m
The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 11, 3265-3282 -‘
https://doi.org/10.1210/clinem/dgab471

Clinical Research Article

ENDOCRINE
SOCIETY

Clinical Research Article

Whole-Genome Sequencing of Follicular Thyroid
Carcinomas Reveal Recurrent Mutations in
MicroRNA Processing Subunit DGCR8

Johan O. Paulsson,’ Nima Rafati,? Sebastian DiLorenzo,® Yi Chen,’
Felix Haglund,™* Jan Zedenius,>® and C. Christofer Juhlin'*

'Department of Oncology-Pathology, Karolinska Institutet, 171 64, Solna-Stockholm, Sweden; *National
Bioinformatics Infrastructure Sweden, Uppsala University, SciLifeLab, Department of Medical Biochemistry
and Microbiology, 751 23 Uppsala, Sweden; *National Bioinformatics Infrastructure Sweden, Uppsala
University, ScilifeLab, Department of Cell and Molecular Biology, 751 23 Uppsala, Sweden; ‘Department
of Pathology and Cytology, Karolinska University Hospital, 171 76 Stockholm, Sweden; *Department of
Breast, Endocrine Tumors and Sarcoma, Karolinska University Hospital, 171 76 Stockholm, Sweden; and
SDepartment of Molecular Medicine and Surgery, Karolinska Institutet, 171 76 Stockholm, Sweden

ORCiD numbers: 0000-0003-0390-6740 (J. 0. Paulsson); 0000-0002-5945-9081 (C. C. Juhlin).

Abbreviations: CNA, copy number alteration; FTA, follicular thyroid adenoma; FTC, follicular thyroid carcinoma; GATK,
Genome Analysis Toolkit; GO, gene ontology; HCC, Hiirthle cell carcinoma; indel, insertion-deletion mutation; LOH, loss of
heterozygosity; MRA, minimal region of amplification; mMRNA, messenger RNA; miRNA, microRNA; NGS, next-generation
sequencing; PCR, polymerase chain reaction; PDTC, poorly differentiated thyroid carcinoma; PTC, papillary thyroid
carcinoma; SNV, single-nucleotide variation; TERTp, TERT promoter; uPA, urokinase-type plasminogen activator; WES,
whole-exome sequencing; WGS, whole-genome sequencing; wiFTC, widely invasive follicular thyroid carcinoma.

Received: 16 April 2021; Editorial Decision: 22 June 2021; First Published Online: 25 June 2021; Corrected and Typeset:
15 July 2021.

Abstract

Background: The genomic and transcriptomic landscape of widely invasive follicular
thyroid carcinomas (wiFTCs) and Hiirthle cell carcinoma (HCC) are poorly characterized,
and subsets of these tumors lack information on genetic driver events.

Objective: The aim of this study was to bridge this gap.

Methods: We performed whole-genome and RNA sequencing and subsequent
bioinformatic analyses of 11 wiFTCs and 2 HCCs with a particularly poor prognosis, and
matched normal tissue.

Results: All wiFTCs exhibited one or several mutations in established thyroid cancer
genes, including TERT (n=4), NRAS (n=3), HRAS, KRAS, AKT, PTEN, PIK3CA,
MUTYH, TSHR, and MEN1 (n =1 each). MutSig2CV analysis revealed recurrent somatic
mutations in FAM72D (n =3, in 2 wiFTCs and in a single HCC), TP53 (n =3, in 2 wiFTCs
and a single HCC), and EIF1AX (n=3), with DGCR8 (n =2) as borderline significant.
The DGCR8 mutations were recurrent p.E518K missense alterations, known to cause
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familial multinodular goiter via disruption of microRNA (miRNA) processing. Expression
analyses showed reduced DGCR8 messenger RNA expression in FTCs in general, and
the 2 DGCR8 mutants displayed a distinct miRNA profile compared to DGCR8 wild-types.
Copy number analyses revealed recurrent gains on chromosomes 4, 6, and 10, and fusion
gene analyses revealed 27 high-quality events. Both HCCs displayed hyperploidy, which
was fairly unusual in the FTC cohort. Based on the transcriptome data, tumors amassed

in 2 principal clusters.

Conclusion: We describe the genomic and transcriptomic landscape in wiFTCs and HCCs
and identify novel recurrent mutations and copy number alterations with possible driver

properties and lay the foundation for future studies.

Key Words: follicular, thyroid, carcinoma, cancer, mutation, whole-genome

Thyroid cancer is the most common malignancy in endo-
crine organs and the eleventh most common malignancy
worldwide. Remarkably, thyroid cancer has shown a
steep increase in incidence for the last few decades (1, 2).
Although the prognosis of thyroid cancer in general is quite
favorable, the second most common type, follicular thy-
roid carcinoma (FTC), shows a S-year survival of around
90% and drops to 80% after 10 years (3). In 2017, the
World Health Organization revised the subclassifications
of FTC based on the grade of capsular and vascular inva-
sion where the widely invasive FTC (wiFTC) is the most
aggressive form, which is reflected in its poor prognosis (4,
5). FTCs with more than 75% oncocytic features were also
separated into a distinct tumor entity denoted Hiirthle cell
carcinoma (HCC) (5). FTCs and HCCs rarely metastasize
to neck lymph nodes but predominantly spread to the lungs
and bone, causing significant morbidity (6).

The diagnostic procedure includes a fine-needle as-
piration biopsy from the tumor; however, a preoperative
diagnosis cannot rely solely on this procedure because it is
morphologically impossible to distinguish FTC and HCC
cells from its benign counterpart follicular thyroid ad-
enoma (FTA) and Hiirthle cell adenoma, respectively (3).
Therefore, a diagnostic hemithyroidectomy is performed
for a conclusive histopathological diagnosis, and if the
specimen fulfils the criteria of an FTC or HCC (capsular
or vascular invasion) the patient undergoes a completion
thyroidectomy, during which the other lobe is removed,
providing conditions for a more successful subsequent
treatment and follow-up (7). The treatment regimen is
based on surgery, radioiodine therapy, and subsequent
thyrotropin suppression with thyroxine, where the dose
of radioiodine and the length of suppression is based on
clinicopathological variables (7). Thus, so far, no molecular
alterations have been widely implemented in the diagnostic,
predictive and prognostic workup.

