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Thyroid cancer is the most common endocrine cancer. It is treated by thyroidectomy and 
radioiodine administration followed by life-long thyroxine administration. However, 
until recently, there was no medical treatment for advanced thyroid cancer. Advances in 
the genetics of thyroid cancer and in the treatment of other forms of cancer with tyrosine 
kinase inhibitors have enabled the application of this very recent knowledge in the treat-
ment of advanced thyroid cancer. The application of this knowledge has revolutionized 
the treatment of advanced thyroid cancer.

The first section of this book focuses on the genetics of thyroid cancer. In Chapter 1, 
Fabienne Lesueur and Thérèse Truong discuss the genetic susceptibility to differentiated 
thyroid cancer. In Chapter 2, Professor Mehdi Hedayati and Dr. Shabnam Heydarzadeh 
examine the impact of ret-protooncogene mutations on the diagnosis, treatment, and 
prognosis of medullary thyroid cancer. In Chapter 3, Yun Yu and Richard Crooijmans 
discuss the genomics of familial thyroid cancer in dogs. In Chapter 4, Dr. Gerardo Hernán 
Carro and Dr. Juan Pablo Nicola review the molecular basis of radioiodine treatment in 
thyroid cancer.

The second section of this book focuses on treatment of thyroid cancer. In Chapter 5, 
Dr. Ifigenia Kostoglou-Athanassiou discusses recent developments in the medical 
treatment of advanced thyroid cancer. In Chapter 6, Professor Aisyah Elliyanti discusses 
the indications for radioiodine therapy in differentiated thyroid cancer. In Chapter 7,  
Dr. Thomachan Kainichal Cessal reviews systemic therapy in thyroid cancer. In Chapter 8, 
Dr. Thomachan Kainichal Cessal highlights recent advances in the management of 
anaplastic thyroid carcinoma. In Chapter 9, Dr. Tom Chi-Man Chow and Dr. Shirley  
Yuk-Wah Liu examine the significance of lymph node metastasis in thyroid cancer. 
Finally, in Chapter 10, Dr. Thomachan Kainichal Cessal discusses external beam 
radiotherapy in differentiated thyroid cancer.

I would like to thank the contributing authors for their excellent chapters. I also acknowl-
edge the assistance of Author Service Manager Nika Karamatic at IntechOpen. I am 
extremely grateful to my family, especially my husband Dr. Panagiotis Athanassiou and 
my children Lambros and Yannis for their continuous help and support over the years.

Last, but not least, I dedicate this book to my mother Areti, whose example and efforts 
have made it possible for me to become the editor of this book.

Ifigenia Kostoglou-Athanassiou, MSc, MD, Ph.D.
Endocrinologist,

Department of Endocrinology,
Asclepeion Hospital,

Voula, Athens, Greece
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Chapter 1

Genetic Susceptibility to 
Differentiated Thyroid Cancer
Fabienne Lesueur and Thérèse Truong

Abstract

Differentiated thyroid carcinoma (DTC) represents more than 90% of all thyroid 
cancer histological types. Its incidence has increased at a faster rate than most other 
malignancies during the last three decades and varies considerably around the world. 
The familial form of the disease has also become more common than previously 
reported, accounting for 5−15% of DTC cases. The main established risk factor of thy-
roid cancer is exposure to ionizing radiation, particularly if occurred during childhood. 
Thyroid cancer (including DTC) is also characterized by having one of the highest 
familial risks of any cancer supporting heritable predisposition. In spite of such a high 
familial risk, linkage analysis in non-syndromic DTC families (i.e. families where DTC 
is the primary cancer) performed two decades ago mapped several susceptibility loci 
but did not lead to the identification of high-penetrance causal germline variants. More 
recently, genome-wide association studies based on population case–control studies 
identified a limited number of DTC-associated loci and suggested that multiple low 
penetrance genes are involved in predisposition to DTC. This chapter reviews known 
genetic factors predisposing to DTC as well as approaches used to map them in various 
populations, and opens up on alternative strategies that could help to understand DTC 
tumorigenesis.

Keywords: differentiated thyroid cancer, familial risk, case–control study,  
genetic predisposition, genome-wide association study

1. Introduction

Almost 95% of patients with malignant thyroid tumors have non-medullary 
thyroid cancer (NMTC), which originates from follicular cells. Most NMTC are 
well-differentiated and include papillary thyroid carcinoma (PTC) (80−90%) and 
follicular thyroid carcinoma (FTC) (10−15%) while poorly differentiated thyroid 
carcinoma and anaplastic carcinoma are rare. C-cell-derived medullary thyroid 
carcinoma (MTC) are diagnosed in approximately 5% of patients [1]. Altogether 
differentiated thyroid carcinoma (DTC) represents more than 90% of all thyroid 
cancer histological types and the most frequent malignancy of the endocrine system 
(Figure 1) [2].

DTC incidence varies considerably around the world. High incidence was 
reported in some Pacific islands such as Hawaii, New Caledonia, and French 
Polynesia [3]. Ethnic differences in incidence within the same country have 
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been noted in Hawaii and New Caledonia with higher rates among Filipinos and 
Melanesians than in other ethnic groups [4]. The causes underlying these wide 
geographic and ethnic variations are still poorly understood. If this variation in 
incidence was attributed to screening practices, it was suggested that environment 
and inherited genetic risk factors may also play an important role [5]. Clinical aware-
ness of potential risk factors, such as inherited genetic variants allows for earlier 
recognition of more vulnerable populations, earlier detection, proper treatment, 
and improved outcomes for patients and their families, justifying current efforts to 
identify and understand the causal factors and mechanisms of DTC so that effective 
interventions can be implemented.

Familial associations are often quantified in terms of familial relative risk (FRR). 
The FRR denotes the risk of disease when a family member is affected compared to 
the risk level in the general population. Specific types of familial relationships, like 
first-degree relatives, parent–child, or siblings are generally examined. Remarkably, 
thyroid cancer displays one of the strongest FRRs among cancers. Large case–control 
studies conducted in populations from Utah and Sweden showed that the FRR of 
thyroid cancer for first-degree relatives of probands was 8.5 and 12.4, respectively  
[6, 7]. Data from studies focusing on DTC conducted in Sweden, Iceland, and Norway 
showed that the standard incidence risk (SIR) of DTC was between 4.1 and 7.8 for 
male relatives and between 1.9 and 4.9 for female relatives of the proband [8–10]. 
The SIR for PTC was calculated in the Norwegian study as 5.8 and 4.1 for male and 
female relatives, respectively [10]. The family structures of non-medullary thyroid 
carcinoma (NMTC) patients in Taiwan were also studied. The prevalence of NMTC 
in the general population and in first-degree relatives of NMTC patients was 0.16% 
and 0.64%, respectively. This corresponds to a 5.5-fold increased risk of NMTC for 
first-degree family members [11].

Like many cancers, thyroid cancers may arise from mutations that may or may 
not be heritable. They can occur due to any mistake during DNA replication during 
cell division or may be induced due to the effect of carcinogens on DNA like ion-
izing radiation. Most thyroid cancers are the result of the accumulation of somatic 
mutations in the cancer genome, either driver mutations of oncogenesis or passenger 
mutations [12]. They are not present constitutionally in the individual but only in 
part of thyroid cells. By contrast, constitutional (germline) variants may predispose 

Figure 1. 
Thyroid cancer subtypes classification.
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to cancer susceptibility and are present in affected individuals in all the body’s nucleic 
cells, as well as the cancer genome, and may therefore be heritable. Nonetheless, over 
90% of all thyroid cancers are sporadic, i.e. occur in people with no family history of 
thyroid cancer. The remaining are familial forms of NMTC and MTC. Familial MTC 
is associated with well-known germline genetic alterations in the RET proto-oncogene 
[13, 14] and genotype–phenotype correlations have been described [15]. On the 
contrary, the genetic causes of familial NMTC (FNMTC) or follicular cell-derived 
carcinoma are poorly understood despite considerable effort to identify contributing 
loci. In this chapter, we summarize variants associated with risk of DTC in familial 
and sporadic settings, as well as approaches used to map them in various populations 
and to identify causal genes or variants, which would greatly facilitate the estimation 
of disease risk and prognosis.

2. Familial non-medullary thyroid cancers

Familial NMTC (FNMTC) is clinically defined as the presence of the disease in 
two or more first-degree relatives of the patient. It encompasses a heterogeneous 
group of diseases, including diverse syndromic-associated tumors with a prepon-
derance of non-thyroidal tumors and non-syndromic tumors with a preponderance 
of NMTC. Hereditary cancer syndromes associated with FNMTC account for 5% of 
all familial cases and include familial adenomatous polyposis (FAP) and its variant 
Gardner syndrome, Cowden syndrome, Carney complex, Werner syndrome, and 
DICER1 syndrome. Other syndromes with less established links to the development 
of NMTC include McCune-Albright syndrome, Ataxia-telangiectasia, Li-Fraumeni 
syndrome, and Peutz-Jeghers syndrome [16–20], also no epidemiological studies 
confirmed a significantly increased risk of NMTC for patients affected by these 
latter syndromes and for their relatives. Non-syndromic-associated conditions 
encompass pure familial PTC (fPTC) with or without oxyphilia, fPTC with papil-
lary renal cell carcinoma, and fPTC with multinodular goiter [21–23]. The clinical 
characteristics of FNMTC are controversial. Several studies found an earlier age 
of onset, higher incidence of multifocality and lymph node metastasis, and a more 
aggressive outcome with more frequent relapses compared with sporadic disease 
[24], while other studies showed no significant increase in risk of recurrence or 
disease-related mortality in FNMTC cases compared to sporadic cases [25, 26]. 
Additionally, the second generation of parent-offspring FNMTC cases presents the 
disease at a younger age with more severe symptoms, indicating the presence of 
genetic anticipation [27].

Understanding the genetic basis of a heterogeneous disease such as FNMTC and 
the identification of biomarkers of disease aggressiveness can help to better stratify 
risk, allowing predictive screening of at-risk family members, improved surveillance 
guidance, and clinical management plan.

2.1 Genetic variants associated with risk of syndromic-associated disorders

Germline mutation (or “pathogenic variants”) accounting for syndromic FNMTC 
are highly penetrant and actionable, meaning that targeted genet testing is recom-
mended when the clinician recognizes the clinical phenotype of the syndrome. 
Clinical characteristics and genes involved in the predisposition to syndromic 
FNMTC are summarized hereafter.
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Familial adenomatous polyposis (FAP) is inherited as an autosomal dominant 
trait characterized by young-onset multiple gastrointestinal adenomatous polyps, 
especially of the colon, with malignant potential. In about 90% of cases, FAP is 
caused by germline loss-of-function variants in the tumor suppressor gene APC 
(adenomatous polyposis coli) located on chromosome 5q21 and encoding an inhibitor 
of Wnt signaling pathway. Ten to 25% of germline pathogenic APC variants arise de 
novo. Patients with FAP or with Gardner syndrome, a subset of FAP in which patients 
also develop extra-colonic manifestations [28], have a 160-fold greater risk than 
unaffected individuals of developing PTC [29–31]. Two to 12% of patients with FAP 
develop PTC [32], and 70% to 90% of these latter are diagnosed with a cribriform-
morular variant of PTC (CMV-PTC), an extremely rare variant accounting for less 
than 1% of all PTC in the general population [33].

Cowden syndrome (also called PTEN-hamartoma tumor syndrome) is an autoso-
mal dominant disorder characterized by hamartomatous changes and epithelial tumors 
of the breast, thyroid, kidney, colon, and endometrium caused by germline pathogenic 
variants in the tumor suppressor gene PTEN (Phosphatase and TENsin homolog) on 
chromosome 10q23.3 in about 9% of tested probands [34]. Up to 60% of patients with 
Cowden syndrome have thyroid nodules and 25% of patients have thyroid cancer 
[35]. These patients develop principally PTC (55.1%), followed by follicular variants 
of PTC (19.5%) and FTC (10%) [35]. Germline pathogenic variants in genes SDHB, 
SDHC, and SDHD encoding the subunits of the succinate dehydrogenase have also been 
described, as well as an epimutation in the promoter of the killin (KLLN) gene [35]. 
Succinate dehydrogenase belongs to mitochondrial complex II that participates in both 
the electron transport chain and Krebs cycle, and KLLN is a p53-regulated gene located 
upstream of PTEN and sharing a bidirectional promoter region.

