30
seconds, and 72�C for 30 seconds, and finally an extension step for 5
minutes at 72�C; at the amplification step, each sample was amplified
with a different barcoded adapters to allow for multiplex sequencing.
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One microliter of the final RNA library was loaded on a Bioanalyzer
2100 DNA High Sensitivity chip (Agilent Technologies) to check for
size; RNA libraries were quantified by qPCR using the Kapa Library
Quantification Illumina/ABI Prism Kit protocol (KAPA Biosystems).
Libraries were pooled in equimolar quantities and paired-end
sequenced on 2 lanes of a High Throughput Run Mode flowcell with
the V4 sequencing chemistry on an Illumina HiSeq 2500 platform
following Illumina’s recommended protocol to generate paired-end
reads of 126-bases in length.

Substitution calling
WES paired reads were aligned to the human genome (hg19/

GRCg37) using BWA-MEM (v.07.8). PCR duplicates were identified
with Picard MarkDuplicates (v.1.108). Somatic mutations were
detected using MuTect2 as part of GATK v.3.5 and Delly v.0.7.1 and
annotated with ANNOVAR. Custom filters were implemented to
increase specificity of detection as described (25). The mutational
burden was calculated by dividing the total number of exonic variants
identified by the SSM pipeline by the total capture region of an exome,
which is on average 30Mb.

Gene fusions
Gene fusions were detected using an in-house pipeline, Fusion-

Validator (25). In brief, transcripts were identified using an
approach that integrates five independent fusion algorithm detec-
tion tools: Defuse 0.6.2, ChimeraScan 0.4.5, STAR Fusion 0.7.0,
MapSplice 2.1.9, and FusionCatcher 0/99.4d_beta (26–30), and
then performs a dynamic realignment against a large data set
of approximately 1,300 nonneoplastic samples from 43 different
tissues (31) to remove recurrent artifacts and read-throughs.
Putative fusions were then validated in silico by transcript assembly.
Finally, a machine-learning predictive model was applied to
all fusions to generate a final predictive score (the result of a
function based on a linear combination of predictor variables).
Gene fusions were annotated and Circos plots generated using
FusionHub (32). Breakpoints and validation scores are summarized
in Supplementary Table S1.

Gene expression analysis
RNA-seq reads were aligned on human genome using STAR 2.4.2

andHT-Seqwas used to count reads aligning on every single gene, after
removing PCR duplicates and reads mapping on ribosomal RNA,
miRNA, and small nucleolar RNA. Raw gene counts were then
normalized using the trimmed mean of M-value (TMM) method in
the EdgeR package, on genes with at least one read per million bases in
at least 3 samples.

K-means clustering was performed on normalized gene expres-
sion values and two well established methods were used to identify
the number of distinct clusters present across the cohort and
determine the optimal number of clusters: the Elbow Method (33)
and the Gap Statistic (34). For the elbow method the within-cluster
sum of squares for k ¼ 1 to k ¼ 15 was extracted and the wss values
per cluster were plotted. For the Gap statistic a max k of 10 with 50
bootstraps was used.

Differentially expressed genes in each cluster were identified using
the Limma package in R38. Unsupervised hierarchical clustering with
principal component analysis was used to exclude batch effects. P
values were adjusted for multiple testing using the Bonferroni cor-
rection for FDR.Differentially expressed geneswere identified between
each cluster and the remainder of the cohort and clusters were
considered statistically significant if FDR ( 0.05.

To ascertain whether gene expression differed between pediatric
and adult PTC, we first performed unsupervised clustering including
all 37 tumors from the present cohort as well as 389 tumors from
TCGA. We further performed a generalized linear model likelihood
ratio test to compare within-variant expression for the most common
oncogenic variants, BRAFV600E (6 pediatric vs. 233 adult tumors),
CCDC6/RET (3 pediatric vs. 13 adult), NCOA4/RET (4 pediatric vs. 4
adult), and ETV6-NTRK3 (3 pediatric vs. 5 adult). The latter two
analyses lacked statistical power to discriminate gene expression (with
only 0 and 4 differentially expressed genes, respectively). P values for
the generalized linear model test were adjusted for multiple testing
using the Benjamini–Hochberg method for controlling the FDR.