Most FTCs are characterized either by point mutations
in the RAS gene family or by PAX8-PPARY rearrangements,

and they appear to occur mutually exclusively (8). The fre-
quency of RAS gene family mutations and PAX8-PPARYy re-
arrangements in FTC ranges from 30% to 60% and 10% to
60%, respectively (9). Other genetic alterations that include
activation of the PI3K/protein kinase B (AKT) pathway are
also common in FTC, and are together with the RAS gene
family mutations and PAX8-PPARy rearrangements the
only widely accepted cancer-driver events in sporadic FTC,
despite also being present to a lesser extent in FTA (9-15).
Mechanisms involving TERT alterations, including point
mutations in the TERT promoter (TERTp), have frequently
been reported in FTCs and are associated with a worse clin-
ical outcome. However, although they contribute to thy-
roid cancer progression, it is unclear whether the activating
TERTp mutations can act as a cancer driver alone (16-
21). Despite these advances in surveying follicular thyroid
tumorigenesis, a substantial proportion of FTCs lacks an
identifiable driver. HCCs (previously known as “oxyphilic
follicular thyroid carcinomas”) show mutations affecting
the mitogen-activated protein kinase pathway, PI3/Akt
pathway, TERTp, and PAXS8-PPARy rearrangements but
to a lesser extent than FTCs (5). In contrast to FTCs, HCCs
display mitochondrial DNA mutations possibly related to
its mitochondrial rich cytoplasm (35).

A few recent attempts have been made to further elu-
cidate possible cancer drivers and prognostic markers in
FTC by using various next-generation sequencing (NGS)
methods. These studies have used either whole-exome
sequencing (WES) or targeted NGS. However, very few
novel recurrent genetic events have been identified, es-
pecially in wiFTC (22-27). Furthermore, to our know-
ledge, no study has evaluated HCCs using pangenomic
sequencing. Whole-genome sequencing (WGS) provides
comprehensive insight into all types of genomic alterations,
including an unbiased detection of somatic mutations and a
superiority over WES in detecting copy number alterations
(CNAs) (28). In this study, our aim was to characterize the
genomic and transcriptomic landscape in wiFTC and HCC
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with a particularly poor prognosis. We first characterized
the somatic genomic landscape by applying the Sarek (29)
workflow using WGS data from 11 wiFTCs and 2 HCCs
with matched adjacent normal thyroid tissue, and the tran-
scriptional profile from RNA sequencing of the 13 tumors
and 2 unrelated normal thyroid tissues.

Materials and Methods

Clinical Characteristics of Follicular Thyroid
Carcinomas and Hiurthle Cell Carcinomas

The clinicopathological characteristics of the 11 wiFTC
and 2 HCC patients are summarized in Table 1 and visu-
alized in Fig. 1. Detailed information is available as sup-
plementary data (30). The cohort consisted of 11 wiFTCs
and 2 HCCs retrieved through a thyroid lobectomy and
subsequently diagnosed by histopathological examination
at the Department of Pathology and Cytology, Karolinska
University Hospital in Stockholm, Sweden. All tumors were
assessed using the most recent World Health Organization
criteria (5), all tumors were large, grossly invasive tumors
displaying multiple foci both with capsular and vascular in-
vasion. All cases were also reviewed for the so-called Turin
criteria (solid, trabecular and/or insular growth, increased
mitotic count, and/or the presence of tumor necrosis), in
order to exclude the presence of a poorly differentiated
thyroid carcinoma (PDTC). We deliberately aimed to in-
clude fresh-frozen tumors from patients with adverse clin-
ical parameters, such as metastasized disease (n = 8) and/
or disease-specific fatal outcomes (n = 5), and for the re-
maining nonmetastasized cases we selectively collected
larger tumors (> 40 mm, n = 5). As matched constitutional
tissues for the pangenomic analysis, we used histologically
normal thyroid tissue.

Tissue Representativity Testing

To verify adequate and representative cell contents for all
tumors and normal thyroid specimens subsequently sub-
mitted for nucleic acid extraction, a small piece of the tissue
was dissected using a sterile scalpel, fixated in formalin,
embedded in paraffin, cut at 4 pm, mounted on slides, and
stained with hematoxylin-eosin. An endocrine pathologist
(C.C.J.) verified high tumor cell percentages (> 90%) for all
included tumors and histologically normal thyroid tissue
for the constitutional DNA extractions (data not shown).

DNA and RNA Extraction

For all included samples, genomic DNA was extracted
from fresh-frozen tissue using the DNeasy Blood and

Tissue kit (Qiagen) according to the manufacturer’s in-
structions. Total RNA was extracted using the RNeasy mini
kit (Qiagen) according to the manufacturer’s instructions.
MicroRNA (miRNA) was extracted using the mirVana
miRNA isolation kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions.

Whole-Genome Sequencing and an Overview of
the Associated Bioinformatics

WGS was performed at the National Genomics
Infrastructure Sweden (SciLifeLab, Stockholm, Sweden).
Library preparation was performed using Illumina TruSeq
polymerase chain reaction (PCR)-free libraries (350 bp)
from 13 tumors and 13 corresponding normal samples.
Subsequent sequencing was performed using the Illumina
HighSeq X with a coverage of 60x for tumors and 30x for
normal samples. The library preparation, sequencing, and
data processing are validated methods under International
Standards Organization accreditation 17025:2005. WGS
bioinformatics processing and analysis was performed at
the National Bioinformatics Infrastructure Sweden by 2
of the authors (N.R. and S.D.L.). Briefly, WGS data of 13
matched tumor/control samples were analyzed. The reads
were realigned to reference genome GRCh38 before ana-
lysis, and the subsequent analyses were divided into 2
parts: small-variant analyses and large-variant analyses.
For the small-variant analyses, a panel of normal and
selected high-quality variants were generated for down-
stream analyses. The identified variants were then anno-
tated for their functional effect on genes. Results were
compared with other publicly available databases such as
The Cancer Genome Atlas and the Catalogue of Somatic
Mutations in Cancer (COSMIC; both accessed October 16,
2019). For large structural variation analyses, the genome
was screened for CNA and gene fusions.