Carney complex is a dominantly inherited syndrome characterized by a classic 
triad of spotty skin pigmentation, endocrine overactivity, and myxomas. About 
5% of patients develop thyroid nodules (follicular adenoma) and cancer (PTC or 
FTC). Inactivating pathogenic variants in the PRKAR1A gene located at 17q22–24 
are identified in 73% of patients and their penetrance has been estimated to be 97.5% 
[36]. The gene encodes the protein kinase cAMP-dependent type I regulatory subunit 
alpha. Phosphorylation mediated by the cAMP/protein kinase A signaling pathway 
is involved in the regulation of metabolism, cell proliferation, differentiation, and 
apoptosis [37]. Remarkably, the PRKAR1A gene can fuse to the RET protooncogene 
by gene rearrangement and form the thyroid tumor-specific chimeric oncogene 
known as PTC2 [38].

Werner syndrome is an autosomal recessive genetic instability and progeroid 
(‘premature aging’) syndrome associated with loss-of-function variants in the WRN 
(Werner syndrome RecQ like helicase) gene located at 8p11–21 [39]. The WRN gene 
encodes a member of the RecQ subfamily of DNA helicase protein. This nuclear 
protein is involved in important functions required for the maintenance of genome 
stability such as replication, transcription, DNA repair, and telomere maintenance. 
Patients with Werner syndrome develop features reminiscent of premature aging 
beginning in the second decade of life, including bilateral cataracts, graying and loss 
of hair, scleroderma-like skin changes, diabetes mellitus, and osteoporosis. They are 
also at elevated risk for common, clinically important age-dependent diseases, such as 
cancer and atherosclerotic cardiovascular disease, which are the most common causes 
of death at a median age of 54 years [40]. Sixteen percent of patients with Werner 
syndrome develop thyroid cancer, with FTC being the most common histological 
subtype, followed by PTC and anaplastic thyroid cancers [40].
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DICER1 syndrome, also known as pleuropulmonary blastoma familial tumor 
and dysplasia syndrome, is a rare pediatric autosomal dominant inherited disorder 
that predisposes individuals to various benign and malignant tumors. It is caused 
by germline pathogenic variants in the DICER1 gene located at 14q32.13. The gene 
encodes a member of the ribonuclease III (RNaseIII) family involved in the genera-
tion of micro-RNA (miRNAs) and modulates gene expression by interfering with 
mRNA function. In the thyroid, germline DICER1 loss-of-function variants disrupt 
the correct timing and expression of miRNA production necessary for normal thyroid 
differentiation and function [41, 42]. Patients with DICER1 syndrome are at higher 
risk of early-onset multinodular goiter and thyroid carcinomas. In particular, in 
DICER1 syndrome families, carriers of a DICER1 pathogenic variant have a 16-fold 
increase in risk of DTC as compared to noncarriers [43].

2.2 Genetic variants associated with risk of non-syndromic-associated disorders

Initial efforts to identify DTC susceptibility genes were conducted in the late 90s − 
early 2000s by conducting genome-wide linkage analysis in multigenerational fami-
lies with multiple affected members, usually with attempt to replicate best hits in an 
independent set of smaller families. Some candidate genes within the mapped regions 
have been subsequently screened. To date, seven loci involved in FNMTC susceptibil-
ity have been mapped (1q21, 2q21, 8p23.1-p22, 8q24, 12p14, 14q32, 19p13.2), where 
the causal genes remain to be identified or confirmed in independent family sets. 
With the introduction of massive-parallel sequencing technologies in diagnostic and 
research laboratories in the 2010s, some of these regions have been more extremely 
screened highlighting new candidates (AK023948 at 8q24, SRGAP1 at 12p14, DICER1 

Locus 
(name)

Family/
cases in the 
discovery 
study

Candidate 
gene

Replication study Ref. Approach

14q32 
(MNG1)

1 French 
Canadian 
family, 18 
MNG cases, 
2 cases also 
with PTC

DICER1 Investigation of 37 
NMTC families (88 
DTC cases) indicates 
that only a small 
proportion of FNMTC 
is attributable to 
MNG1.

[23, 
44]

Linkage analysis 
[44]; sequencing 
of DICER1; in vitro 
assays to assess 
expression level of 
miRNA in DICER1 
variant carriers 
[23].

19p13.2 
(TCO)

1 French 
family, 9 
PTC cases 
(atypical 
carcinomas 
and 
adenomas 
with cell 
oxyphilia);
1 family, 3 
cases

MYO1F No linkage in 
subsequent study 
involving 56 NMTC 
families [45]; WES 
in the original 
family identified 
MYO1F c.400G>A 
(p.Gly134Ser) but 
targeted sequencing 
of MYO1F in 192 
FNMTC cases 
showed no evidence 
of association with 
FNMTC [46].

[45–
47]

Linkage analysis 
[45, 47]; WES + 
functional assay 
+ sequencing of 
MYO1F in extended 
sets of FNMTC 
families.
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Locus 
(name)

Family/
cases in the 
discovery 
study

Candidate 
gene

Replication study Ref. Approach

1q21 
(fPTC1/
PRN1)

1 family, 5 
PTC cases, 
2 family 
members 
with 
papillary 
renal 
neoplasia

N-RAS, 
NTRK1, 
PRCC

No replication study. [22] Linkage analysis

2q21 
(NMTC1)

1 Tasmanian 
family, 8 
PTC cases

ACVR2, 
RAB6/
RALB, 
LRP-DIT

Linkage confirmed in 
an independent set of 
80 families.

[48] Linkage analysis

8p23.1-p22 
(FTEN)

1 Portuguese 
family, 5 
PTC cases, 
11 members 
with benign 
thyroid 
lesions

17 candidates 
excluded.

No replication study. [49] Linkage analysis 
+ gene expression 
profiling + 
sequencing + LOH 
analysis.

8q24 1 family with 
PTC and 
melanoma

AK023948 
noncoding 
RNA (TG 
and SLA 
excluded)

Linkage confirmed 
using 25 additional 
PTC families (86 
cases and 13 obligate 
carriers)

[50] Linkage analysis + 
target sequencing+ 
gene expression 
analysis.

12q14 38 families, 
108 PTC 
cases

SRGAP1 Association study on 
tag SNPs spanning the 
locus performed in 2 
cases-control series 
from Ohio and Poland; 
biochemical assays 
showed that missense 
variants p.Gln149His 
and p.Arg617Cys impair 
the ability of SRGAP1 to 
inactivate CDC42.

[51] Linkage analysis + 
association study 
+ sequencing of 
SRGAP1 + in vitro 
assays.

4q32 1 US family, 
11 PTC 
cases and 2 
cases with 
anaplastic 
thyroid 
carcinoma

(putative 
enhancer)

Not replicated in 38 
NMTC families; rare 
single nucleotide 
variant absent in 2676 
sporadic cases and 
2470 controls from 
Poland and Ohio.

[52] Linkage analysis + 
functional study

HABP2 
(10q25.3)

1 family, 6 
PTC cases

HABP2 Target sequencing of 
HABP2 in probands 
of 12 Chinese 
PTC families [53]; 
sequencing of HABP2 
exon 13 in tumor from 
217 sporadic PTC 
patients did not identify 
the variant [54].

[53, 
54]

WES + investigation 
of the expression of 
HABP2 in thyroid 
tissue samples 
+ functional 
assay on variant 
p.Gly534Glu [53]; 
target sequencing of 
HABP2 exon 13 [54]
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Locus 
(name)

Family/
cases in the 
discovery 
study

Candidate 
gene

Replication study Ref. Approach

16p13.3 1 family, 6 
PTC cases

SRRM2 Identified variant 
c.1037C>T 
(p.Ser346Phe) not 
found in 138 familial 
PTC cases; association 
study involving 1170 
sporadic PTC cases 
and 1404 controls 
confirmed association 
with PTC.

[55] WES, then 
genotyping of 
identified variant 
in 138 other PTC; 
association study in 
sporadic PTC and 
unrelated controls; 
RNA-Seq to assess 
effect on efficiency 
of RNA splicing 
machinery.

15q23 34 Chinese 
families, 77 
cases

MAP2K5 Variants c.961G>A 
and c.1100T>C 
identified in 2 families 
of the original Chinese 
study [56] not found 
in 33 Italian FNMTC 
families [57].

[56, 
57]

WES + functional 
study [56]; targeted 
sequencing to 
search for the 
2 previously 
described variants 
only [57]

19q13.33 1 family with 
5 NMTC 
cases

NOP53 Variant rs78530808 
(NOP53 p.Asp31His) 
identified in 3 of 44 
additional families 
and absent in 
unaffected spouses; 
Functional studies 
showed oncogenic 
function but high 
frequency in the 
general population 
(MAF 1.8%) suggests 
a low-penetrant 
variant, possibly a 
modifier.

[58] WES + targeted 
sequencing of 
candidate variants 
in familial cases 
and controls + 
functional assays.

22q12.1 5 NMTC 
families, 23 
cases

Variants 
enrichment 
in MAPK/
ERK and 
PI3K/AKT 
signaling 
pathways

No replication study. [59] WGS

14q12 1 family with 
10 members 
affected with 
PTC and/or 
melanoma +
23 NMTC 
families, 34 
cases

TINF2 No replication study. [60, 
61]

WGS in the key 
family with PTC 
and melanoma + 
target sequencing 
of TINF2 + gene 
expression analysis 
+ quantification of 
relative telomere 
length in variant 
carriers and 
noncarriers.
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at 14q32, MYO1F at 19p13.2). In addition, whole-exome or whole-genome sequencing 
followed in most instances by functional assays allowed identification of potentially 
causal variants in other genes (HABP2, SRRM2, MAP2K5, NOP53, TINF2, POT1) 
located elsewhere in the genome. The details of these studies and clinical features of 
non-syndromic FNMTC families used in the discovery steps and replication steps are 
reported in Table 1 and summarized in Figure 2.

Figure 2. 
DTC susceptibility loci evidenced in family studies (in red) and in genome-wide association studies (GWAS) on 
NMTC (in blue). Only GWAS loci replicated in independent samples are shown.

Locus 
(name)

Family/
cases in the 
discovery 
study

Candidate 
gene

Replication study Ref. Approach

7q31.33 1 NMTC 
family, 8 
cases

POT1 Another germline 
likely pathogenic 
variant in POT1 
already reported 
in a melanoma-
prone family with 
occurrence of thyroid 
cancers [62].
Lack of likely 
pathogenic POT1 
variants in 7 FNMTC 
families [63].

[59, 
64]

WGS + functional 
analysis, including 
quantification of 
relative telomere 
length in variant 
carriers and 
noncarriers

GWAS: genome-wide association study, LOH: loss of Heterozygosity, MAF: minor allele frequency, Ref.: reference, WES: 
whole-exome sequencing, WGS: whole-genome sequencing.

Table 1. 
DTC susceptibility loci evidenced in family studies on non-syndromic NMTC (in chronological order of 
discovery).
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3. Genetic factors associated with sporadic DTC

3.1 Findings from association studies

Sporadic DTC, which represents the majority of all NMTC, is considered as a 
complex disease caused by multiple environmental and genetic risk factors. Common 
polymorphisms in low-penetrance genes or altering their expression are hypoth-
esized to play an important role in sporadic DTC. The numerous association studies 
conducted in the general population used a case–control design that compares the 
distribution of the polymorphisms in a population of affected versus unaffected 
individuals. Two types of association studies can be performed: the candidate gene 
approach that focuses on a limited number of polymorphisms located in genes select 
based on a priori knowledge of their biological function and the genome-wide asso-
ciation studies (GWAS) approach that consists in screening the association between 
the disease and the genetic variants along the genome without prior hypothesis.

