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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 signi cantly higher
expression than FTCs (P <.001, Fig. 4).

Transcriptome Pro ling

The aggregated percentage of bases that had a quality
score more than the Q30 value was 91.8%. DESeq?2 iden-
ti ed 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 de ned by more pronounced expression in the signi -
cantly upregulated genes (Fig. 5B). GO analysis showed
signi cant 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 rst main tumor cluster
showed a tendency to shorter survival compared with the
second cluster; however, it was not signi cant (overall sur-
vival, disease-speci ¢ 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 DGCR8-mutated tumors and
compared to the wild type cases. Despite the low number
of cases, 4 genes were signi cantly 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 con rmed to exhibit a
tumor purity of 90%, making contamination with normal
tissue highly unlikely. Moreover, this case exhibited somatic
MENZ1 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 Pro ling

After the identi cation of missense mutation and LOH of
the DGCRS8 gene, we sought to explore the consequences
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Figure 4. DGCR8 messenger RNA (mMRNA) expression in an extended follicular tumor cohort. The DGCR8 mRNA expression is signi cantly 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, H rthle 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 H rthle cell carcinomas (cases 202 and 208) appeared in the same cluster as 4 widely invasive FTCs. B,
Volcano plot displaying signi cantly 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 de ned by more pronounced expression
in the signi cantly 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 DGCR8 p.E518 wild type)
were successfully pro led for 827 miRNAs (NanoString
Human v3 miRNA assay). The 2 DGCR8-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 DGCR8
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 signi cantly dif-
ferentially expressed (Fig. 6B).

10g11.21 Cytoband Gene Expression

Given the detection of recurrent gain at chromosome
10g11.21, we speci cally analyzed the gene expression of
genes in the MRA (10g11.21) in gain vs neutral/loss tumors
(n =10 and n = 3, respectively). In this cytoband, RASSF4,
TMEM72, and OR13A1 were signi cantly 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 signi cant (normalized P
value < .01 and afalse 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) pro ling 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 signi cance in poor-prognosis cases.

We identi ed a recurrent, heterozygous, and som-
atic p.E518K mutation in the miRNA master processor
DGRCS8 in 2 out of 13 tumors. The speci ¢ p.E518K
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
DGCR8-mutated cases appeared in the same cluster from
the global miRNA pro ling (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 signi cantly dysregulated in the 2 DGRC8 mutants
compared to DGCR8 wild-type cases (49, 50). Moreover, 2
DGCRS8 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 DGRCS8 locus remains
to be established. For example, the transcription factor
YY1 has been found to in uence DGCRS8 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,
TMEM72, and OR13A1 were all signi cantly 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 DGCRS8 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 nding 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 ndings 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.E518K DGCR8 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 in uenced 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
DGCRS8.This molecular complex cleaves the pri-miRNA into pre-miRNA.The pre-miRNA is transported to the nucleus, where it is processed into ma-
ture miRNA by DICER.This mature miRNA sequence interacts with the RNA-induced silencing complex (RISC) and inhibits translation of target mes-
senger RNAs (MRNAs), thereby regulating gene expression. The right aspect displays the potential functional consequences of DROSHA, DGCRS,
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 signi cant
downregulation in FTCs when compared to FTAS, sug-
gesting the importance of DGCR8 in FTC development.
The GO for the top MutSig2CV genes in the WGS cohort
was signi cantly 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 arecurrent
somatic alteration in the Family with Sequence Similarity
72 Member D (FAM72D) gene. Located on chromosome
1g21.1, this gene encompasses a region frequently ampli-

ed in myeloma (60), and FAM72 paralogs are upregulated
in glioblastoma (61). The former study also suggests that
FAM72D interact with the FOXML1 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-PPAR
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-con dence
fusions in our cohort, although only the established PAX8-
PPAR 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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