Analyses of Somatic DNA Alterations

Following quality controls, Genome Analysis Toolkit
(GATK) best practices were followed as implemented in
the Sarek pipeline, version 2.3, developed at National
Bioinformatics Infrastructure Sweden and National
Genomic Infrastructure (29). Sarek uses nextflow DSL,
in this study version 19.03.0-SNAPSHOT, as a computa-
tional framework. In this project, the following steps were
performed: aligning the reads with BWA (31), marking
duplicate reads with GATK4 MarkDuplicates, base
quality recalibration with GATK4 BQSR, calling germline
small variants with GATK4 HaplotypeCaller (32), calling
somatic small variants with GATK4 Mutect2 (33), calling
somatic structural variation with Manta (34), somatic
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Table 1. Clinicopathologic characteristics of the 11 follicular
thyroid carcinomas and 2 Hirthle cell carcinomas examined
by whole-genome and RNA sequencing

Parameter

FTC, case IDs 101, 102, 201, 104, 105,
106, 203, 204, 205, 206, and 207

n (%)
Age, y >55 8 (73%)
<55 3(27%)
Sex Female 7 (63%)
Male 4 (37%)
Recurrence/Metastasis No 7 (63%)
Yes 4 (37%)
AJCC staging’ I 4 (36%)
I 6 (55%)
111 0(0%)
IVA 0(0%)
IVB 1(9%)
Median (min-
max)
Tumor size, mm 50 (35-100)
Ki-67 index, % 2 (1-11)
HCC, case IDs 202 and 208
n (%)
Age,y >55 1(50%)
<355 1(50%)
Sex Female 1(50%)
Male 1(50%)
Recurrence/Metastasis No 1(50%)
Yes 1(50%)
AJCC staging” I 1(50%)
I 1(50%)
I 0 (0%)
IVA 0 (0%)
IVB 0(0%)
Median (min-
max)
Tumor size, mm 45.5 (45-46)
Ki-67 index, % 4 (4)

Abbreviations: FTC, follicular thyroid carcinoma; HCC, Hiirthle cell carci-
noma; ID, identification; max, maximum; min, minimum.

“American Joint Committee on Cancer, eighth edition.

CNA and ploidy with ASCAT (35), annotation both of
small variants and structural variants with snpEff (36)
and VEP (37), and quality control with MultiQC (38).
To extract high-quality small somatic variants (single-
nucleotide variations [SNVs] and insertion-deletion mu-
tations [indels]), we created a panel of normals based on
the Mutect2 recommendations. The panel of normals was
used to remove additional normal variations, and the re-
maining variants were used for downstream analyses. To
identify significantly mutated genes, we used MutSig2 CV
version 3.11 (39). Because this tool is hard coded to

hg19, the VCF files for each sample were lifted over to
the hgl9 genome reference using picard LiftOverVCE
version 2.10.3. The variants were filtered in 2 additional
steps before MutSig2CV analysis, first using the GATK4
FilterMutectCalls version 4.1.0.0, which became standard
best practice for somatic short mutation calling after the
Sarek pipeline was run, and second, using the R software
version 3.5 to apply custom filters. In the second filtering
step using R, filters were inspected and customized. The
filters were as follows: 1) filter intergenic region and un-
known gene variants; 2) filter by the population database
gnomAD (> 1%); 3) filter out low-impact variants; 4) filter
out variants deemed benign both by PolyPhen and SIFT
annotations; 5) filter out low-coverage variants (< 10x in
tumor); 6) filter out upstream and downstream gene vari-
ants; 7) filter out intronic variants (nonregulatory regions
like splice sites excluded); and 8) filter out custom clustered
variant regions with several low AF variants. All code and
supplementary plots of which variants were affected are

available on request.

Structural Genomic Variations

To analyze somatic CNAs, calls from ASCAT were used to
identify gain and loss events across the genome. We calcu-
lated gain and loss using reported ploidy by ASCAT based
on the following formula: Gain = #copies > ploidy + 0.6,
Loss = #copies < ploidy + 0.6, Deletion= 0 #copies is the sum
of major and minor allele reported by ASCAT. For visualiza-
tion, we summarized the events along each chromosome based
on their location in cytobands and their size, filtering away
CNAs less than 1 kb. For some cytobands, we observed more
than one CNA event and selected the largest CNA per region.

Genomic Rearrangements

For genomic rearrangements, we extracted the gene_fu-
sion term from snpEff annotation of structural variation
detected by Manta. We selected events passing the filtering
step (only PASS) and classified them based on reported re-
arrangement by Manta (translocation, inversion, duplica-
tion, and deletion). The filtered list was then visualized by
the circlize R package (40). We parsed the data and visual-
ized them using R.

RNA Sequencing

The transcriptomes of 13 tumor samples and 2 normal thy-
roid samples were sequenced. Library construction was per-
formed with the Illumina TruSeq Stranded messenger RNA
(mRNA) kit, followed by Poly-A selection and clustering

using “cBot.” Libraries were sequenced on HiSeq2500
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Figure 1. Heat map of the somatic mutational landscape across the whole-genome sequenced tumor cohort. Each column represents one patient/

tumor. Each row represents a mutated gene and the color code represents

the mutation type. The top grid displays thyroid-related genes (top 20

COSMIC mutated genes), while the bottom grid displays top mutations called by MutSigCV2 sorted by P value. Cases 202 and 208 are Hirthle cell
carcinomas; the remaining 11 cases are widely invasive follicular thyroid carcinomas (wiFTCs).

(HiSeq Control Software 2.2.58/RTA 1.18.64) with a
2 x 126 setup using “HiSeq SBS Kit v4” chemistry. The
Bcl to FastQ conversion was performed using bcl2fastq_
v2.19.1.403 from the CASAVA software suite. The quality
scale used was Sanger/phred33/Illumina 1.8+. Reads were

aligned using STAR (41) and gene counts were generated
with featureCounts (42). National Genomic Infrastructure
performed read alignment and extracted read counts by
using nextflow/rnaseq pipeline (available in the GitHub re-
pository https:/github.com/nf-core/rnaseq).
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Differential Expression Analysis and Gene Set
Enrichment Analysis

For gene set enrichment analysis in R, normalized counts
were used to identify gene sets significantly associated with
patient survival, tumor metastasis, and TERTp mutations.
Individual genes in the significantly enriched pathways
were visualized using pheatmap package in R. Next, dif-
ferential expression with an individual false discovery rate
of less than 0.01 was calculated between normal and tu-
mors using the DESeq2 (43) package in R. Differentially
expressed genes were visualized on a heat map and samples
were clustered using unsupervised hierarchal clustering and
visualized with pheatmap and the Enhanced volcanoplot
package (v 1.8.0, Blighe, 2020) in R. Upregulated genes
from the differential expression analysis were analyzed for
gene ontology using Enrichr (v 2.1, Jawaid, 2019).

Expression of Genes in Minimal Region of
Amplification

Canonical genes in the cytoband 10q11.21 were extracted
using the BioMart tool through Ensembl. Tumors with
gain and neutral/loss in the minimal region of amplifica-
tion (MRA) were analyzed for differential expression using
DESeq2.