The candidate gene approach usually focuses on functional or tags polymorphisms 
located in specific genes selected based on their potential functional impact on the 
gene product or on its potential interaction with known environmental/lifestyle risk 
factors for the disease. Candidate genes selected for analysis in association studies on 
DTC are mostly involved in the following biological pathways: DNA repair, cell cycle 
regulation, and apoptosis, xenobiotic metabolism, thyroid function, MAPK pathway, 
immune response and inflammation, and obesity [65–67].

Figlioli et al. [67] proposed an exhaustive review of polymorphisms investigated 
in association studies published before September 2013. They reviewed 100 original 
articles and five meta-analyses and reported 91 significant SNPs (over 316 analyzed) 
from 127 genes. They also conducted a meta-analysis on 46 SNPs, which were 
reported by at least two studies, and reported 13 significant SNPs, of which six are 
located in the coding sequence of candidate genes: ADPRT (rs1136410; p.Val762Ala), 
BRCA1 (rs16942; p.Lys1183Arg), XRCC7 (rs7830743; p.Ile3434Thr), TP53 (rs1042522; 
p.Pro72Arg), MTHFR (rs1801133; p.Ala222Val), RET (rs1800862; p.Ser836Ser), 
one is intronic (rs4658973 in WDR3) and six SNPs are located in intergenic regions 
highlighted by GWAS. Therefore, many candidate genes and polymorphisms were 
considered in association with DTC but only a few were properly replicated.

With the completion of the human genome sequencing in 2003, GWAS involving 
hundreds of thousands to millions of SNPs across the human genome became more 
and more common. GWAS are usually composed with one discovery phase that 
aims to analyze a large number of variants, followed by a replication phase consist-
ing of validation of the most significant variants in an independent sample. Since 
2009, seven GWAS were published on NMTC risk, of which six were conducted in 
individuals of European ancestry [68–73] and one was conducted in individuals of 
Asian ancestry from Korea [74] (Table 2). The latest GWAS conducted by Truong 
et al. [73] also included a small discovery sample of individuals of Oceanian ancestry 
but with no replication set. Among the GWAS conducted in the European ancestry 
population, one study focused on radiation-related PTC, with cases recruited in 
Belarus and aged 0−18 years old at the time of the Chernobyl accident [69]. All these 
GWAS were based on a relatively low number of cases compared to other cancers 
GWAS and the largest study included 3,001 cases is a meta-analysis of several studies 
with no replication phase [72].
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Tables 3 and 4 summarize the significant and suggestive loci highlighted by these 
seven GWAS. All these variants are located in intronic or intergenic regions, except 
rs6793295 which is a missense variant in LRRC34 at 3q26.2. The loci that were repli-
cated in independent studies are shown in Figure 2. The most robust associations, i.e. 
the ones that were reported by several GWAS and independent sample sets, are for 
variants at 9q22.33, 14q13.3, 2q35, and 8p12.

Reference Populations Histology Number of cases/
controls in discovery 

phase

Number of 
cases/controls in 
replication phase

[68] Iceland NMTC 192 /37,196

Spain NMTC 89 /1,343

USA (Columbus) PTC 294/384

[69] Belarus (Gomel) and Russia PTC 401/620 259/648

Age <18 years old at the time 
of Chernobyl accident

[70] Italy PTC 701/499

Italy DTC 1213/989

Italy DTC 326/730

Poland DTC 468/470

UK DTC 509/1,118

Spain DTC 443/420

[71] Spain DTC 398/502

Italy DTC 541/532

Spain (Galicia) DTC 240/531

Spain (Catalonia) DTC 354/408

[74] Korea DTC 470/8,279 615/605

[72] Iceland NMTC 1,003/278,991

Netherlands NMTC 85/4,956

USA (Columbus) PTC 1,580/1,628

USA (Houston) PTC 250/363

Spain (Zaragosa) NMTC 83/1,612

[73] European descents from 
France, French Polynesia, 
New Caledonia, Belarus, 

Cuba

DTC 1,554/1,973

Oceanian from France 
Polynesia, New Caledonia

DTC 301/348

USA (Columbus) PTC 1,580/1,628

Italy DTC 649/431

NMTC: non-medullary thyroid carcinoma, DTC: differentiated thyroid carcinoma, PTC: papillary thyroid carcinoma, 
TSH: thyroid stimulating hormone

Table 2. 
Details on published genome-wide association studies on NMTC risk.



13

Genetic Susceptibility to Differentiated Thyroid Cancer
DOI: http://dx.doi.org/10.5772/intechopen.107831

Lo
cu

s
N

ea
re

st
 

ge
ne

(s
)

Lo
ca

tio
n

Le
ad

 S
N

Ps
EA

/O
A

EA
F

O
R

p-
va

lu
e

Re
f.

A
nc

es
tr

y
Re

m
ar

ks
Re

pl
ic

at
ed

9q
22

.3
3

FO
X

E1
,

PT
CS

C2
 in

tr
on

rs
96

55
13

A
/G

0.
34

1.
75

1.
7 x

 10
–2

7
[6

8]
Eu

r
[7

5–
89

]

PT
CS

C2
0.

34
1.6

5
4.

8 
x 

10
–1

2
[6

9]
Eu

r
ra

di
at

io
n-

re
la

te
d 

D
TC

_
1.

78
2.

7 x
 10

–1
0

[7
0]

Eu
r

0.
33

1.6
5

2.
7 x

 10
–2

3
[7

1]
Eu

r

PT
CS

C2
 in

tr
on

rs
15

88
63

5
A

/C
0.

40
1.6

9
2.

0 
x 

10
–5

8
[7

2]
Eu

r
r2

 =
 0

.9
9 

w
ith

 rs
96

55
13

 
in

 E
U

R

0.
39

1.6
4

2.
1 x

 10
–2

1
[7

3]
Eu

r

In
te

rg
en

ic
rs

72
75

35
37

C
/T

0.
07

1.4
1

7.7
 x

 10
–6

[7
4]

A
sia

n
r2

 =
 0

.0
01

 w
ith

 rs
96

55
13

 
in

 E
A

S

14
q1

3.
3

N
K

X
2-

1,
PT

CS
C3

 
pr

om
ot

er
rs

94
42

89
T/

C
0.

57
1.

37
2.

0 
x 

10
–9

[6
8]

Eu
r

[7
5,

 7
9,

 8
0,

 8
2–

84
, 

87
–8

9,
 9

2–
94

]

PT
CS

C3
T/

C
0.

56
1.

24
1.

5 x
 10

–5
[7

1]
Eu

r

T/
C

0.
46

1.
25

1.4
 x

 10
–6

[7
4]

A
sia

n

In
te

rg
en

ic
rs

11
69

09
37

4
T/

C
0.

03
1.8

1
1.1

 x
 10

–1
6

[7
2]

Eu
r

r2
 =

 0
.0

06
 w

ith
 

rs
94

42
89

 in
 E

U
R

[7
9,

 8
2,

 8
8,

 9
3]

0.
06

2.
33

1.6
 x

 10
–1

0
[7

3]
Eu

r

In
te

rg
en

ic
rs

36
81

87
G

/C
0.

58
1.

39
5.1

 x
 10

–2
3

[7
2]

Eu
r

r2
 =

 0
.70

 w
ith

 rs
94

42
89

 
in

 E
U

R
[9

3]

0.
63

1.4
7

3.8
 x

 10
–1

3
[7

3]
Eu

r
r2

<0
.0

1 w
ith

 
rs

11
69

09
37

4 
in

 E
U

R

In
tr

on
rs

34
08

19
47

T/
C

0.
41

1.
27

1.
2 

x 
10

–7
[7

4]
A

sia
n

r2
 =

 0
.6

1 w
ith

 rs
94

42
89

 
in

 E
A

S
r2

 =
 0

.9
0 

w
ith

 rs
36

81
87

 
in

 E
A

S



Thyroid Cancer – The Road from Genes to Successful Treatment

14

Lo
cu

s
N

ea
re

st
 

ge
ne

(s
)

Lo
ca

tio
n

Le
ad

 S
N

Ps
EA

/O
A

EA
F

O
R

p-
va

lu
e

Re
f.

A
nc

es
tr

y
Re

m
ar

ks
Re

pl
ic

at
ed

2q
35

D
IR

C3
In

tr
on

rs
67

59
95

2
T/

C
0.

38
1.

25
6.

4 
x 

10
–1

0
[7

0]
Eu

r
[1

08
]

N
on

co
di

ng
 

tr
an

sc
rip

t
rs

11
69

38
06

C
/G

0.
32

1.4
3

1.
5 x

 10
–2

4
[7

2]
Eu

r
r2

 =
 0

.4
5 w

ith
 rs

67
59

95
2 

in
 E

U
R

N
on

co
di

ng
 

tr
an

sc
rip

t
rs

38
21

09
8

T/
C

0.
28

1.
39

1.1
 x

 10
–1

0
[7

3]
Eu

r
r2

 =
 0

.9
8 

w
ith

 
rs

11
69

38
06

 in
 E

U
R

In
tr

on
rs

12
99

05
03

G
/C

0.
63

1.
34

3.
5 x

 10
–9

[7
4]

A
sia

n
r2

 =
 0

.9
7 w

ith
 

rs
11

69
38

06
 in

 E
A

S

8p
12

N
RG

1
In

tr
on

rs
24

66
07

6
G

/T
0.

48
1.

32
1.

5 x
 10

–1
7

[7
2]

Eu
r

r2
 =

 0
.9

4 
w

ith
 rs

24
39

30
2 

in
 E

U
R

In
tr

on
rs

14
24

50
47

0
T/

-
0.

35
1.

33
1.

5 x
 10

–7
[7

3]
Eu

r
r2

 =
 0

.4
5 w

ith
 rs

24
39

30
2 

in
 E

U
R

Si
gn

ifi
ca

nt
 fo

r P
TC

 
(p

 =
 9.

4 
x 

10
−9

)

In
tr

on
rs

24
39

30
2

G
/C

0.
21

1.
37

1.4
 x

 10
–9

[7
4]

A
sia

n
r2

 =
 0

.9
5 w

ith
 rs

24
66

07
6 

in
 E

A
S

r2
 =

 0
.3

9 
w

ith
 

rs
14

24
50

47
0 

in
 E

A
S

[7
3,

 8
4,

 8
8,

 8
9,

 9
2,

 
94

, 9
8]

In
tr

on
rs

69
96

58
5

G
/A

0.
23

1.
39

1.1
 x

 10
–1

0
[7

4]
A

sia
n

r2
 =

 0
.6

7 w
ith

 rs
24

39
30

2 
in

 E
A

S

In
tr

on
rs

12
54

27
43

C
/T

0.
25

1.
36

4.
6 

x 
10

–1
0

[7
4]

A
sia

n
r2

 =
 0

.3
7 w

ith
 rs

24
39

30
2 

in
 E

A
S

EA
: e

ffe
ct

 a
lle

le,
 O

A
: o

th
er

 a
lle

le,
 E

A
F:

 ef
fec

t a
lle

le
 fr

eq
ue

nc
y, 

lea
d 

SN
P:

 S
N

P 
w

ith
 th

e l
ow

es
t p

-v
al

ue
 in

 th
e l

oc
us

, O
R:

 C
om

bi
ne

d 
od

ds
 ra

tio
 fo

r E
A

 ve
rs

us
 O

A
 fr

om
 th

e m
et

a-
an

al
ys

is 
of

 th
e d

isc
ov

er
y 

an
d 

re
pl

ica
tio

n 
se

ts,
 R

ef
.: 

Re
fer

en
ce

 o
f t

he
 G

W
A

S,
 E

A
S:

 E
as

t A
sia

n 
an

ce
str

y 
po

pu
la

tio
n 

fr
om

 th
e 1

00
0 

ge
no

m
es

 p
ro

jec
t, 

EU
R:

 E
ur

op
ea

n 
an

ce
str

y 
po

pu
la

tio
n 

fr
om

 th
e 1

00
0 

ge
no

m
es

 p
ro

jec
t

Ta
bl

e 
3.