Data availability
Raw exome data files are available at the European Genome-

Phenome Archive, accession EGAD00001007502 and RNA-seq data
EGAD00001007499. Source data for gene expression are accessible at
https://doi.org/10.5683/SP2/IANCYA.

Thyroid differentiation score and ERK score calculation
Thyroid differentiation score (TDS) and ERK score were generated

as previously described using Ht-Seq–derived expression scoring (35).
The TDS is defined by 16 thyroid-specific genes, associated with
thyroid metabolism and function and was determined as the mean
of the median-centred rlog value for the 16 genes.

The ERK score was defined by a 52 gene signature derived to
reflect MAPK activation levels. Fifty of the 52 ERK genes were
identified in our analysis and used to determine ERK score.
KIR3DL2 and GTF2A1 L were not identified and were not used
in ERK score derivation in the current analysis. Both are associated
with ERK upregulation. ERK score was defined as the mean of
the median-centered rlog values for the 50 genes. Independently,
we derived a MAPK score using a nonparametric, unsupervised
method.

Statistical analysis
Analyses were performed using R software 3.5.3, RStudio 1.1.463,

GraphPad Prism 7.0 or SPSS v.26. Comparisons of categorical vari-
ables were performed via c2 or Fisher exact test. Comparisons of
continuous variables were performed via independent t test. ANOVA
tests were conducted when continuous variables between more than
2 groups was required, with Tukey correction used for multiple
comparisons. The limit of significance for all analyses was defined as
P-value < 0.05 using Bonferroni correction where applicable. Kruskal–
Wallis and Wilcoxon rank–sum tests were used to assess significant
difference of TDS and ERK scores where indicated.

Results
Demographics, clinical data, and canonical genomic variants

Fifty-one patients with PPTC, 1 with FTC, and 5 with benign
nodular disease (BND) were enrolled over an 8-year period. Baseline
characteristics are summarized in Table 1, Supplementary Table S2
and Fig. S1. The median age at diagnosis was 13 years (range 5–17).
The female:male ratio was 1.04:1. One individual had been exposed to
radiation for myeloablation prior to stem-cell transplant. The classical
variant of PTC was most common, comprising 33 of 51 PTCs (65%).

We segregated the cohort into 3 age categories: predominantly
prepubertal (0–10 years), peri-pubertal (10.1–14 years), and predom-
inantly pubertal (14.1–18 years). Younger patients were more likely to
have locoregional lymph node metastases (P ¼ 0.012), distally
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metastatic disease (P¼ 0.001), and angioinvasion (P¼ 0.0016). There
were no differences in tumor size (P ¼ 0.126) among the three age
categories (Fig. 1, Table 1).

Targeted genotyping of the 17 most common thyroid cancer–
associated genetic alterations identified variants in 31 of 51 (61%) of
malignancies. Substitutions in BRAF, NRAS, and gene fusions (RET
and PAX8) were identified in 11 (22%), 1 (2%), 18 (35%), and 1 (2%)
tumors respectively. The remaining 20 tumors (39%) comprised
the so called “dark matter” samples and were evaluated using WES
and RNA-seq.

In addition to the 20 dark-matter samples, an additional 5 BND and
12 tumors with known variants (6 BRAFV600E, 1NRASQ61R, and 5 RET

fusion samples) were included for the purposes of gene expression
analysis and to serve as positive controls. In total, a cohort of 37
tumors, enriched for tumors without common genetic variants,
underwent exome and transcriptome sequencing.

The mutational landscape of these 37 tumors is summarized in
Figs. 2A–E. Substitutions accounted for 3 (15%) driver-unknown
tumors (Fig. 2B) and gene fusions were identified in 15 (75%;
Fig. 2C), and are further described below. There were no pathogenic
variants identified in 5 BND, 1 PTC, and 1 FTC (Figs. 2D and E).
Altogether, pathogenic substitutions and gene fusionswere identified in
30 of 31 (97%) of these next-generation sequenced PPTCs and 49 of 50
(98%) of the overall cohort of PPTCs (excluding the solitary FTC).