Sanger Sequencing Validation

The NGS cohort of 13 tumors and an additional 120
thyroid carcinomas (37 HCCs, 33 minimally inva-
sive FTCs, 26 wiFTCs, 20 PDTCs, and 7 encapsu-
lated angioinvasive FTCs were sequenced to validate
and screen for the selected mutation in the DGCRS
gene. Exon 7 of the DGCRS gene was amplified using F
primer 5"-TGTGATGTGTTGAGGGCATG and R primer
5-CCTTTCCTCCCGTTCCAGT and Sanger sequenced
in both directions. Mutational calling including visual
inspection of each chromatogram was performed using
CodonCode Aligner (CodonCode Corp).

Quantitative Real-Time Polymerase Chain
Reaction

Total mRNA was used for complementary DNA synthesis
using the High-Capacity complementary DNA Reverse
Transcription Kit (Applied Biosystems). Quantitative real-
time PCR was performed in 65 FTCs using the QuantStudio
6 Real-Time PCR system (Thermo Fisher Scientific) with
TagMan Gene expression assay (Hs00377897_m1)
to investigate DGCRS8 expression. The 18S ribosomal
RNA expression was used as an endogenous reference

(Hs99999901_s1). A total of 42 FTAs served as controls.
Relative expression was calculated as 27

MicroRNA Profiling

In total, 100 ng of total RNA from fresh-frozen tissue
was used for miRNA profiling using the direct molecular
barcoding with digital detection method NanoString
nCounter platform (NanoString Technologies). The panel
includes expression of 827 human miRNAs and 6 positive
mRNA controls, 8 negative mRNA controls, 3 ligation-
positive. miRNA controls, 3 ligation-negative miRNA
controls, 5 mRNA reference controls, and 5 spike-in
controls. Samples were hybridized with probes containing
unique barcodes and counted using the nCounter platform.
The data were analyzed with nSolver v.4 (NanoString
Technologies) and Rosalind (Rosalind Inc, https://rosalind.
onramp.bio/). Normalization, fold changes, and P values
were calculated using criteria provided by NanoString.
Background was subtracted based on POS A probe correc-
tion factors. Normalization was performed by calculating
the geometric mean from positive controls and code-set
mRNA housekeeping genes. An unsupervised clustering
heat map was generated as part of the QC step including
the top 50 most variable miRNAs. Differential expression
between DGCRS8-mutated (n =2) FTC and DGCRS8 wild-
type (n =9) FTC cases was performed with fold change as
1.5 and the adjusted P value threshold set to .05.

Results

Patient Characteristics and Sequencing Quality
Parameters

The clinical characteristics of the included patients are sum-
marized in Table 1 and detailed in Supplementary Table
S1 (30). In total, 26 samples were successfully sequenced
using WGS and the Illumina HiSeq X platform, including
11 primary wiFTCs, 2 primary HCCs, and corresponding
constitutional tissues. The average genome coverage for tu-
mors and normals was 68.4x and 34.0x, respectively, and
the average alignment to the reference human genome was
98.0% and 98.6%, respectively. The aggregated percentage
of bases that had a quality score higher than Q30 was 90%
on average, ranging from 87.06% to 92.19%. Q30 is equal
to an inferred base call accuracy of 99.9%.

Somatic Mutational Overview

By using the previously described Sarek workflow, we
found a total of 63 855 genomic, SNVs, and indels in
17 184 genes. These alterations are schematically depicted
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in Supplementary Fig. S1 (30). After extensive filtering
(as outlined in “Materials and Methods”), 889 SNVs re-
mained for subsequent analysis with MutSig2 CV. The mu-
tational burden and main events are illustrated in Fig. 1.
The complete list of somatic SNVs in all tumors and the
final MutSig2CV input list are available as Supplementary
Table S2 and Supplementary Table S3, with MutSig2CV
genes ranked by P value in Supplementary Table S4 (30).

Mutations inThyroid Cancer-Associated Genes

To highlight mutational events in established thyroid cancer
genes, we compared our complete list of somatic mutations
with the top 20 genes mutated in FTCs as reported by the
COSMIC database (see Fig. 1, Table 2). All wiFTCs exhib-
ited one or several mutations with predicted functional im-
pact in established genes ranked as the top 20 mutated in
FTC, including the TERTp (n =4), NRAS (n = 3), HRAS,
KRAS, AKT, PTEN, PIK3CA, TSHR, MUTYH, and MEN1
(n =1 each) (see Table 2). The 2 HCCs did not display any
coding mutations among the top 20 thyroid-related mu-
tated genes (see Table 2, case identifications 202 and 208),
but several alterations in other cancer-related genes not
commonly associated with thyroid cancer (see Fig. 1).

Novel Genes of Interest

In addition, a separate analysis using MutSig2CV was per-
formed (see Fig. 1). From the 889 SNVs that remained after
initial filtering, 564 were run in MutSig2 CV. In-depth ana-
lyses of these variants discovered somatic mutations in 3
genes annotated as significant according to MutSig2 CV
with a g value of less than 0.1; FAM72D (4 mutations in 3
cases), TP53 (3 cases), and EIF1AX (3 cases), with DGCRS
(2 cases) as borderline significant (see Fig. 1). The properties
of these mutations are detailed in Table 3. Of these genes,
TP53 and EIF1AX have previously been reported as re-
currently mutated in FTC, whereas FAM72D and DGCRS
mutations are unusual in this context (with a prevalence of
0.67% and 0.29% in unspecified thyroid cancer specimen
respectively when consulting the COSMIC database). The
TP53 and EIF1AX mutations were distinct from each other.
In 3 patients, an indel (c.295_296delinsGA) in FAM72D
caused an amino acid change at codon 99 (p.Arg99Glu)
and the 2 samples with a DGCRS8 mutation exhibited an
identical ¢.1552G > A (p.Glu518Lys) missense alteration.
The FAM72D mutation p.Arg99Glu has not been reported
in the COSMIC database (accessed December 2020), and
was considered as benign using in silico analyses, with low/
no impact of protein structure and function (PolyPhen2
score of 0.001). The DGCRS8 mutation p.Glu518Lys,

Table 2. List of top 20 thyroid-related mutated genes (COSMIC) present in the whole-genome sequencing cohort

Case ID  Allele frequency, %

Hot spot (COSMIC)

Mutation classification

HGVSp

HGVSc

Transcript

Location (GRCh37)