 
Fi

nd
in

gs
 fr

om
 ge

no
m

e-
w

id
e a

sso
ci

at
io

n 
stu

di
es

 o
n 

N
M

TC
 a

t r
ob

us
t s

us
ce

pt
ib

ili
ty

 lo
ci

 (i
n 

ch
ro

no
lo

gi
ca

l o
rd

er
 o

f d
isc

ov
er

y)
.



15

Genetic Susceptibility to Differentiated Thyroid Cancer
DOI: http://dx.doi.org/10.5772/intechopen.107831

Lo
cu

s
N

ea
re

st
 g

en
e(

s)
Lo

ca
tio

n
Le

ad
 S

N
Ps

EA
/O

A
EA

F
O

R
p-

va
lu

e
Re

f.
A

nc
es

tr
y

Re
m

ar
ks

Re
pl

ic
at

ed

1q
42

.2
PC

N
XL

2
In

tr
on

rs
12

12
99

38
A

/G
0.

79
1.

32
4.

0 
× 

10
–1

1
[7

2]
Eu

r
[1

09
]

PC
N

XL
2

In
tr

on
rs

46
49

29
5

T/
C

0.
82

1.4
3

6.
0 

× 
10

–8
[7

4]
A

sia
n

r2
 =

 0
.6

7 w
ith

 rs
12

12
99

38
 

in
 E

A
S

[1
09

]

10
q.

24
.3

3
O

BF
C1

In
te

rg
en

ic
rs

79
02

58
7

T/
C

0.
11

1.4
1

5.4
 ×

 10
–1

1
[7

2]
Eu

r

5q
22

.1
EP

B4
1L

4A
In

tr
on

rs
73

22
74

98
A

/T
0.

87
1.

37
3.

0 
× 

10
–1

0
[7

2]
Eu

r

15
q2

2.
33

SM
A

D
3

In
tr

on
rs

22
89

26
1

C
/G

0.
68

1.
23

3.1
 ×

 10
–9

[7
2]

Eu
r

SM
A

D
3

In
tr

on
rs

56
06

21
35

T/
C

0.
25

1.
24

4.
9 

× 
10

–9
[7

2]
Eu

r

16
q2

3.
2

M
A

F
In

te
rg

en
ic

rs
16

95
09

82
G

/A
0.

37
1.

22
4.

7 ×
 10

–9
[7

3]
Eu

r

12
q1

4.
3

M
SR

B3
In

tr
on

rs
11

17
58

34
T/

C
0.

15
1.

37
4.

3 
× 

10
–8

[7
4]

A
sia

n

1p
13

.3
VA

V
3

In
tr

on
rs

49
15

07
6

T/
C

0.
70

1.
33

8.
5 ×

 10
–8

[7
4]

A
sia

n
[1

10
]

3q
26

.2
LR

RC
34

Ex
on

, 
p.

Se
r2

49
G

ly
rs

67
93

29
5

T/
C

0.
76

1.
23

2.
7 ×

 10
–8

[7
2]

Eu
r

5p
15

.3
3

TE
RT

In
tr

on
rs

10
06

96
90

T/
C

0.
27

1.
20

3.
2 

× 
10

–7
[7

2]
Eu

r
[1

11
, 1

12
]

TE
RT

In
tr

on
rs

77
26

15
9

A
/C

0.
39

1.1
7

5 ×
 10

–6
[7

3]
Eu

r
r2  =

 0
.4

4 
w

ith
 rs

10
06

96
90

 
in

 E
U

R

19
p1

2
ZN

F2
57

In
tr

on
rs

72
60

86
3

T/
C

0.
20

1.
22

8.
7 ×

 10
–7

[7
3]

Eu
r

4q
21

.1
SE

PT
11

In
te

rg
en

ic
rs

18
74

56
4

G
/A

0.
69

1.
31

2.
0 

× 
10

–7
[7

4]
A

sia
n

3p
14

.2
FH

IT
In

te
rg

en
ic

rs
98

58
27

1
G

/A
0.

43
1.

26
6.

8 
× 

10
–7

[7
4]

A
sia

n

1p
31

.3
N

FI
A

In
tr

on
rs

33
47

29
C

/T
0.

05
1.4

3
7.6

 ×
 10

–7
[7

3]
Eu

r

7q
31

.1
IM

M
P2

L
In

tr
on

rs
78

00
39

1
T/

C
0.

34
1.

25
5.7

 ×
 10

–6
[7

0]
Eu

r
Sp

ec
ifi

c t
o 

Ita
lia

n 
po

p

IM
M

P2
L

In
tr

on
rs

10
23

85
49

C
/T

0.
63

1.
27

4.
1 ×

 10
–6

[7
0]

Eu
r

Sp
ec

ifi
c t

o 
Ita

lia
n 

po
p

3q
25

.3
2

RA
RR

ES
1

In
tr

on
rs

76
17

30
4

A
/G

0.
25

1.
25

4.
6 

× 
10

–5
[7

0]
Eu

r
Sp

ec
ifi

c t
o 

Ita
lia

n 
po

p



Thyroid Cancer – The Road from Genes to Successful Treatment

16

Lo
cu

s
N

ea
re

st
 g

en
e(

s)
Lo

ca
tio

n
Le

ad
 S

N
Ps

EA
/O

A
EA

F
O

R
p-

va
lu

e
Re

f.
A

nc
es

tr
y

Re
m

ar
ks

Re
pl

ic
at

ed

10
q2

6.
12

W
D

R1
1-

A
S1

In
tr

on
rs

12
54

16
7

C
/G

0.
08

1.
38

5.9
 ×

 10
–5

[7
1]

Eu
r

W
D

R1
1-

A
S1

In
tr

on
rs

10
78

81
23

T/
C

0.
20

1.6
9

3.
2 

× 
10

–5
[7

1]
Eu

r

9q
34

.3
SN

A
PC

4/
CA

RD
9

In
te

rg
en

ic
rs

10
78

15
00

C
/T

0.
60

1.
23

3.
5 ×

 10
–5

[7
0]

Eu
r

Sp
ec

ifi
c t

o 
Ita

lia
n 

po
p

19
p1

3.
2

IN
SR

In
tr

on
rs

72
48

10
4

A
/G

0.
36

1.
22

2.
0 

× 
10

–5
[7

4]
A

sia
n

6q
14

.1
H

TR
1B

In
te

rg
en

ic
rs

40
75

57
0

G
/A

0.
35

0.
82

2.
0 

× 
10

–4
[7

1]
Eu

r
[1

13
]

EA
: e

ffe
ct

 a
lle

le,
 E

A
F:

 ef
fec

t a
lle

le
 fr

eq
ue

nc
y, 

lea
d 

SN
P:

 S
N

P 
w

ith
 th

e l
ow

es
t p

-v
al

ue
 in

 th
e l

oc
us

, O
R:

 C
om

bi
ne

d 
od

ds
 ra

tio
 fo

r E
A

 ve
rs

us
 O

A
 fr

om
 th

e m
et

a-
an

al
ys

is 
of

 th
e d

isc
ov

er
y a

nd
 re

pl
ica

tio
n 

se
ts,

 R
ef

.: 
Re

fer
en

ce
 o

f t
he

 G
W

A
S,

 E
A

S:
 E

as
t A

sia
n 

po
pu

la
tio

ns
 fr

om
 th

e 1
00

0 
ge

no
m

es
 p

ro
jec

t, 
EU

R:
 E

ur
op

ea
n 

po
pu

la
tio

ns
 fr

om
 th

e 1
00

0 
ge

no
m

es
 p

ro
jec

t.

Ta
bl

e 
4.

 
O

th
er

 si
gn

ifi
ca

nt
 o

r s
ug

ge
sti

ve
 su

sc
ep

tib
ili

ty
 lo

ci
 h

ig
hl

ig
ht

ed
 b

y 
ge

no
m

e-
w

id
e a

sso
ci

at
io

n 
stu

di
es

 o
n 

D
TC

 (o
rd

er
ed

 b
y 

sig
ni

fic
an

ce
 o

f a
sso

ci
at

io
n)

.



17

Genetic Susceptibility to Differentiated Thyroid Cancer
DOI: http://dx.doi.org/10.5772/intechopen.107831

3.1.1 Locus 9p22.33

At 9p22.33, the most robust association reported in GWAS was for rs96551 or 
rs1588635, a highly correlated proxy (r2 = 0.99 in the European population from the 
1000 Genomes Project). Rs965513 has been associated with radiation-related DTC as 
well as with sporadic DTC, and it was subsequently consistently replicated in several 
different populations of European ancestry [75–82], of Asian ancestry [81, 83–85] as 
well as in admixed populations from Oceania [79, 86], Cuba [87], Colombia [88], or 
Kazakhstan [89].

In 2009, a study focusing on the role of FOXE1 in DTC risk [90] suggested 
rs1867277 as a causal variant at 9p22.33. This variant is located in the 5’ UTR of FOXE1 
(also known as TTF2, for Thyroid Transcription Factor 2) and was shown to affect the 
transcription of FOXE1 which is involved in the development and regulation of the 
thyroid gland, and in the proliferation and differentiation of thyroid follicular cells. 
However, rs1867277 is less consistently replicated in other populations and the linkage 
disequilibrium (LD) between rs1867277 and rs965513 is moderate in Europeans 
(r2 = 0.3 in Europeans from the 1000 Genomes project) and even weaker in popula-
tions of Asian or African ancestries (r2<0.01 in the 1,000 Genomes Project). Rs965513 
is located 60 kb upstream of rs1867277, in an intron of the long intergenic noncoding 
RNA (lincRNA) PTCSC2 that was reported for the first time in 2015 by He et al. [91]. 
The risk allele [A] of rs965513 was shown to significantly decrease the expression of 
unspliced PTCSC2, FOXE1, and TSHR in normal thyroid tissue.

3.1.2 Locus 14q13.3

Rs944289 was the first variant identified by GWAS at 14q13.3 [68]. This association 
was replicated in subsequent studies conducted in diverse populations [75, 79, 80, 82–84, 
87–89, 92–94]. However, the most recent GWAS, conducted in several European popula-
tions [72, 73] and in one Asian population from Korea [74], analyzed a higher number 
of SNPs (using genotyped and imputed SNPs) and reported the strongest signal for 
respectively rs368187 and rs34081947 (r2 = 0.98 in Europeans and r2 = 0.90 in East Asians 
from the 1000 Genomes Project), which are in moderate LD with rs944289 (r2<0.70 in 
Europeans or East Asians from the 1000 Genomes Project). The recent European GWAS 
also reported an independent signal at rs116909374 and rs368187. Rs116909374 replicated 
only in studies on European ancestry populations [79, 82, 88, 93] as this SNP is mono-
morphic or very rare in Asian populations. Interestingly, rs368187 is in high LD with 
rs34081947, which was highlighted by the GWAS conducted in the Korean population 
(r2 = 0.98 in East Asians from the 1000 Genome Project) (Table 3).

In 2012, Jendrzejewski et al. [95] described a novel lincRNA named PTCSC3 
located 3.2 kb downstream of rs944289. They showed that the expression of PTCSC3 
was strongly down-regulated in thyroid tumor tissue and that the risk allele [T] of 
rs944289 was associated with up-regulation of PTCSC3 in normal thyroid tissue, sug-
gesting that PTCSC3 could act as a tumor suppressor gene. Most recent fine-mapping 
analyses [79, 93] confirmed that multiple independent SNPs are involved in DTC risk 
at 14q13.3, but the clinical significance of all these SNPs is still unknown.