Table 1. Baseline characteristics of study cohort.

Total 0–10 yrs 10.1–14 yrs 14.1–18 yrs Pc

Age (yrs): mean � SD 12.8 � 2.9 8.5 � 1.5 12.3 � 1.1 15.6 � 0.9 <0.0001
% Female 56% 36% 63% 59% 0.375
Size (cm): mean � SD 2.9 � 1.6 3.5 � 1.8 3.2 � 1.6 2.5 � 1.4 0.126
Histologic variant

Benign nodule 5 0 3 2 0.356
Classical variant PTC 33 7 12 14
Follicular variant PTC 6 0 2b 4
DSV PTC 7 3a 4 0
Solid variant PTC 2 0 1 1
Other or undetermined variant PTC 3 1 1 1
FTC 1 0 1 0

Nodal metastases
N0/Nx 15 0 5 10 0.012
N1a 10 1 5 4
N1b 27 10 11 6

Distant metastases
M0 28 1 11 16 0.001
M1 11 5 5 1
Mx 13 5 5 3

AI
AI absent 10 0 3 7 0.016
AI present 29 8 15 6

Abbreviations: AI, angioinvasion; DSV, diffuse sclerosing variant; yrs, years.
aOne tumor was most consistent with the DSV, but did not fulfill complete criteria to meet this diagnosis.
bOne patient with poorly differentiated thyroid carcinoma arising from a follicular-variant PTC is classified here with follicular variant.
cOne-way ANOVA for continuous variables and Fisher exact test for categorical variables.

Figure 1.

Histopathologic features by age.
A, X, mean; horizontal lines denote
median; boxes denote interquartile
range; whiskers-95%ile. B, N0, no
lymph node (LN) metastases; N1a, LN
metastases present in the central
neck; N1b, LN metastases in the lateral
neck; NX, LN metastases could not
be evaluated; M0, no distant metasta-
ses; M1, distant metastases present;
MX, distant metastases could not be
determined. P values reflect one-way
ANOVA for size and Fisher exact test
for categorical variables.
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Figure 2.

Integrated genomic analysis and patient/tumor characteristics. Each column reflects an individual patient/tumor. A, Demographic and histopathologic character-
istics. B, Substitutions (black). C, Oncogenic fusion transcripts (dark gray). D, No genomic variant identified after qPCR and NGS analysis (light gray). E, BND
(hatched). F,Distribution of variant class by age in the current cohort vs. adult PTC driver distribution from TCGA.G, Circos plot demonstrating all oncogenic fusions
within this series.
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Somatic substitutions are infrequent drivers of PPTC
WES identified somatic variants in DICER1 in two samples, as

previously described (22). Additionally, 1 patient carried a GNAS
(c.636G>T:p.Q212H) substitution, which has been previously
reported (36), albeit not in PTC. All six of the control BRAFV600E

and one NRASQ61R substitution were confirmed by WES. No other
candidate driver substitutions or insertion–deletions (indels) were
identified in the remaining samples. Thus, WES identified 3 tumors
with substitutions that were not identified by the initial genotyping.
The mean mutational burden was estimated at 0.5 mutation/Mb.

With one exception, substitutions were mutually exclusive, both
with each other and with oncogenic fusions. The aforementioned
GNASQ212H substitution was identified in a tumor derived from a child
with a pathogenic germline PTEN substitution (c.710delA).

Although canonical substitutions in the hTERT promoter (C228T
and C250T) have been associated with poor prognosis in adults,
particularly in association with BRAFV600E (37), these hTERT pro-
moter substitutions appear to be rare in children (38, 39). Consistent
with prior studies, none of the tumors in this cohort bore either of the
canonical hTERT promoter substitutions.

Transcriptome analysis demonstrates abundant and diverse
oncogenic fusions

Oncogenic fusion transcripts were identified in 20 of 31 (65%)
PPTCs evaluated by RNA-seq and no benign lesions (Fig. 2C, F,
and G and Table 2). In addition to the known RET-CCDC6
and RET-NCOA4 transcripts, RNA-seq identified several pathogen-
ic oncogenic fusion transcripts infrequently or not previously
reported in adult PTC (AKAP13-RET, TRIM27-RET, TNIP1-
RET, ETV6-NTRK3, SQSTM1-NTRK3, TFG-MET, TRIM24-MET,
EML4-ALK, and TG-THADA) and two novel oncogenic fusions

(STRN-RET and TG-PBF). There were no BRAF fusions. Two of the
dark-matter samples expressed RET-CCDC6 and RET-NCOA4 and
reflect ‘false negatives’ from the initial qPCR genotyping.