Gene symbol

39
30
30
42

102
106
206
104
203

Yes

Missense

p.Gln61Arg

Chr1:115256529 ENST00000369535 c.182A>G

NRAS

Yes

Missense

p-Gln61Lys
p-Gln61Arg
p-Gln61Arg
p-Glul7Lys

c.181C> A
c.182A> G
c.182A> G
c49G> A
c.49dup

ENST00000369535

Chr1:115256530
Chr11:533874

Yes

Missense

ENST00000451590

HRAS

39
46

Yes

Missense

Chr12:25380276 ENST00000256078

KRAS

102
207
101
105
204
105
102
201
203
206

Yes

Missense

ENST00000554581

Chr14:105246551
Chr10:89624274
Chr3:178952085
Chr14:81609860
Chr1:45332926
Chr11:64574544
Chr5:1295228

AKT1

86
20

Frameshift No

p-GIn17ProfsTer27

p-His1047Arg
p.Ile486Met
p.Ser166Pro

ENST00000371953

PTEN

Yes

Missense

c.3140A> G

ENST00000263967

PIK3CA
TSHR

42

No

Missense

c.1458C> G
c.496T > C
c.866C> A

ENST00000541158

Missense

ENST00000450313.5
ENST00000337652

MUTYH
MENI1

53

No

Missense

p-Ala289Glu

61

Yes

Upstream

ENST00000310581

TERT

56
43

58

Abbreviations: COSMIC, Catalogue of Somatic Mutations in Cancer; Gene symbol, HUGO gene symbol; HGVSc, human genome variation society coding sequence; HGVSp, human genome variation society protein sequence;

ID, identification; Location (GRCh37), chromosome location according to GRCh37 assembly; Transcript, ensembl transcript.
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Figure 2. The landscape of copy number alterations (CNAs) in the whole-genome sequenced cohort. Summarized gain and loss events across the
genome (columns represent cytobands) for each patient/tumor (rows).The bar plot on top shows the total number of CNA across each chromosome.
Note the frequent gain of regions 4p11, 6p21.32, and 10g11.21 across the cohort. Cases 202 and 208 are Hirthle cell carcinomas; the remaining 11

cases are widely invasive follicular thyroid carcinomas (wiFTCs).

however, was considered probably damaging (PolyPhen2
score of 1).

Gene Ontology of Top Mutated Genes

Since most of the top genes in the MutSig2CV analysis
are unknown in thyroid and most are not curated cancer
census genes, we performed a gene ontology analysis using
Enrichr. The top Mutsig2CV genes showed a significant en-
richment in the gene ontology (GO) Cellular components

“RNAI effector complex” and “RISC complex,” P value
equal to .009 for both (data not shown). Both GO Cellular
components are essential components in the miRNA ma-
chinery and downstream effects.

Copy Number Landscape and Overall Ploidy

One of the benefits of using WGS as opposed to the more
common WES is that it also contains noncoding regions,
which allows for a more detailed interrogation of global
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Table 3. List of top MutSig2CV somatic mutations in the whole-genome sequencing cohort of 13 widely invasive follicular thyroid carcinomas

Case ID  Allele frequency, %

HGVSp Mutation classification Hot spot (COSMIC)

HGVSc

Transcript

Location (GRCh37)

P/q

Gene

38

203
203
204
208
102
202
207°

Not reported

Missense

p-Arg99Glu
p.Lo4P

c.295_296delinsGA

ENST00000400889

<.001/0.007  Chr1:143906071

FAM72D

38

Not reported

Missense

ENST00000400889  p.Leu94Pro

Chr1:143906086
Chr1:143906071
Chr1:143906072

<.001/0.032 Chr17:7675070

20

Not reported

Missense

p-Arg99Glu
p-Arg99Glu

c.295_296delinsGA

c.295_296delinsGA

ENST00000400889

13

Not reported

No

Missense

c425G> A

ENST00000400889

Missense

p-Argl42His

ENST00000635293

TPS3

93

Splice acceptor No

p-X261_splice

c.783-1G>T
c.818G>T
c.596G > A
¢.320dup

ENST00000269305

Chr17:7577156
Chr17:7577120

23

Yes

Missense

p-Arg273Leu

ENST00000269305

11

207°

No

Missense

p.Gly199Glu

ENST00000269305

Chr17:7578253

207°

No

Nonsense

p-Tyr107Ter

ENST00000269305

Chr17:7579366

<.001/0.032  Chr23:20148726

97
86

102
106
206
101

Splice acceptor No

p.-X113_splice

c.338-1G>T

ENST00000379607

EIF1AX

No

Splice donor

p-X143_splice
p-Gly9Arg

c429+1G>A

c.25G>C

ENST00000379607

Chr23:20148633
Chr23:20156732

<.001/0.802  Chr22:20079439

38

Yes

Missense

ENST00000379607

88
48

Yes

Missense

p-Glu518Lys

c.1552G > A

ENST00000351989

DGCRS

104

Yes

Missense

p-Glu518Lys

c.1552G > A

ENST00000351989

Chr22:20079439

Abbreviations: COSMIC, Catalogue of Somatic Mutations in Cancer; ID, identification.

“The genomic coordinates in the MutSig2CV analysis are based on hg19 and the genomic coordinates in the heat map (Fig. 1) are based on hg38.

CNAs. By analyzing our data with ASCAT, we present the
genomic copy number landscape in wiFTCs and HCCs,
and depict recurrent loci displaying gain and loss events
(Fig. 2). A subset of tumors was particularly amassed in
terms of CNA events: samples 202, 203, 204, and 207,
but without any clear correlation to underlying genetics
or patient outcome (see Fig. 1, Supplementary Table S1)
(30). When consulting loci with recurrent CNAs, chromo-
somes 4, 6, and 10 were particularly enriched for copy
number gains. The MRA was pinpointed to regions 4p11,
6p21.32,and 10q11.21, in which gain was noted in 12, 11,
and 10 samples respectively out of the 13 tumors investi-
gated. Candidate genes for all 3 loci and their implications
for cancer in general are detailed in Supplementary Table
S5 (30). Of particular interest, chromosome 4p11 harbors
TEC, SLAIN2, FRYL, and OCIAD1, all of which have
been associated with cancer development. Chromosome
6p21.32 contains DAXX, a well-established cancer-
associated gene with tumor suppressive and oncogenic
properties, while chromosome 10q11.21 harbors the thy-
roid oncogene RET.

For 12 out of 13 tumors, the ploidy could be safely es-
timated, and these results are detailed in Supplementary
Table S6 (30). In short, 8 informative samples were denoted
as diploid, whereas 2 cases are assumed to be triploid (case
202, an HCC; and case 207, a wiFTC) and 2 cases were
tetraploid (case 203, a wiFTC; and case 208, an HCC).
Three out of the four hyperploid samples were among the
4 tumors displaying markedly increased copy number gains
as compared to the remaining samples.