3.1.3 Locus 2q35

The association between DTC and variants at 2q35 was first highlighted in 2009 in 
a GWAS that investigated genetic factors associated with thyroid stimulating hormone 
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(TSH) levels in blood in 27,758 Icelandic individuals. The authors further investigated 
the role of the top SNPs associated with circulating TSH levels in DTC susceptibility 
of which rs966423 at 2q35 [82]. Another GWAS on DTC risk, conducted in 2013 in an 
Italian population [70], reported rs6759952 as the lead SNP at 2q35, which is moder-
ately correlated to rs966423 (r2 = 0.69 in Europeans from the 1000 Genomes project). 
The most recent GWAS from 2017 [72–74] reported three new SNPs (rs11693806, 
rs3821098, and rs12990503) with the strongest signal at 2q35, which are highly corre-
lated to each other but only moderately with the two previous reported SNPs (Table 2).

Finally, the recent in silico fine-mapping analysis at 2q35 conducted in a multiethnic 
study pinpointed rs16857609 as a possible causal SNP [96]. This SNP was strongly 
correlated to the three SNPs reported by recent GWAS and was associated with 
the expression of the two nearby genes DIRC3 and IGFBP5 in thyroid tumor cells. 
Interestingly, this SNP had also been previously associated with breast cancer risk [97].

3.1.4 Locus 8p12

At 8p12, rs2439302 was first highlighted in the Icelandic GWAS on TSH levels, 
and it was found to be associated with DTC risk in subsequent analyses [82]. The 
association between DTC and rs2439302 was then replicated in different popula-
tions [84, 88, 89, 92, 94, 98]. The recent GWAS [72–74] replicated this SNP and 
also reported several other variants within the gene NRG1 that were independently 
associated with DTC in European and Asian ancestry populations (rs142450470, 
rs6996585, and rs12542743) (Table 2).

In 2018, He et al. [99] reported that the risk allele [G] of rs2439302 was associated 
with the expression of multiple NGR1 isoforms in normal thyroid tissue. They also 
suggested that multiple enhancer variants exist at this locus that may have a combina-
tory effect on the expression of NRG1 and possibly on the susceptibility to DTC.

3.1.5 Other loci

Among the other loci reported by GWAS, only SNPs at four loci (1q42.2, 
5p15.33, 1p13.3, 6q14.1) were replicated in independent studies on DTC (Table 4). 
Interestingly, some of the variants reported in Table 4 were also previously associated 
with other diseases or traits. For instance, the SNPs at 5p15.33 (TERT) were shown 
to be associated with telomere length in European and Asian populations [100–102] 
as well as with risk of breast or ovarian cancers [100, 103]. Rs7902587 at 10q24.33 
(OBFC1) was significantly associated with ovarian cancer [104], rs56062135 (SMAD) 
at 15q22.33 was also highlighted by a GWAS on coronary artery disease [105], the 
missense variant rs6793295 (LRRC34) at 3q26.2 was associated to systemic sclerosis 
[106], and rs7248104 (INSR) at 19p13.2 was associated to triglyceride levels [107].

3.2 Polygenic risk scores

Based on findings from GWAS, polygenic risk scores (PRS), which are calculated 
by computing the sum of risk alleles of identified susceptibility SNPs weighted by the 
effect size estimate from the GWAS, were proposed to predict DTC risk. Several stud-
ies evaluated a DTC PRS in different populations [114–118]. The most recent studies 
used PRS including 10 to 12 SNPs reported by the meta-analysis of GWAS [72] and 
estimated odds ratios per standard deviation of PRS from 1.55 to 2.31. Liyanarachchi 
et al. [118] estimated that about 8% of the genetic predisposition to PTC could be 
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accounted for by 10 SNPs (rs12129938, rs11693806, rs6793295, rs73227498, rs2466076, 
rs1588635, rs7902587, rs368187, rs116909374, rs2289261). They also estimated that 
individuals of European ancestry in the highest decile of PRS had a 6.9 higher risk to 
develop PTC than individuals in the lowest decile group. A recent study reported that 
the PRS improved significantly predictive scores based on clinical factors in the predic-
tion of subsequent thyroid cancers in childhood cancer survivors of European ancestry 
[119]. Future studies should investigate the combined effect of PRS and exposure 
to lifestyle and environmental factors in order to enhance individualized DTC risk 
prediction. There is also a need to extend the DTC PRS to other ethnic groups.

4. Conclusion

Despite the solid evidence for heritability of thyroid cancer, only a handful of variants 
have been significantly associated with an increased risk of DTC representing the most 
common form of thyroid cancer. The high heritability of the disease is likely due to the 
contribution of rare high-penetrance variants in some cases and the combination of com-
mon low-penetrance variants in others, as well as the influence of common shared envi-
ronmental factors in DTC-prone families or in specific groups of the general population. 
So far, efforts to identify DTC predisposing genes outside of syndromic FNMTC led to the 
identification of mainly low-to-moderate penetrance genes, and routine genetic testing 
for these genes is not recommended. Further large studies to characterize their pen-
etrance and function and to identify new DTC-associated loci or alternative hereditary 
mechanisms such as epigenetic modifications are required to improve our understanding 
of DTC tumorigenesis. Ultimately, risk prediction models integrating family history of 
DTC, PRS, and some modifiable risk factors (obesity, exposure to ionizing radiations 
from medical diagnostic procedure, etc.) may help stratify individuals according to their 
risk of developing DTC, which can be useful for elaborating screening policies. Moreover, 
inherited genetic factors can also impact the final outcome of the disease such as histologi-
cal subtypes, localization of metastases, or molecular profiling of the tumor, and their 
characterization can help to predict effectiveness of the initial treatment [120].

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

RET Proto-Oncogene Mutations:
Impact on Diagnosis, Treatment
and Prognosis of MTC
Shabnam Heydarzadeh and Mehdi Hedayati

Abstract

Variants of MTC result from different mutations in exons of the RET gene. RET
proto-oncogene is activated by a DNA rearrangement and it is one of the first
tyrosine kinase receptor (RTK) proteins found to play a role in neoplasia. Early
detection using genetic screening has become the gold standard of therapy, followed
by prophylactic thyroidectomy. RET-kinase inhibitors have been developed recently
for the treatment of MTC and are currently at various phases of pre- and clinical
trials. Numerous autosomal dominantly inherited mutations have been demonstrated
to activate RET constitutively. These mutations in separate populations are believed
to be correlated with a rather heterogeneous prototype across countries. As such,
one objective of this study was to demonstrate a geographical pattern of RET
mutations in various populations. Advances in RET genetic screening have facili-
tated for the rapid recognition of hereditary MTCs and prophylactic thyroidectomy
for relatives who may not show signs of the disease. In this chapter, we will discuss
oncogenic RET signaling, RET inhibitors and the major RET mutations found in
MTC and the necessity of RET genetic screening for the early diagnosis of MTC
patients, using American Thyroid Association guidelines and genotype-phenotype
correlation.

Keywords: medullary thyroid cancer, RET proto-oncogene, RET mutation, RET
signaling, RET inhibitors

1. Introduction

The medullary thyroid carcinoma (MTC) is one of the most aggressive kinds of
thyroid cancer. It is a neuroendocrine tumor and is notably distinct from differenti-
ated thyroid carcinoma. MTC accounts for 5–10% of all thyroid malignancies and
occurs in both sporadic (75%) and inherited (25% of cases) forms [1, 2]. The latter
exhibits an autosomal dominant inheritance pattern with varying expressivity and
age-dependent penetrance [3, 4]. RET (REarranged during Transfection) proto-
oncogene is essential for the molecular pathogenesis of hereditary MTCs [5].

The human RET proto-oncogene encodes a transmembrane receptor tyrosine
kinase that transmits growth and differentiation signals. Extracellular binding of

31



ligands and coreceptors, receptor dimerization via the cysteine-rich domain, and
intracellular autophosphorylation of the tyrosine kinase catalytic domain are
required for RET function. RET can be activated oncogenically in vivo and in vitro
by cytogenetic rearrangement. RET gene mutations have been identified in a vari-
ety of human disorders, including PTC (Papillary thyroid cancer), MTC, MEN2A,
and MEN2B. Consequently, RET is referred to as the one implicated in numerous
disorders [6, 7]. RET proto-oncogene is known as a molecular therapeutic target in
thyroid cancer. Numerous factors, including as sex, age, tumor stage, and tumor
grade can influence the prognosis. Therefore, the average survival rate for patients
with thyroid gland cancers (95 percent) is approximately 10 years. Patients with
regional and metastatic illness stages are estimated to have an overall survival rate
of 75%, according to estimates. When a patient is diagnosed with distant metastasis,
the prognosis is poor, with a 10-year survival rate of only 40% [8, 9]. Extra
thyroidal metastasis and stage upon diagnosis are the only independent predictors
of MTC patients' life expectancy. In other words, those detected at an early stage
and patients without detectable recurrence had a life expectancy [10]. Postoperative
calcitonin level and tumor extension have also been identified as significant prog-
nostic variables for identifying MTC patients at high risk for disease recurrence
[11]. We proposed that RET genetic mutations may be different in distinct
populations. Therefore, in our recent study we found a geographical pattern of RET
mutations in different populations [12].

This chapter is a summary of the current understanding of RET mutations and the
most advanced therapeutic methods for RET-dependent thyroid tumors. We will
discuss oncogenic RET signaling, RET inhibitors, and the major RET mutations found
in MTC, as well as the necessity of RET genetic screening for the early diagnosis of
MTC patients, in accordance with American Thyroid Association guidelines and
genotype-phenotype correlation.

1.1 RET protein kinase structure and activation mechanism

RET is predominantly expressed in peripheral enteric, sympathetic, and sensory
neurons, in addition to central motor, dopamine, and noradrenaline neurons. It is also
expressed in branching ureteric buds and differentiating spermatogenia during
embryogenesis [13]. RET contains three distinct transcripts, each of which encodes
RET isoforms. RET exon 19 is present in all transcripts; however, the 3' end of exon 19
undergoes variable splicing, resulting in transcripts in which exon 19 is unspliced,
spliced to exon 20, or spliced to exon 21. These transcripts encode RET isoforms with
9 (RET9), 51 (RET51), or 43 (RET43) amino acid c-terminal ends. RET9 and RET51,
composed of 1072 and 1114 amino acids, are the predominant isoforms in vivo. These
two isoforms are co-expressed in the majority of tissues but have differential devel-
opmental roles and gene expression profiles, suggesting possible discrepancies in cell-
cell contact pathway regulation [14].

Tyrosine (Y1062), the last amino acid shared by all three isoforms, is phosphory-
lated during RET activation. Thus, alternate splicing inserts Y1062 in distinct contexts
of amino acids in the three RET isoforms, imparting distinct binding potentials. An N-
terminal extracellular portion of RET contains a ligand-binding domain, a cadherin
(Ca2+-dependent cell adhesion)-like domain, and a cysteine-rich domain (near the
cell membrane). This domain is a ligand for glial cell-derived neurotropic factor
(GDNF), an activator protein [15]. A hydrophobic transmembrane domain and an
intracellular TK domain are the other two domains. The TK domain contains several
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tyrosine residues (16 in RET9 and 18 in RET51), two of which are unique to RET51
at locations 1019 and 1051. The transmembrane domain ensures the close proximity
of RET monomers via noncovalent interactions between receptors. Two TK
subdomains, which are phosphorylated upon receptor activation and are important in
the activation of intracellular signaling pathways, are present in the intracellular
region [16, 17].