Primary data from the 2014 TCGAproject were reanalyzed using an
in-house bioinformatic pipeline (25). This pipeline accurately identi-
fied all oncogenic fusions reported in the initial TCGA analysis,
as well as two additional presumed oncogenic fusion transcripts
(TPM3-NTRK1 and RAF1-AGGF1) among 47 tumors that had pre-
viously been categorized by TCGA as dark matter.

Phenotypes differ based on oncogenic variant class
We evaluated the relationship between oncogenic driver and

patient/tumor characteristics. Clinical features were first analyzed
according to variant class (fusion vs. substitution). The solitary
PPTC without oncogenic variant and 1 FTC were excluded from this
analysis. Data are summarized inTable 2. Themean agewas 14.0� 2.5,
12.0 � 2.9, and 14.6 � 2.0 years for patients with tumors driven by
fusions, substitutions and for benign lesions, respectively (P ¼ 0.033).

Fusion-driven tumors were more likely to be associated with
locoregional lymph node metastases (P ¼ 0.001), while variant class
was not significantly associated with differences in the rates of distant
metastasis (P ¼ 0.338) or angioinvasion (P ¼ 0.116).

Gene expression analysis defines three distinct tumor clusters
and highlights the functional biology of oncogenic variants

Unsupervised hierarchical clustering analysis of the 1,000 most
variably expressed genes identified 3 distinct gene expression clusters,
shown in Fig. 3A and B. The presence of 3 unique clusters was
confirmed independently by k-means clustering analysis using
the Elbow and Gap Statistic methods (Supplementary Fig. S1A
and S1B, respectively). These 3 clusters correspond broadly to (i)

Table 2. Demographic and histologic features characterized according to oncogenic driver class for all tumors in this cohort.

Substitution Fusion BND Pc

N 16 34 5
Age (yrs): mean � SD 13.8 � 2.5 12.0 � 2.9 14.6 �2.0 0.033
Size (cm): mean � SD 2.9 � 1.3 3.1 � 1.8 2.2 � 0.8 0.486
% Femalea 44% 53% 100.0% 0.138
Histologic varianta

Benign nodule — — 5 0.875
Classical variant PTC 11 21 —

Follicular variant PTC 2 4 —

DSV PTC 1b 6 —

Solid variant PTC 1 1 —

Other or undetermined variant PTC 1 2 —
FTC 0 0 —

Nodal metastasesa

N0/Nx 6 7 NA 0.001
N1a 7 3 NA
N1b 3 24 NA

Distant metastasesa

M0 11 16 NA 0.338
M1 3 8 NA
Mx 2 10 NA

AIa

AI absent 4 5 NA 0.116
AI present 21 7 NA

Note: Two tumors where pathogenic variant was not identified were excluded from this analysis.
Abbreviations: DSV, diffuse sclerosing variant; NA, not applicable.
aBenign nodules were excluded from descriptive analysis of sex, histologic variant, nodal, and distant metastasis and AI.
bOne tumor appeared most consistent with the DSV, but did not fulfill complete criteria to meet this diagnosis.
cOne-way ANOVA for continuous variables and Fisher exact test for categorical variables.
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non-BRAFV600E substitution-driven tumors; (ii) BRAFV600E and
RET-NCOA4 driven tumors; and (iii) RET-CCDC6, and other
fusion-driven tumors (Table 3 and Supplementary Table S3). In
contrast to variant class, gene expression cluster was strongly
associated with histologic variant (P < 0.001). There were no
between-cluster differences in size (P ¼ 0.973), distal metastases
(P ¼ 0.333), or angioinvasion (P ¼ 0.834).