Genomic Rearrangements

To analyze structural variants, we selected fusion events
from the snpEff output corresponding to high-quality
events reported by Manta (34). In total, we identified
268 structural events, of which 27 were denoted as high-
confidence events resulting in bona fide gene fusions as
shown in Fig. 3. Samples FTC 105 and HCC 208 had the
highest number of rearrangements resulting in gene fusions
(n =4 each). When manually scrutinizing these 28 high-
confidence events, 2 tumors (case 204 FTC and case 205
FTC) were found to exhibit the established PAX8-PPARy
fusion (see Figs. 1 and 3). All high-confidence fusion events
are detailed in Supplementary Table S7 (30).

DGCRS8 Loss of Heterozygosity Analyses

Following the identification of a recurrent p.ES18K
DGCRS mutation in 2 out of 13 tumors, we further investi-
gated this gene. Five tumors displayed LOH at the DGCRS8
locus, including the 2 DGCR8-mutated cases, an additional
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Figure 3. Gene fusion events across the tumor genome. Lines represent the location of gene fusion and colors correspond to structural variation
type. 28 high-confidence events were observed. Cases 204 and 205 were found to exhibit the established PAX8-PPARy fusion (between chromosomes

2q13 and 3p25).

2 FTCs, and 1 HCC. Following this finding, the transcrip-
tome data were analyzed to investigate the expression pat-
tern of DGCRS in relation to loss of heterozygosity (LOH)
status. After normalizing the expression values using edgeR
(44), a pairwise comparison between samples with and
without LOH was performed, revealing no significant ex-
pression difference between tumors with or without LOH
of the DGCRS locus (P = .13, Supplementary Fig. S2) (30).

Targeted DGCR8 Analyses

Direct sequencing of the p.E518 region of DGCRS in 123
thyroid carcinomas (7 encapsulated angioinvasive FTCs,
37 HCCs, 33 minimally invasive FTCs, 26 wiFTCs, and
20 PDTCs) was performed. All FT'Cs and HCCs were suc-
cessfully sequenced. Seventeen out of 20 PDTC were suc-
cessfully sequenced, whereas 3 gave no product, possibly
because of loss of genetic material. No additional mutations
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were found. In all, the frequency of this recurrent mutation
in FTCs would correspond to 8% in wiFTCs and less or
nonexistent in other subtypes and PDTCs. Moreover, by
quantitative real-time PCR, DGCR8 mRNA expression
was analyzed in 107 follicular thyroid tumors (65 FTCs,
42 FTAs). In general, FTAs displayed significantly higher
expression than FTCs (P < .001, Fig. 4).

Transcriptome Profiling

The aggregated percentage of bases that had a quality
score more than the Q30 value was 91.8%. DESeq2 iden-
tified 184 differentially expressed genes between the tumor
and normal samples, as visualized by a heat map (Fig. 5A).
Unsupervised clustering revealed 3 main clusters: the 2
normal samples clustered together with a single FTC (case
105), whereas the remaining tumors aggregated in 2 dif-
ferent clusters; 4 wiFTCs and both HCCs in one cluster
and 6 wiFTCs in the other. Three out of 4 samples with the
TERTp mutation (102, 201, and 203) clustered together.
One of the 2 clusters (containing the TERTp-mutated cases)
was defined by more pronounced expression in the signifi-
cantly upregulated genes (Fig. 5B). GO analysis showed
significant enrichment in the GO Biological Processes
mitochondrial transmembrane transport, carnitine shuttle,
and fatty acid transmembrane transport (Fig. 5C). The

complete list of differentially expressed genes is available as
Supplementary Table S8 (30). The first main tumor cluster
showed a tendency to shorter survival compared with the
second cluster; however, it was not significant (overall sur-
vival, disease-specific survival, and disease-free survival,
with P =.28, P = .28, and P = .64, respectively) (data not
shown). Our data suggest that wiFTCs and HCCs adhere
to 2 principal clusters. Furthermore, a DESeq2 analysis
was also performed in the DGCRS8-mutated tumors and
compared to the wild type cases. Despite the low number
of cases, 4 genes were significantly downregulated with en-
richment in GO cellular component “bicellular tight junc-
tions” (data not shown).

Sample 105 clustered with the 2 normal thyroid tissues.
This tumor has been histologically confirmed to exhibit a
tumor purity of 90%, making contamination with normal
tissue highly unlikely. Moreover, this case exhibited somatic
MENI1 and TSHR gene mutations (see Fig. 1), and further-
more displayed CNAs on par with many other FTCs in this
series (see Fig. 2), supporting the tumorous nature of this
sample.

MicroRNA Profiling

After the identification of missense mutation and LOH of
the DGCRS gene, we sought to explore the consequences

DGCRS8 gene expression
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Figure 4. DGCR8 messenger RNA (mMRNA) expression in an extended follicular tumor cohort. The DGCR8 mRNA expression is significantly lower in
follicular thyroid carcinoma (FTC) compared to follicular thyroid adenoma (FTA). The DGCR8-mutated cases are marked with blue. These cases dis-

played near median expression.
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Figure 5. Transcriptome analyses of follicular thyroid carcinoma, Hurthle cell carcinoma, and normal thyroid tissue. A, Unsupervised cluster analysis
of tumor and normal (N) tissue. Three main clusters are seen; the 2 normal samples clustered together with a single follicular thyroid carcinoma
(FTC) (case 105), whereas the remaining tumors aggregated in 2 principal clusters.Three out of 4 samples with the TERT promoter (TERTp) mutation
(102, 201, and 203) clustered together.The 2 Hiirthle cell carcinomas (cases 202 and 208) appeared in the same cluster as 4 widely invasive FTCs. B,
Volcano plot displaying significantly upregulated and downregulated genes. Genes labeled with red dots show a fold change greater than 1 and a P
value of less than .01 One of the 2 tumor clusters (containing the majority of the TERTp-mutated cases) was defined by more pronounced expression
in the significantly upregulated genes. C, Enrichment analysis of upregulated genes revealed associations with genes associated with mitochondrial
transmembrane transport, carnitine shuttle, and fatty acid transmembrane transport.

on miRNA expression. The 11 wiFTCs from the genomic
and transcriptomic analyses (2 harboring the DGCRS8
p.E518K mutation and 9 the DGCRS8 p.E518 wild type)
were successfully profiled for 827 miRNAs (NanoString
Human v3 miRNA assay). The 2 DGCRS8-mutated cases
clustered together in the unsupervised clustering analysis
of the top 50 most variable miRNAs (Fig. 6A). An add-
itional 2 cases showed similar general downregulation of
miRNAs and clustered in close proximity to the mutated
cases. These cases (105 and 106) displayed low DGCRS
mRNA expression in the transcriptomic analysis (see
Supplementary Fig. S2). Case 102 showed remarkably
higher miRNA expression compared to the other cases.
This case displayed the highest level of DGCR8 mRNA
expression, similar to the levels in normal tissue (see
Supplementary Fig. S2). Differential expression analysis
of the DGCR8-mutated cases compared to the wild-type
cases revealed that only 12 miRNAs were significantly dif-
ferentially expressed (Fig. 6B).