GDNF, NRTN, ARTN, and PSPN are ligands of the RET receptor TK that belong to
GFLs. RET is unphosphorylated and inactive in the absence of these ligands. Multiple
signaling pathways are activated as a result of the activation of receptor dimerization
and autophosphorylation caused by the binding of ligand to the extracellular domain
of the RET receptor by GFR co-receptors [18]. In other words, after GFL binds to the
RET receptor, an intracytoplasmic domain within the upstream portion of RET is
autophosphorylated, stabilizing the protein and necessitating subsequent downstream
activity of the RET autophosphorylation cascade. In fact, phosphorylation of Tyr981,
in addition to Tyr1015, Tyr1062, and Tyr1096, is crucial for beginning intracellular
signal transduction cascades [19]. It is believed that RET signaling provides growth
and survival signals through the RAF-MEK-ERK and PI3K-AKT-mTOR pathways
[20, 21].

1.2 Intracellular signaling pathway of RET mutations

The RET gene is located on chromosome 10q11.2, is approximately 55,000 base
pairs in length, includes 21 exons, and encodes a single-pass transmembrane
receptor tyrosine kinase (RTK) that is mostly expressed in neural crest and
urogenital tract precursor cells [10, 22]. The RET proto-oncogene encodes a
receptor tyrosine kinase with four cadherin-related motifs and a cysteine-rich region
in the extracellular domain, and its four ligands mentioned above. When these
neurotrophic factors are administered, they activate a unique receptor system that
consists of the GFR1–4 coreceptor, which is the receptor for the ligand-binding com-
ponent, and the GFR2–4 coreceptor, which is responsible for the signaling component
[19, 23].

Alternate 3'-spicing generates three splicing variants of RET, including RET9,
RET43, and RET51. Of these, RET9 and RET51 have the most significant isoforms,
each with 1072 amino acids. Through the GFR1–4 (GDNF family receptors 1–4), GFL
activation of RET can be induced. These ligands activate intrinsic tyrosine kinase
activity when they interact with GFR1–4 [20, 23]. In order to activate RET, the ligand
must first form a complex with the necessary co-receptor. This co-receptor then
interacts on the cell membrane with the RET protein, which leads to the dimerization
of the receptor and the beginning of intracellular signaling via the tyrosine kinase
domains [24].

Oncogenic RET proteins activate a complex network of signal transduction path-
ways that contributes to cellular transformation. Binding of the ligand GFR complex
to RET triggers its homo dimerization, phosphorylation of tyrosine residues and
subsequent intracellular signaling; subsequently, RET activation leads to increased
proliferation through a complex network of second messengers, and the molecular
partners and/or targets include Jun N-terminal kinase (JNK); mammalian target of
rapamycin (m-TOR); phosphatidyl- inositol 3 kinase (PI3K), son of seven less (SOS);
vascular endothelial growth factor (VEGF); growth actor receptor bound protein 2
(GRB2), hypoxia inducible factor 1a (HIF1a), extracellular signal-regulated kinase
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(ERK), protein kinase C (PKC), pyruvate dehydrogenase kinase (PDK), phospholi-
pase Cγ (PLCγ) [24].

The intracellular domain of RET contains autophosphorylation sites, and phos-
phorylated tyrosine serve as docking sites for signaling molecules [25, 26]. Phos-
phorylated tyrosine 1062, also known as Y1062, is one of these residues. It serves as a
binding site for several different adaptor proteins, including Shc, FRS2, Dok1/4/5,
IRS1/2, and Enigma, and it is critical to the capacity of mutant RET to transform
cells. In addition, it was discovered that tyrosine 905 binds to Grb7/10, tyrosine 981
binds to Src, tyrosine 1015 binds to phospholipase Cγ (PLCγ), and tyrosine 1096
binds to Grb2; all of these findings were independently confirmed by other
researchers [27]. Interestingly, RAS/ERK, (PI3K)/AKT, p38MAPK, and JNK path-
ways are activated mainly through tyrosine 1062. When the adaptor protein Shc
binds to phosphorylated tyrosine 1062, it recruits the Grb2-Gab1 and Grb2-Sos
complexes that then activate the PI3K/AKT and RASERK pathways, respectively
(Figure 1) [23, 28].

1.3 Oncogenic RET inhibitors

Preclinical models and early phase clinical trials have explored targeted therapy
through inhibition of RET and downstream signaling pathways. Phase III trials of the
multi kinase inhibitors Vandetanib and Cabozantinib showed improvement in PFS
(progression-free survival) but with many adverse events, which led to a trial of
lower- dose Vandetanib [29].

Figure 1.
RET Intracellular signaling pathway. homodimeric GFLs activate the transmembrane RET tyrosine kinase by
binding to different GFR receptors; binding of the ligand GFRα complex to RET initiate the homodimerization,
phosphorylation of tyrosine residues and subsequent intracellular signaling. RET activation leads to high
proliferation through a complex-network of second and third messengers that is developmentally-dependent and
tissue-specific.
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In recent years, selective RET inhibitors have been created in an effort to obtain
increased potency while also achieving lower toxicity (Figure 2). Pralsetinib (BLU-
667) and Selpercatinib (LOXO-292) are examples of such next-generation small mol-
ecule inhibitors that have been rapidly developed and introduced into clinical testing.
Both inhibitors are capable of blocking a wide spectrum of RET changes, including
M918T, C634W, gatekeeper mutations V804L and V804M, KIF5B-RET, and CCDC6-
RET, according to the functional tests that were conducted utilising a variety of
in vitro and in vivo models. It is important to note that LOXO-292 and BLU-667 have
substantially less activity against VEGFR2 in comparison to modifications in RET,
which could potentially reduce their toxicity [30].

The RET receptor can be inhibited effectively and selectively by LOXO-292. Both
RET mutations, as observed in MTC, and RET fusions are the targets of this medica-
tion (seen in PTC, PDTC, and ATC). The RET V804 gatekeeper mutation, which is
linked to resistance to RET-targeted kinase inhibitors, was the primary focus of the
research that went into the development of this medication. Because LOXO-292 is able
to pass the blood-brain barrier and achieve therapeutic concentrations in the central
nervous system, it has the potential to be used as a therapy for brain metastases caused
by RET mutation or fusion. At the annual meeting of the American Society of Clinical
Oncology in 2018, preliminary findings from the LIBRETTO-001 phase 1 dose escala-
tion and expansion trial were presented. Fatigue ranging from grade 1 to 2, diarrhea,
constipation, dry mouth, nausea, and dyspnea were the side effects that occurred the
most frequently (10 percent to 20 percent). Asymptomatic increase of the alanine
aminotransferase level and a case of tumor lysis syndrome were the two conditions in
question here. The maximum dose that the patient could tolerate was not achieved.
The LIBRETTO-001 clinical trial is currently in the expansion phase, during which
additional patients with RET-mutated MTC and RET-fusion malignancies, such as
PTC (papillary thyroid cancer), PDTC (poorly differentiated thyroid cancer), and
ATC (anaplastic thyroid cancer), are being enrolled.

Figure 2.
Oncogenic RET signaling and selective RET inhibitors
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Additionally, BLU-292 is an extremely selective and highly effective RET inhibitor.
It works in a manner very similar to that of LOXO-292, in that it targets RET fusions
as well as RET mutations, such as the RET V804 mutation. A phase 1 escalation/
expansion clinical trial of BLU-667 is currently being conducted, and the results of the
trial were reported at the annual meeting of the American Association for Cancer
Research in 2018. This study's objectives include determining the maximum tolerated
dose, assessing safety, analyzing pharmacokinetics, and evaluating preliminary anti-
cancer activity. Constipation, elevated alanine aminotransferase and aspartate amino-
transferase, hypertension, leukopenia, headache, sleeplessness, and exhaustion were
the only side effects of the low toxicity that was seen [31].

BOS172738, TPX- 0046, and TAS0953/HM06 are likewise in the early phases of
development as selective RET inhibitors. In addition to the RET V804M gatekeeper
mutation, multiple alternative pathways of acquired resistance to MKIs have been
described. Mechanisms of resistance to selective RET remain a major field of study.
According to a preclinical investigation, the unique solvent front mutation KIF5B-RET
G810R may develop on-target resistance to Selpercatinib and Pralsetinib, however it
remains vulnerable to TPX-0046, a selective RET inhibitor built with a macrocyclic
structure to target active RET confirmation [30].

In conclusion, over the past three decades, the involvement of RET activating
mutations and rearrangements in carcinogenesis has been proven. With the emer-
gence of extremely selective RET inhibitors, there is significant enthusiasm in the RET
sector. In preliminary phase I/II trials, the next-generation selective RET inhibitors
Selpercatinib and Pralsetib displayed excellent clinical efficacy and safety. Both agents
have obtained breakthrough designations from the FDA. Unanswered questions
include the PFS, DOR (duration of response), and OS (overall survival) with these
drugs; if all RET aberrant tumors respond similarly for a tissue-agnostic indication;
and the mechanisms of acquired resistance to the potent RET inhibitors. In addition,
combination therapies that investigate the simultaneous inhibition of RET and associ-
ated pathways will shed light on the clinical efficacy of such techniques [30].

According to clinical and preclinical studies, initiation of RET kinase activity has
been characterized as a target for a number of tyrosine kinase inhibitors [32]. The
finding of molecular targets in thyroid cancer has led to the development of treat-
ments for patients who have advanced forms of the disease. These treatments include
FDA-approved drugs such as Cabozantinib and Vandetanib for MTC and Sorafenib
and Lenvatinib for differentiated thyroid cancer [33, 34].

Strong inhibition of the target proteins VEGFR-2, MET, RET, KIT, AXL, and TIE2 is
provided by Cabozantinib. Because of its potent ability to inhibit RET; Cabozantinib was
identified as a particularly promising candidate for treatment in MTC patients.
Cabozantinib, in contrast to Vandetanib, does not reduce EGFR activity to a significant
degree. Other tyrosine kinase receptor inhibitors, such as ZD6474, which are medicines
that are active when taken orally, have an effect on VEGFR-2 and limit the actions of RET
tyrosine kinase. In patients with metastatic familial MTC who were participating in a
clinical research, it was revealed that ZD6474 therapy triggered some degree of cure [12].

1.4 RET proto-oncogene mutations

There have been a total of 100 different mutations found in the RET gene so far,
and with the exception of a few that cause dual phenotypes, the majority of them can
be classified as either having a loss of function or a gain of function. Gain-of-function
mutations in RET are primarily what cause RET-related malignancies, and these
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mutations may be broken down into two categories: those that modify cysteine resi-
dues in the cysteine-rich domain, and those that alter residues in the RET-KD. Within
the first group, the mutated residue that occurs most frequently in MEN2A patients is
Cys634. This occurs because the removal of one-half of an intra-molecular disulfide
bond makes it possible to form an intermolecular disulfide bond with a second mutant
molecule. This results in constitutive receptor dimerization and aberrant signaling. It
is not known if activating mutations within RET-KD directly lead to constitutive
dimer formation or whether the mechanism for activating mutations is more diverse.
RET transformation can be produced by a wide variety of mutations, including L790F,
Y791F, S891A, and R844L, but the resulting symptoms are only moderately severe
MTC and MEN2A. In contrast, the M918T mutation has a very high capacity for
transformation and is present in 95% of MEN2B patients. This mutation is responsible
for the disease. A number of mucosal, ophthalmic, and skeletal disorders are included
in the MEN2B phenotype. In addition to the thyroid and adrenal glands, this pheno-
type affects the skeleton. In stark contrast to the MEN2A dimerizing mutations, in
which Tyr905 is necessary for oncogenesis, the M918T RET mutation does not require
this residue in order to become activated [35]. This implies that various underlying
mechanisms disrupt RET activation's normal control in MEN2A and MEN2B. Fur-
thermore, M918T RET specifically targets novel substrates like STAT3 that may aid in
cell transformation [36]. In addition to transforming mutations that occur inside
intact RET, chromosome translocations have the potential to produce oncogenic
fusions that include the RET kinase domain (RET/PTC oncogenes). These oncogenes
are responsible for the development of PTC. RET/PTC fusion proteins are found in the
cytoplasm and contain RET-KD from the beginning of exon 12 (which begins at
Glu713) all the way through the C terminus. The N-terminal domain of RET/PTC is
often a dimerization domain derived from the fusion partner in many instances.
Notably, reducing the converting potential of RET/PTC by mutating the residue that
corresponds to Tyr905 in wild-type RET results in less transformation [37, 38].