To ascertain whether gene expression in pediatric tumors dif-
fered markedly from adult PTC, we applied the same clustering
analysis to the entire set of pediatric tumors in addition to 389 PTCs
from TCGA (Fig. 4A). Globally, pediatric tumors did not segregate
from the adult tumors based on gene expression. When we com-
pared adult and pediatric tumors driven by the same variant,
however, CCDC6-RET–driven pediatric tumors showed separable
gene expression clustering (Fig. 4B), while BRAFV600E-driven
tumors did not (Fig. 4C).

We then assessed the impact of genomic variants on the expres-
sion of genes related to thyroid differentiation and function.
Utilizing a 16-gene TDS (11), tumors expressing the BRAFV600E

substitution demonstrated the lowest expression of genes associated
with the differentiated state, while BND, FTC, and those expressing
TG-PBF and PTEN substitution showed highest expression of these
genes (Fig. 5A and B). Tumors in Cluster 2 differed significantly
from those in Cluster 3 with respect to expression of DUOX2, PAX8,
SLC5A5 (sodium-iodide cotransporter), and thyroid hormone
receptor alpha (THRA). Pairwise comparisons of gene expression
amongst all genes comprising the TDS is shown in Supplementary
Fig. S2.

Signaling through the BRAF–RAS–MAPK–ERK pathway was also
assessed, as previously described (11), and demonstrated a reciprocal
pattern with respect to the TDS, inasmuch as less differentiated tumors
demonstrated higher RAS–MAPK–ERK signaling (Fig. 5C). Overall,

Figure 3.

A, Heat map displaying gene expres-
sion of the 1,000 most variably
expressed genes demonstrating seg-
regation into three distinct clusters
as confirmed by elbow and gap
statistic methods (Supplementary
Fig. S1). B, Multidimensional scaling
(MDS) plot visualizing principal com-
ponent analysis in two dimensions.
Tumors cluster closest to other tumors
with gene expression most similar to
themselves. The difference between
samples is calculated as the leading
fold change, defined as the root-
mean-square of the log2–fold change
(FC)betweenpairs of samples, labeled
according to oncogenic variant. A total
of 19,714 genes passed filtering and
normalization and were used to gen-
erate this plot.
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Cluster 2 and 3 did not differ significantly here, although both were
significantly different when compared with Cluster 1 (Fig. 5D).

As there was only a single RAS-associated tumor in this cohort, we
were unable to independently derive a BRS. Nonetheless, gauging
expression of 67 of 71 genes from the TCGA BRS, allowed segregation
into BRAF-like and RAS-like tumors. Tumors associated with Cluster
1 (RAS, PTEN/GNAS,DICER1) demonstrated RAS-like profiles, while
(with one exception), Cluster 2 and 3 tumors are enriched in tumors
with a BRAF-like profile (Supplementary Table S4).

Finally, we applied Gene Ontology, Gene Set Enrichment Analysis
(GSEA), and Gene Set Variation Analysis (Supplementary Fig. S3)
using the Kyoto Encyclopedia of Genes and Genomes pathway
database (40). The 20 most significantly enriched pathways in each
cluster (FDR q-value< 0.01,P-value < 0.0001) were identified byGSEA
and are summarized in Supplementary Table S3. Pathways enriched in
Clusters 2 and 3 showed significant overlap, including upregulation of
pathways related to cell adhesion, extracellular matrix, cytokine–
cytokine receptor interaction, MAPK signaling, and p53 signaling,
while these were largely downregulated in Cluster 1.

Discussion
This is the first study to apply unbiased whole-exome and whole-

transcriptome analysis to an exclusively pediatric cohort of thyroid
tumors. In so doing, it defines a genomic landscape distinct from that
in adults, dominated by diverse oncogenic fusions with a substantially
smaller proportion of BRAFV600E-driven tumors.

Oncogenic drivers were identified in 98% of tumors, with the
majority of the previous unknowns driven by rare oncogenic-fusion
transcripts. These results complement the landmark TCGA project

wherein only 3 tumors were derived from individuals under 18 years of
age; and to other pediatric series that adopted targeted genotyping
approaches for the most common variants in adult PTC and dem-
onstrated that approximately 50% of pediatric tumors (41, 42) lacked
identified oncogenic variants.