10g11.21 Cytoband Gene Expression

Given the detection of recurrent gain at chromosome
10q11.21, we specifically analyzed the gene expression of
genes in the MRA (10q11.21) in gain vs neutral/loss tumors
(n =10 and n = 3, respectively). In this cytoband, RASSF4,
TMEM72, and OR13A1 were significantly upregulated
(Fig. 7).

Subanalysis of TERTp Mutated Cases

Given the established role of TERTp mutations in FTCs with
exceptionally poor outcome, we also analyzed the transcrip-
tome of TERTp-mutated wiFTCs (cases 102, 201, 203, and
206) compared to that of the TERTp wild-type cases using
gene set enrichment analysis in hallmark pathways. We found
that TERTp-mutated cases had significant (normalized P
value < .01 and a false discovery rate < 0.1) enrichment in gene
sets associated with adipogenesis, genes responding to andro-
gens, and genes encoding the peroxisome (Supplementary Fig.
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Figure 6. MicroRNA (miRNA) profiling in follicular thyroid carcinoma (FTC). A, Unsupervised clustering of the top 50 most variable miRNAs in fol-
licular thyroid carcinoma (FTC) (n = 11). The annotation on top indicates the DGCR8 p.E518K-mutated cases, which clustered together and show
a general downregulation of miRNA. Nearby cases 105 and 106 both showed low DGCR8 messenger RNA (mRNA) expression levels from the
transcriptomic data. Case 201 displayed augmented upregulation compared to other cases. This case showed DGCR8 mRNA expression levels
similar to that of normal thyroid tissues. B, Differential expression analysis in DGCR8 p.E518K-mutated cases (n = 2) compared to DGCR8 p.E518
wild-type cases (n =9). Only 12 miRNAs were differentially expressed between groups, possibly because of a general downregulation of miRNA in
cases 105 and 106. Fold change cutoff was set to —1.5 and 1.5, and the threshold for adjusted P value was set to .05.

S3) (30). These differences suggest that the TERTp mutation
may be associated with altered metabolic activity.

Discussion

Although recent efforts with focused NGS panels as well as
exomewide analyses have helped elucidate the mutational
landscape of FTCs, few have tried to tackle this tumor en-
tity via comprehensive WGS. By selecting FTCs and HCCs
with histological and clinical features coupled to aggres-
siveness, the aim of this study was to characterize unchar-
tered mutational, gross chromosomal, and transcriptome
events to identify novel markers of prognostic and thera-
peutic significance in poor-prognosis cases.

We identified a recurrent, heterozygous, and som-
atic p.E5S18K mutation in the miRNA master processor
DGRCS8 in 2 out of 13 tumors. The specific p.ES18K
variant in combination with LOH of the WT DGCRS al-
lele was recently proposed as causing a familial syndrome
characterized by multinodular goiter and schwannoma
(45). This combination of a p.E518K mutation and LOH
of the WT DGCRS allele has also been demonstrated in
approximately 2% to 3% of Wilms tumors (46). The mu-
tation has also been demonstrated in thyroid cancer, how-
ever, only in a small subset of papillary thyroid carcinomas

(PTCs) (and follicular variant PTCs)—but not previously
reported in FTCs (47). The mutation also led to loss of
function in the miRNA processing causing downregulation
of canonical miRNAs (45)—a phenomenon that has been
shown to enhance cellular transformation and tumori-
genesis (48). This is in line with our results wherein the
DGCRS8-mutated cases appeared in the same cluster from
the global miRNA profiling (Fig. 6). Of particular interest
from a thyroid perspective, miR139-5p is reported as ab-
errantly expressed in thyroid cancer, and this miRNA was
also significantly dysregulated in the 2 DGRC8 mutants
compared to DGCRS8 wild-type cases (49, 50). Moreover, 2
DGCRS wild-type cases displayed a similar global miRNA
expression pattern as the 2 mutants. Both these cases dis-
played low DGCR8 mRNA expression, suggesting that
not only mutations but also mRNA downregulation po-
tentially could alter the miRNA machinery. The cause of
DGCRS8 downregulation in our tumor cohort (see Fig.
4) is unknown. We have previously shown that DICER1,
another essential component in the miRNA machinery, is
downregulated in FTC and is downregulated by the tran-
scription factor GABPA (51). However, whether epigenetic
dysregulation is at play also at the DGRCS locus remains
to be established. For example, the transcription factor
YY1 has been found to influence DGCRS gene output in
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Figure 7. Tumors with gain vs no gain in the 10q11.21 cytoband were analyzed for differentially expressed genes in the same cytoband. RASSF4,
TMEM?72, and OR13A1 were all significantly upregulated in the tumor cohort when analyzing RNA sequencing data, suggesting that the augmented
expression of one or several of these genes might be associated with recurrent 10q11.21 gains observed in the cohort.

vitro, and YY1 has been found expressed exclusively at in-
vasive fronts of FTCs (52, 53).

In our data, the gene expression pattern of the DGCRS-
mutated cases showed an enrichment of downregulated
genes in bicellular tight junctions. The miRNA processing
RISC complex where DGCRS is included has recently
been shown to be associated with epithelial cell junctions
in colon cancer and, when lost, by various mechanisms
might promote cell transformation (54). Also, knockdown
of DGCRS in breast cancer cells increased the expression
of the invasion-essential urokinase-type plasminogen acti-
vator (uPA) (55). Dysregulation of the miRNA machinery
and a possible activation of such enzymes could thus play
a role in thyroid cancer invasion. Indeed, previous results
have observed a marked increase in expression of the uPA
receptor, especially in FTC (56). The finding of DGCRS8
mutations is also of immediate interest given the established