As previously mentioned, RET missense mutations in the germline are linked to
MEN2A, MEN2B, and FMTC, whereas sporadic MTC is thought to result from a
somatic mutation in the tumor cells, RET mutations are primarily missense and
located in exons 10, 11, 13, 14, 15, and 16 (RET's extracellular domain) (in the TK
domain) [5, 39, 40]. A ligand-independent dimerization of receptor molecules,
increased phosphorylation of intracellular substrates, and cell transformation can be
caused by a mutation of the extracellular cysteine in codon 634 of exon 11 of RET. A
mutation in the intracellular TK (for example, codon 918) has no effect on receptor
dimerization, but it does promote constitutive activation of intracellular signaling
pathways, which in turn culminates in cellular transformation [21, 41].

Exons 10 and 11 have the FMTC-specific mutations as well. Exon 8 (codons 532
and 533), exon 13, (codons 768, 790, and 791), (codons 804 and 844), (codon 891),
and exon 16 have also been shown to have non-cysteine point mutations (codon 912)
[42]. According to a recent meta-analysis, 39 distinct RET germline mutations have
been discovered in FMTC patients from various families since 1993. All mutations
were missense type and dispersed among exons 5, 8, 10, 11, 13, 14, 15, and 16 with the
exception of a 9-bp duplication (after codon 531, exon 8). In FMTC, age-specific
penetrance of cancer growth and nodal metastasis were strongly linked with particular
germline RET mutations [43]. Overall, mutations in codons 609, 611, 618, and 620 of
exon 10, codon 768 of exon 13, and codon 804 of exon 14 are most frequently related
with FMTC. When FMTC is related with mutations in codon 634 of exon 11, C634R is
nearly never observed, while C634Y is the most prevalent variant [21].
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1.5 Germline screening of RET mutations

The genetic testing for RET germline mutation has demonstrated 100 percent
sensitivity and specificity in identifying persons at risk for developing MTC. In com-
parison to the current standard of annual biochemical monitoring, such as blood
calcitonin, this genetic assay allows for earlier and more conclusive diagnosis and
clinical management of people who have a familial risk for MTC. Once a person is
identified as having a RET mutation, they must receive thorough counseling. In order
to give a preventive thyroidectomy to asymptomatic individuals who are diagnosed as
RET mutation carriers, it is necessary to identify and test at-risk family members [4].

Since prophylactic thyroidectomy can prevent hMTC, the American Thyroid
Association suggests that all patients with MTC be offered germline RET testing [44].
Based on a model that categorizes mutations into risk levels using genotype-
phenotype correlations, recommendations for the scheduling of prophylactic thyroid-
ectomy and the extent of surgical resection are made (A-D). The highest risk of MTC
is associated with ATA level D (ATA-D) mutations. Codons 883 (exon 15) and 918
(exon 16) are two of these mutations that are linked to the lowest age of onset, the
highest risk of metastasis, and the highest fatality rate. A lower but still significant
prevalence of aggressive MTC is linked to ATA level C (ATA-C) mutations, which
include codon 634 changes (exon 11). ATA-B mutations, which include mutations at
codons 609, 611, 618, 620 (exon 10) and 630, are associated with a decreased risk for
severe MTC mutations (exon 11). ATA-A mutations are associated with the "least
severe" risk. When they have preventative thyroidectomy at age 4 years, these
patients have lower serum calcitonin levels, a lower tumor stage, and a better rate of
biochemical cure compared to ATA-B mutation carriers of the same age [45]. RET
mutations can be found at codons 768, 790, 791 (exon 13), 804 (exon 14), and 891 in
ATA-A mutations (exon 15). ATA made the decision to develop specialized MTC
Clinical Guidelines in order to compile and update the vast amount of MTC-related
literature, as well as to integrate this information with evidence-based medicine and
the feedback of a panel of experienced physicians [21, 46].

There are limited reports of these mutations in Iranian families with MTC in the
literature [47, 48]. In our recent study, we tested individuals with MTC and their
MTC-affected first-degree relatives for RET exon10 mutations. In our latest investi-
gation, 14 individuals with sMTC and FMTC were found to have six distinct muta-
tions in exon10 of RET that were confined to codons 611, 618, and 620, but not codon
609. This data revealed an atypical distribution of RET exon10 mutations in compar-
ison to other groups. In our study population, exon10 of the RET proto-oncogene was
mutation-free in MEN2A, MEN2B, and pheochromocytoma. However, exon10 muta-
tions in MEN2A have been found in numerous populations. C611Y and C620R were
the most prevalent mutations in exon10 among patients with FMTC and sMTC,
respectively [49, 50].

Codon 620 of exon 10 has generally been shown to include eight different variants,
including seven missense mutations and one synonymous mutation. The codon in
exon 10 with the greatest frequency of mutations during our analysis was codon 620.
In other words, more over 50% of the mutations in our investigation were caused by
codon 620. Additionally, neither synonymous nor nonsense mutations in exon 10 of
the RET proto-oncogene were found in our study population. None of the cysteine
codons in exon 10 had any mutations. The findings of this study suggest that muta-
tions in exon 10 of the RET proto-oncogene are limited to three critical cysteine
codons (611, 618, and 620), which were only identified in Iranian patients with FMTC
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and likely sMTC. All patients with exon 10 mutations, with the exception of one, had
the haplotype G691S/S904S. In the current analysis, no mutation in the RET proto-
exon oncogene's 10 in the syndromic type of MTC was found [50].

Since the research of other exons within the same gene has received less attention,
we investigated the incidence of germ line mutations in exon 2 of the RET proto-
oncogene in Iranian patients with MTC. The RET gene has the nucleotide substitu-
tions c135G>A/A45A (rs1800858) in exon 2 and c.337+9G>A (rs2435351) and c.337
+137G>T (rs2505530) in the intronic region. Among patients and relatives, the geno-
type and allele frequencies with the highest and lowest frequencies, respectively, were
c.337+137G>T (rs2505530) and c135G>A/A45A (rs1800858). Also, no link was found
between identified nucleotide alterations and disease phenotype, gender, or race. No
mutations resulting in altered amino acid sequences in exon 2 or exon-intron splice
sites were identified. However, additional research is advised to determine the likely
correlation between discovered variants and the presence or absences of other muta-
tions in other RET major exons, as well as to determine the haplotype association with
the disease [51].

217 people were included in order to study the spectrum of prominent RET
germline mutations in exons 10, 11, and 16 in hereditary MTC in the Iranian popula-
tion. Leukocytes' genomic DNAs were isolated utilizing the Salting Out/Proteinase K
technique. The mutations were detected using PCR-RFLP and DNA sequencing. In 217
subjects, 43 missense mutations were found in exons 10, 11, and 16 (6 percent, 13
percent, and 16 percent, respectively) (0.9 percent). In addition, a new germline
mutation was found in exon 11 (S686N). In addition, eight individuals had four
distinct SNPs in intron 16. The data revealed the frequency profile of RET mutations
in Iranian patients with MTC (19.8 percent). In our population, C634G was the most
prevalent mutation, but in most populations it was C634R. Collectively, these data
highlight the significance of the genetic background of family members of any MTC
patient [5].

Finally, it is advised that other RET exons, particularly those with a high frequency
of mutations, such as exons 13, 14, and 15, be studied. Additionally, direct sequencing
analysis is a reliable tool for detecting unknown RETS mutations. In addition, the
transformative activity and functional effect(s) of novel RET mutations such as
S686N and intronic polymorphisms have yet to be determined (Figure 3) [5].

1.6 The relationship between RET tyrosine kinase inhibition and MTC treatment

Recent RET-kinase inhibitors for the treatment of MTC are through various levels
of preclinical and clinical testing [52]. A group has launched a phase II clinical research
assessing the efficacy of oral ZD6474 (Zactima®) in patients with locally advanced or
metastatic MTC: of the 20 patients accrued to date, around 30% have seen objective
remissions. Other inhibitors of RET activity targeting various areas of its molecular
biology and signaling pathway are in development [24, 53, 54]. The most important
drugs for MTC treatment is listed in Figure 4.

Patients with MTC are evaluated using tumor markers (calcitonin and
carcinoembryonic antigen; CEA), a complete and precise ultrasonography of the neck,
and genetic testing. Cross-sectional imaging may be obtained for surgical planning or
when suspected distant metastases are present. Biochemical testing is required to
exclude primary hyperparathyroidism and PHEO (pheochromocytoma). After this, a
total thyroidectomy with central neck dissection is often advised, and in rare
instances, more extensive surgery may be required (if indicated by the preoperative
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assessment). External beam radiation therapy may improve loco regional control if
the patient has a high risk of recurrence [34]. Since the response to first therapy
influences survival and recurrence risk, an experienced multidisciplinary team should
be included from the start [55]. Many of these concerns are addressed in the new
American Thyroid Association (ATA) guidelines for MTC management [56].

Watchful waiting, surgery, radiation, cryo ablation, and chemoembolization are
treatment options for asymptomatic residual, recurrent, and distant metastatic
disease in MTC and differentiated thyroid carcinoma (DTC). In order to minimize
skeletal-related occurrences in MTC patients, receptor activator of nuclear factor
kappa B ligand (RANKL) inhibitors or intravenous bisphosphonate are often
administered [12, 57].

Figure 3.
The allele frequency of the RET proto-oncogene mutations in Iranian patients with MTC.

Figure 4.
The most important FDA-approved drugs for MTC according to their approved years or current phases of clinical
trials.
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2. ATA Recommendations for MTC management

Since hMTC can be prevented by prophylactic thyroidectomy, the American
Thyroid Association (ATA) suggests that all patients with MTC should be offered
germline RET mutation testing for mutation discovery and improved patient and
family treatment (particularly in RET-positive cases) [44, 56]. Nevertheless, the
updated ATA has altered the existing risk categories for hMTC. It is now
recommended to undertake genotype to phenotype correlation of disease in order
to identify mutations that enhance the risk levels of patients with MTC, hence
determining the necessity of prophylactic thyroidectomy and the extent of surgical
resection.

Recommendations for the scheduling of prophylactic thyroidectomy and surgical
area resection are derived on genotype-phenotype correlations used to categorize
mutation risk levels. The preceding ATA advice categorized risk based on four muta-
tion levels: A, B, C, and D. ATA-D mutations, especially codons 883 (exon 15) and 918
(exon 16), were related with the lowest age of onset, the greatest incidence of metas-
tasis, and the highest fatality rate. In the most recent amended ATA guideline, a new
"highest risk" (HST) category has been created, which covers patients with MEN2B
and the RET codon M918T mutation [46].

ATA-C mutations, including mutations at codon 634 (exon 11), were assumed to
provide a decreased risk of aggressive MTC. This category has been renamed "high
risk" (H) in the new ATA guideline and now covers patients with MEN2A and RET
codon C634 mutations. ATA-B mutations, including mutations at codons 609, 611,
618, 620 (exon 10) and 630, carry a decreased risk for severe MTC mutations (exon
11). ATA-A mutations are associated with the lowest risk. When they have preventive
thyroidectomy at age 4 years, these patients have lower serum calcitonin levels, a
lower tumor stage, and a better rate of biochemical cure compared to ATA-B mutation
carriers of the same age. RET mutations at codons 768, 790, 791 (exon 13), 804 (exon
14), and 891 (exon 15) are seen in ATA-A mutations. The revised ATA guideline
combines the current A and B levels into a new category, "moderate risk" (MOD),
which includes patients with hMTC and RET codon mutations other than M918T and
C634 (Tables 1 and 2) [12, 58].

Mutation location Exon Mutation Phenotype Mutation risk level
according to 2009ATA

Extra cellular
cadherin like
domain

5 G321R FMTC/MEN2A A

Extra cellular
cysteine rich
domain

8 C515S FMTC/MEN2A A

532 duplication FMTC A

529/531 FMTC ?