We found that 12 of 32 (38%) PPTCs were driven by fusions
that are not among the common adult PTC drivers. Nevertheless,
10 of 12 fusions incorporated an RTK fused to the 30end of the
transcript, a finding with meaningful therapeutic implications, as
discussed below.

Given the diversity of fusion transcripts in PPTCs, we propose
that the unbiased nature of full transcriptome RNA-seq establishes
it as the de facto gold standard for genomic analysis of pediatric
thyroid tumors. With decreasing costs and widespread availability,
we propose this as an appropriate ‘universal’ test. Moreover, RNA-
seq analysis affords the opportunity to evaluate variations in gene
expression associated with oncogenic variants, lending biological
context to genomic alterations, while targeted RNA analysis meth-
odologies (whether qPCR or NGS-based) are primarily geared
towards detection of known fusions, rather than novel transcripts
and expression analysis.

Diverse oncogenic fusions dominate the landscape of PPTC
As with prior targeted analyses, we identified a predominance

of oncogenic fusion transcripts underlying PPTC, suggesting that
pediatric tumors arise primarily from double-stranded DNA breaks,
rather than errors in replication, lending insight into the primary
oncogenic events and/or failed repair mechanisms that drive these
tumors. In addition to the canonical RET-CCDC6, RET-NCOA4, and
ETV6-NTRK3, several rare fusion transcripts, uncommon to PTC

Table 3. Demographic and histologic features characterized according to the 3 gene expression clusters as illustrated in Fig. 3A.

Cluster 1 Cluster 2 Cluster 3 Pc

N 11 17 9
Age (yrs): mean � SD 14.2 � 2.5 12.3 � 3.4 12.9 � 2.5 0.224
Size (cm): mean � SD 3.1 � 1.8 3.0 � 1.8 3.1 � 1.2 0.973
% Female 81.8% 47.1% 44.0% 0.134
Histologic variant

Benign nodule 5 0 0 <0.001
Classical variant PTC 1 16 5
Follicular variant PTC 2 0 1
DSV PTCa 0 0 3
Solid variant PTC 2 0 0
Other or undetermined variant PTC 0 1 0
FTC 1 0 0

Nodal metastasesb

N0/Nx 6 3 2 0.005
N1a 0 4 1
N1b 0 10 6

Distant metastasesb

M0 4 8 8 0.333
M1 1 5 1
Mx 1 4 0

AIb

AI absent 0 5 2 0.834
AI present 3 11 7

Note: Only tumors evaluated by RNA-seq are included.
Abbreviation: DSV, diffuse sclerosing variant.
aOne tumor was most consistent with the DSV, but did not fulfill complete criteria to meet this diagnosis.
bBenign nodules were excluded from descriptive analysis of nodal and distant metastasis and AI.
cOne-way ANOVA for continuous variables and Fisher exact test for categorical variables.
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(although identified in other malignancies) were identified. These
include AKAP13-RET (11), TRIM27-RET (43), TNIP1-RET (44),
SQSTM1-NTRK3 (45), TFG-MET (46), TRIM24-MET (47), EML4-
ALK (48), and TG-THADA (11). In addition, the current study
identified 2 novel oncogenic fusion transcripts, STRN-RET and TG-
PBF (PTTG1IP).

STRN is located on 2p22.2 and has been reported in the context of
PTC when fused to ALK, although it has not been previously reported
in association with RET. STRN-ALK can transform cells in vitro and
results in tumor formation in mice (49, 50). The STRN-RET fusion
retains both the coiled-coil domain of STRN and the tyrosine-kinase
domain of RET. As such, we suggest that this novel fusion likely retains
the potential to drive tumorigenesis.

TG-PBF, has not been described in human tumors, although
overexpression of wild-type PBF, has been associated with tumor
induction in xenograft models (51) and a transgenic mouse expres-
sing PBF under the influence of the thyroglobulin promoter demon-
strates a pattern of follicular epithelial proliferation and radio-
iodine resistance (52). PBF was previously identified as a cancer
driver across 34 tumor types (53) and PBF overexpression in human
thyroid carcinoma is associated with impaired DNA-damage

response and poorer patient outcomes (54). In the solid-variant
PPTC described herein, PBF was among the 0.5% most highly
expressed transcripts. Thus, although lacking the classic features of
an oncogenic (RTK-associated) fusion transcript, the TG-PBF
fusion transcript, driving high expression of PBF, may indeed
represent a novel oncogenic variant.