association between FTCs and inactivating mutations in
DICER1 and DROSHA, 2 master miRNA processing
genes (51, 57). Our findings thus strengthen the association
between abnormal miRNA processing and the develop-
ment of FTC and underline a central mechanism in which
subsets of these tumors probably arise as a direct conse-
quence of aborted miRNA maturation (Fig. 8). However,
the driver properties of the p.ES18K DGCRS8 mutation in
thyroid cancer remain to be established, as the 2 cases with
this mutation also carried a somatic HRAS and PIK3CA
mutation, respectively. Therefore, it is possible that the
DGCRS8 mutation found in these tumors influenced the
tumor progression or invasive behavior without driving
the tumor formation per se. However, recent studies have
found recurrent DICER1 mutations in various forms of
thyroid cancer, of which most cases did not display es-
tablished driver-gene alterations, vaguely suggesting that
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Figure 8. Schematic overview of microRNA (miRNA) regulators in wild-type thyrocytes and mutated follicular thyroid carcinoma (FTCs). The left
aspect depicts normal miRNA processing, in which miRNAs are transcribed, forming a pri-miRNA, which is subsequently targeted by Drosha and
DGCR8.This molecular complex cleaves the pri-miRNA into pre-miRNA.The pre-miRNA is transported to the nucleus, where it is processed into ma-
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and DICER1 mutations in FTCs. As the mutations in theory lead to the inactivation of the corresponding proteins, a defect in miRNA processing would

affect gene expression output. Image created using BioRender.com.

aberrant miRNA expressional patterns could be at play
even at the level of tumor initiation (58, 59).

We did not observe the mutation in extended material
of 103 FTCs and 17 PDTCs, suggesting that the variant
is rarely seen overall. However, when analyzing DGCRS8
expression in an extended panel, we observed significant
downregulation in FTCs when compared to FTAs, sug-
gesting the importance of DGCRS8 in FTC development.
The GO for the top MutSig2CV genes in the WGS cohort
was significantly associated with the GO cellular compo-
nent “RISC complex,” which further strengthens the hy-
pothesis that the miRNA machinery plays a vital role in
these tumors. In all, future studies might help elucidate
whether downregulation of DGCRS8 in any way orches-
trates invasive behavior in follicular thyroid neoplasms.

Two additional wiFTCs and one HCC carried a recurrent
somatic alteration in the Family with Sequence Similarity
72 Member D (FAM72D) gene. Located on chromosome
1921.1, this gene encompasses a region frequently ampli-
fied in myeloma (60), and FAM72 paralogs are upregulated
in glioblastoma (61). The former study also suggests that
FAM72D interact with the FOXM1 transcription factor

network controlling cell proliferation (60), but little is
known regarding its putative function in the thyroid gland.
The mutation detected in this study was not believed to
alter the protein function, and the putative roles of this
alteration will need to be functionally linked to a cellular
phenotype before they can be considered of importance in
the development of FTC and HCC. Moreover, 2 out of 3
cases with a FAM72D mutation already exhibited estab-
lished genetic events (case 203, mutations in KRAS and
TERTp; case 204, MUTYH mutation and PAX8-PPARy
fusion)—thereby somewhat diminishing the chance of the
FAM72D alteration being a true driver. From a clinical
standpoint, all 3 tumors with this aberration were relapse
free, but no clear-cut associations to other clinical param-
eters could be made.

Moreover, we highlighted a set of novel high-confidence
fusions in our cohort, although only the established PAXS-
PPARYy fusion was present in 2 cases (cases 204 and 205).
It is also interesting to note that both HCCs displayed
hyperploidy, and 1 of the 2 HCC cases also displayed among
the highest number of structural variants in the entire co-
hort. As both HCCs did not carry pathogenic mutational
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events in bona fide thyroid-related genes, the notion that
gross chromosomal alterations were overrepresented in
these cases compared to conventional FTCs might indicate
an association worthy of future exploration. Strikingly in
terms of structural alterations, recurrent gains at chromo-
somes 4p11, 6p21.32, and 10q11.21 were observed across
our cohort. To our knowledge, these regions have not been
previously reported as recurrently amplified in FTCs, and
this could be because we used high-resolution WGS as op-
posed to more blunt technology such as PCR of micro-
satellite markers or comparative genomic hybridization.
The regions discussed earlier contain multiple genes with
associations with cancer development, of which several
could be of great interest for further studies. Most notably,
chromosome 10q11.21 harbors the thyroid oncogene RET,
which is mutated on the somatic and constitutional level
in medullary thyroid carcinoma and fusions involving this
gene are a recurrent feature in PTC, but there is no known
association with any of these genetic aberrancies and
FTCs. By our analyses, RET gene expression was not as-
sociated with gain of this gene locus when consulting RNA
sequencing data (Fig. 7). Instead, we found that RASSF4,
TMEM72, and OR13A1 were the only 3 genes in the re-
gion with significant overexpression. Although not all genes
within a region of gain will be overexpressed, we lack func-
tional evidence linking the observed overexpression with
the actual chromosomal gain, and our results are therefore
merely observational in nature.

This study cohort is overrepresented in terms of
poor-prognosis cases (large tumors, history of tumor
recurrences, and several have succumbed to disease).
Therefore, it comes as little surprise that 4 of 13 cases
(31%) exhibited TERTp mutations, as this genetic event
is tightly coupled to adverse clinical outcome in patients
with thyroid cancer. The roles of TERT in thyroid cancer
is only partly understood, but the mutations themselves
are not considered driver alterations—which is mir-
rored by the fact that 3 of 4 wiFTCs in our cohort with
a TERTp mutation also exhibited driver-gene mutations
in NRAS (n=2) or KRAS (n =1) (see Fig. 1). To eluci-
date how TERT affects the transcriptome profile output
in wiFTCs and HCCs, we analyzed the RNA-sequencing
data stratified with regards to TERTp mutations and
found remarkable differences in the expression of genes
responsible for metabolic pathways, such as adipogenesis,
androgen response, and peroxisome-related pathways.
This was also true when performing an unsupervised
clustering of all tumors included, in which the majority
of TERTp mutants aggregated (see Fig. 5). It is tempting
to speculate that one or several of these metabolic

pathways are crucial for the metastatic potential or dis-
seminated growth so often seen in this tumor cohort, and
will be a highly relevant topic for future studies.

We conclude that subsets of FTCs display recurrent
DGCRS8 mutations, adding yet another player to the
growing palette of miRNA-related gene mutations in this
disease. Moreover, we identified recurrent gain of chromo-
some 10q11.21, and identified overexpression of RASSF4,
TMEM72, and OR13A1 as potential candidates for fur-
ther studies. Finally, we identified 2 principal expressional
clusters by global RNA sequencing, which differed in terms
of TERTp mutations and metabolic pathway gene expres-
sion. Future analyses in extended series will possibly help
elucidate whether these clusters exhibit differences in clin-
ical outcomes.
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