Oncogenic variants in well-differentiated thyroid carcinoma are
almost invariably mutually exclusive (11, 55). We identified a solitary
patient with a germline PTEN variant and a somaticGNAS variant. To
our knowledge, alterations in these 2 genes have not previously been
described together in PTC, however, Kirschner and colleagues previ-
ously demonstrated FTCs developing in mice doubly deficient in
PTEN and PRKAR1a (which lies downstream of GNAS activation;
refs. 56, 57), emphasizing the impact of convergent activation of the
PTEN-mTOR and GNAS-PKA signaling pathways in follicular cell
transformation.

FTC is rare in children and this cohort included only a single
case. We did not identify a genomic variant in this tumor, although
the BRS estimate defined this as a RAS-like tumor, and other series
have described enrichment for pathogenic RAS substitutions among
FTC (55).

Figure 4.

Clustering of PPTC cohort with 389
adult PTC samples. A, Unsupervised
clustering of the 500 most variably
expressed genes across all 37 PPTC
samples and 389 adult PTC samples
from the TCGA project. Expression
values are displayed as Z scores
after the values of each gene were
scaled across samples. B, Analysis
of RET-CCDC6 translocated tumors
demonstrated 1,192 differentially
expressed genes with distinct cluster-
ing of three pediatric samples (cyan)
from 13 adult samples (navy). C,
Subanalysis of BRAFV600E-expres-
sing tumors with 1,730 differentially
expressed genes in 6 pediatric
samples (cyan) vs. 233 adult (navy)
pediatric samples do not cluster sep-
arately from adults.
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Three gene expression clusters distinguish tumors by TDS and
ERK signaling

Gene expression analysis identified 3 distinct clusters. Interest-
ingly, carcinomas driven by DICER1, PTEN/GNAS, and NRAS
demonstrated expression profiles more similar to BND than to
tumors driven by BRAFV600E or by oncogenic fusions (Fig. 3) and
were enriched in immunoglobulin gene expression, as has been
recently described (58). Additionally, we were intrigued to find that
RET-CCDC6 and RET-NCOA4 fell into separate gene expression
clusters. To our knowledge, this is the first report of major differ-
ences in gene expression between these two common RET-fusions
in humans, and may explain differences in tumor behavior as
has been described previously (59). Classical variant histology
constituted 0% of Cluster 1 tumors, 100% of Cluster 2 tumors,
and 56% of Cluster 3 tumors. Thus, among molecular tests, gene
expression appears a better discriminant of lesional architecture
than oncogenic variant class (Tables 2 and 3; Supplementary
Fig. S4A and S4B).

Cluster 2 tumors (including those driven by BRAFV600E) dem-
onstrate the lowest expression of markers of differentiation
[including genes necessary for iodine transport (SLC5A5) and
organification (TPO, SLC26A4)] and highest levels of ERK sig-
naling. This may have meaningful therapeutic ramifications
with respect to ability of tumors (and metastases) to concentrate
radioactive iodine (RAI), as well as response to RAS–RAF–MEK–
ERK inhibition, although clinical validation of these associations
is certainly warranted. Conversely, Cluster 1 tumors are func-
tionally well differentiated and are rarely associated with meta-
static disease.

In light of the clinical differences between pediatric and adult PTC,
we anticipated that distinct gene-expression patterns would distin-
guish tumors between these the pediatric and adult populations.
Although we did not find this to be the case overall (Fig. 4A), when
focusing exclusively on tumors driven by CCDC6-RET (Fig. 4B), gene
expression in children was separable from that in adults. This was not
true among BRAFV600E-driven tumors (Fig. 4C). While these studies
were underpowered to explore these differences in depth, we note that
children with CCDC6-RET-driven tumors were younger than those
with BRAFV600E-driven tumors (mean age 10.1 vs. 14.5 years). Clinical
differences between younger children and adolescents have been
described, as shown in Fig. 1 and prior studies (60, 61), and this
finding would support the hypothesis that tumors arising in
young (pre-/peri-pubertal) children constitute a biologically and
genomically unique category, although further study is clearly neces-
sary. These hypothesis-generating analyses were limited by small
sample numbers and merit confirmation with larger sample sizes to
establish generalizability.

Tumor sequencing identifies targets for systemic therapy
The prognosis for children with PTC is highly favorable. Nonethe-

less, 15% to 25% of children present with distally metastatic disease,
and of these, only 0% to 16% achieve structural or biochemical
remission with current therapies (7, 62–64). In this series, the mean
age of individuals with distally metastatic (pulmonary) disease was
10.4 years with 8 of 11 M1 tumors driven by oncogenic fusions.
Although only a small proportion of children develop progressive,
RAI refractory and/or symptomatic disease, therapeutic implications
for such patients, based on the current study are significant. In

Figure 5.

A and B, TDS demonstrating mean
expression of 16 genes associated
with thyrocyte differentiation dis-
played according to oncogenic vari-
ant (A) or gene expression cluster
(B). Expression of individual genes
comprising the TDS is shown in
Supplementary Fig. S3. C and D, ERK
score demonstrating expression
of genes associated with increasing
levels of signaling through the RAS–
RAF–MAPK–ERK pathway displayed
according to oncogenic variant (C) or
gene expression cluster (D). Box
plots were generated using Tukey
method. Median values are repre-
sented by horizontal lines; box
heights describe the interquartile
ranges; outliers are represented by
dots; Kruskal–Wallis test conducted
across all samples. UNK, unknown
variant.
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addition, 58% of children in this study (and 73% with M1 disease)
had tumors driven by RET, NTRK, ALK, or MET fusions, all of
which are targetable with effective systemic therapies: selpercatinib
and pralsetinib (RET), larotrectinib and entrectinib (NTRK) and
crizotinib (ALK and MET), while 11 of 52 (21%) carried the
BRAFV600E substitution (dabrafenib and vemurafenib). Overall
79% of tumors (and 91% of distally metastatic tumors) were driven
by variants with currently available systemic therapies. Thus, we
propose that comprehensive molecular analysis be considered for all
children with distally metastatic tumors that are either progressive
and/or radio-iodine refractory.

Limitations and Future Directions
There were several limitations to this study. First, given the rarity of

pediatric thyroid carcinoma, sample availability was limiting, partic-
ularly among the youngest patients. Nonetheless, by prospectively
ascertaining high-quality frozen samples, we were able to generate
robust genomic data, whereas retrospective analysis of archival sam-
ples often limits the quality of data that can be generated using
genome-wide approaches. As has been noted in other series,
BRAFV600E-driven tumors are infrequent in children and RAS-driven
tumors even more so (41, 42, 65). This precluded the independent
derivation of a BRAF-RAS score to characterize tumors in the current
study. Many of the fusions identified herein have been previously
described and associated with thyroid or othermalignancies. For novel
fusions, notwithstanding biologic plausibility, functional validation is
necessary prior to formally ascribing oncogenic potential. Finally, the
majority of patients included in this cohort underwent surgery within
the past 5 years and many transitioned care upon reaching adulthood,
thus we are unable to associate intermediate or long-term outcomes,
including recurrence, with underlying genotype. This, however,
remains an important area for future investigation, as theoretically,
tumor genotype could aid in prognostication and potentially in
treatment planning.

Further association of the genomic drivers of PPTC with salient
clinical outcomes including radio-iodine responsiveness and achieve-
ment of a state of undetectable disease, is an important next step in this
process. Such determinations, will require broader sequencing of
pediatric tumors and longitudinal studies relating genotype and gene
expression to these outcomes.

This study provides an exome- and transcriptome-wide anal-
ysis of genomic alterations in childhood PTC. It highlights the
genomic distinctions from adult PTC and raises the possibility

that these distinctions explain clinical differences that have long
been reported between the two. These results provide meaningful
insights into the underlying biology of disease and into treatment
options for children with progressive and distally metastatic
disease.
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