G533C FMTC/MEN2A A

532 duplication FMTC A

531/9bp duplication FMTC/MEN2A A

10 R600Q FMTC/MEN2A A

K603E FMTC/MEN2A A

K603Q FMTC A
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Mutation location Exon Mutation Phenotype Mutation risk level
according to 2009ATA

Y606C FMTC A

C609F/R/G/S/Y FMTC/MEN2A/HSCR B

C611R/G/F/S/W/Y FMTC/MEN2A/HSCR B

C618R/G/F/S/Y FMTC/MEN2A/HSCR B

C620R/G/F/S/W/Y FMTC/MEN2A/HSCR B

C630R/F/S/Y FMTC/MEN2A B

11 D631Y FMTC B

633 MEN2A ?

633/9bp duplication FMTC/MEN2A B

634/12bp duplication FMTC/MEN2A B

C634R MEN2A/CLA C

C634G/F/S/W/Y FMTC/MEN2A/CLA C

634/12bp duplication MEN2A B

635/insertion ELCR/
T636P

FMTC/MEN2A A

637 MEN2A ?

S649L FMTC/MEN2A A

K666E FMTC/MEN2A A

13 E768D FMTC/MEN2A/
sMTC

A

N777S FMTC A

778 FMTC ?

N776S FMTC/MEN2A A

781 FMTC ?

L790F FMTC/MEN2A A

Y791F FMTC/MEN2A A

14 V804L FMTC/MEN2A A

V804M FMTC/MEN2A/
sMTC

A

V804M+E805K MEN2B D

V804M+Y806C MEN2B D

G819K FMTC A

R833C FMTC/ MEN2B A

R844Q FMTC/ MEN2B A

V804M/E805K MEN 2B D

V804M/Y806C MEN 2B D

804/844 FMTC ?

852 FMTC ?
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3. Geographical pattern of RET mutations in various populations

This phenomenon, known as allelic heterogeneity, occurs when different mutations
at the same locus result in the same phenotype. A diverse mutation pattern has been

Mutation location Exon Mutation Phenotype Mutation risk level
according to 2009ATA

Intra cellular
tyrosine kinase
domain

15 R866W FMTC/MEN2A A

876 FMTC ?

A883F MEN2B/ sMTC D

S891A FMTC/MEN2A A

16 R912P FMTC/MEN2A/
MEN2B

A

M918T sMTC/MEN2B D

920 sMTC/MEN2B D

922 sMTC/MEN2B D

13/14 V804M+V778I FMTC/MEN2A B

14/15 V804M+S904C MEN2B/ MEN2A D

13/16 768/919 FMTC ?

14/15 V804M/S904C MEN 2B D

Table 1.
Genotype-phenotype correlations and risk levels for different populations of aggressive MTC according to ATA.

Family/
patient No.

MTC age of
onset

Gender Exon Codon Nucleotide/amino acid
(RET Mutation)

Phenotype

2 26 F 11 634 TGC ! TAC (Cys634Tyr) MEN2A

5 10 M 14 804 GTG ! ATG (Val804Met) Sporadic

6 31 F 10 611 TGC ! TAC (Cys611Tyr) Sporadic

7 13 F 11 634 TGC ! CGC (Cys634Arg) Sporadic

11 27 F 10 618 TGC ! CGC (Cys618Arg) Sporadic

21 15 F 11 634 TGC ! CGC (Cys634Arg) Sporadic

26 26 M 11 630 TGC ! CGC (Cys630Arg) FMTC

31/1 21 F 11 634 TGC ! CGC (Cys634Arg) Sporadic

31/2 21 F 11 634 TGC ! CGC (Cys634Arg) MEN2A

31/3 21 M 11 634 TGC ! CGC (Cys634Arg) Sporadic

39 20 M 11 634 TGC ! CGC (Cys634Arg) Sporadic

51 22 M 11 634 TGC ! CGC (Cys634Arg) Sporadic

53 14 F 16 918 ATG ! ACG (Met918Thr) MEN2B

Table 2.
Correlation between the genetic findings and the phenotype of the respective Iranian population.
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identified in this gene as a result of the characterization of multiple RET proto-oncogene
mutations. It suggests that these mutations in distinct populations are related with a
slightly diverse phenotype in various countries. Despite the identification of codon 634
of the RET proto-oncogene as a hot spot codon in the evolution of MEN2A and FMTC,
the amino acid alteration at this codon is almost unique to each group. The identification
of RET mutations in MTC patients was examined extensively in a number of diverse
groups, which are briefly summarized in this section (Table 3) [59].

Population RET mutation Reference

American The V804M mutation was observed in MEN2A patients
frequently, rather than many other populations in which the
cysteine codons have mutated.

[60, 61]

Australian The most frequent variants were V804L, V804M, and C634R in
MEN2A patients. Furthermore, the C620R, C634Y, and C634R
were found in higher incidence in FMTC cases.

[62, 63]

Brazilian, Chinese,
Indian and Moroccan

The C634R and the C634Y were the most common mutations in
MEN2A patients, respectively. Also in Brazilian FMTCs the G533C
was observed frequently. This mutation is known as a rare
mutation in many other countries.

[64–68]

Czech Republic The C634R mutation in MEN2A patients and V804M and Y791F
mutations in FMTC patients were the most had the most common
occurrence.

[69]

French The C634Y and C634R mutations in MEN2A, and the C618S and
C620R mutations in FMTC were the most frequent.

[70–72]

Germany The C634R and C620F mutations in MEN2A, and the E768D
mutation in FMTC were more prevalent in comparison with other
mutations

[58, 73]

Greek The G533C mutation in exon eight of the RET gene was observed
in FMTC and sMTC patients with high prevalence. In addition, K-
RAS and BRAF gene mutations in a Greek cohort of sporadic PTC
and MTC carcinomas are reported.

[74–76]

Iranian The C634Y and then the C634R mutations were observed MEN2A
patients with the highest frequencies. In addition, the C634Y,
C634W, and C630Y mutations were the most common in FMTC.
In sMTC individuals, the C634R mutation occurred with the
highest frequency. Interestingly, there was not any mutation in
MTC patients in hot spot codon 609 (exon10) in this population.

[5, 47,
48, 50, 77–
79]

Italian The most common mutations in MEN2A were C634R, C618R, and
C634Y, respectively, and in sMTC were V804M, E768D, and
S891A.

[80, 81]

Japanese The C620Y, C634R, and C634S were frequent mutations in
MEN2A patients. Also in FMTC the C618Y and C630S mutations
had higher incidence.

[82]

Korean The C634Y, C634R, and C618R were the most common mutations
in MEN2A. In addition, FMTC patients in this population had high
C618S mutation frequency.

[83–85]

Mexican The C634Y mutation was higher in MEN2A patients than the
other mutations.

[83]

44

Thyroid Cancer – The Road from Genes to Successful Treatment



4. Conclusion

RET mutations do not simply determine MTC formation. These cancers likely
carry mutations in additional genes, and it may be necessary to be aware of these
mutations in order to consider combination therapy. This may provide new targets for
the combination of RET inhibitors with other drugs that target these pathways [7].
Although a number of patients with refractory MTC have been treated with a variety
of TKIs over the past few years, it is still unclear if the RET genotype of tumor cells
influences clinical response to these medications [38, 54].

The thyroid cancer is the most prevalent endocrine cancer. In terms of diagnosis
and preventive treatment, MTC has the strongest hereditary component among other
kinds of thyroid cancer, according to ATA standards. MEN2B RET proto-oncogene
mutations appear to be predominantly fixed at the M918T location in exon 16. How-
ever, mutations associated with MEN2A and FMTC vary amongst populations. For
diagnosis, it will be important to evaluate and identify population-specific trends in
point mutations [12]. Although there are several approaches in the treatment of RET-
associated cancers; including monoclonal antibodies, kinase inhibitors, adaptor-
protein binding inhibitors, dimerization inhibitors and gene therapy. Searching for
specific inhibitors of RET kinase is a promising strategy. Indeed, reagents such as
antioxidants, which abrogate RET dimerization, may also be useful in the treatment of
MTC and PTC. Moreover, recent advances in RNA interference technology are pro-
viding a novel tool for cancer therapy [23].

More research is required and comprehensive clinical studies must be undertaken,
but the preliminary findings are encouraging and optimistic. In the fight against
cancer, the in-depth study of cancer and the identification of solid therapeutic targets
and effective pharmacological agents have once again proven fruitful.

Population RET mutation Reference

Portuguese The C634R and C611Y mutations in MEN2A, and the C634R and
C634Y mutations in FMTC were common. Moreover, in sMTC the
V804M, L760F, and C620R mutations were observed in most of
the cases Recently, two novel mutations (C515W and T636M)
associated with MTC have been also identified in this population.

[2, 86–88]

South Africa The C634S mutation had the highest frequency in MEN2A
patients.

[89–91]

Spanish The most common mutations were C634R and then C634Y in
MEN2A patients, while the C634R mutation in FMTC had a higher
frequency. Interestingly, the predominant mutation in MEN2B
cases in all evaluated populations was M918T in exon 16 of the
RET proto oncogene.

[92–95]

Table 3.
RET mutational spectrum in different populations.
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Chapter 3

Genomics Underlying Familial 
Thyroid Carcinoma in Dogs
Yun Yu and Richard R.P.A. Crooijmans

Abstract

Thyroid cancer is the most common endocrine neoplasm occurring in dogs. We 
reported familial thyroid follicular cell carcinomas (FCCs) in 54 Dutch German 
longhaired pointer (GLP) dogs. We investigated the genetics of the FCC in these dogs, 
including the germline risk mutations and somatic driver mutations. We identified 
the germline risk factor locating in the TPO gene for these hereditary FCCs through 
a combination of genome-wide association study (GWAS) and homozygosity map-
ping analyses using SNP array genotype data and whole-genome sequencing data. We 
further investigated the somatic mutation landscape of these FCCs using high-depth 
whole-genome sequencing technology of the tumors. A recurrent missense mutation 
in the GNAS gene was identified as a very promising driver mutation. We validated 
this somatic mutation using Sanger sequencing and revealed a prevalence of 62.5% 
among thyroid tumors identified in the Dutch GLPs. In addition, we can also review 
the findings in genetics of other canine thyroid tumors in recent years.

Keywords: thyroid carcinoma, dog, animal, germline risk factor, somatic mutation

1. Introduction

Dogs have a pair of thyroid glands that are located on each side of windpipe in the 
neck. Dogs, like humans, develop thyroid cancers in these glands. Thyroid cancer is 
the most common endocrine neoplasm, accounting for 1%–4% of all canine neo-
plasms [1]. Thyroid neoplasms can be classified as adenomas or carcinomas. Adenoma 
is a benign neoplasm, and carcinoma is malignant. Carcinomas are distinguished 
from adenomas by capsular and/or vascular invasion. Approximately 60%–90% of 
canine thyroid neoplasms are carcinomas [1]. The thyroid cancer in dogs can be uni-
lateral or bilateral, which account for 67%–75% and 25%–35%, respectively [2]. The 
typical clinical sign of a thyroid tumor in dogs is the palpable mass in the neck. Other 
clinical complaints related to thyroid carcinoma include intermittent cough, alopecia, 
polyuria, polydipsia, weight loss [3].

A canine thyroid tumor can originate from either follicular cells or C-cells (parafol-
licular cells) in thyroid gland. Thyroid tumors in dogs consist of mainly eight histolog-
ical subtypes according to a classification of World Health Organization [4], and they 
are highly similar to corresponding types in humans in histological growth pattern. 
There are seven subtypes of thyroid tumor originating from follicular cells, including 
follicular thyroid carcinoma (FTC), papillary thyroid carcinoma (PTC), compact 
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thyroid carcinoma (CTC), follicular-compact thyroid carcinoma (FCTC), poorly 
differentiated thyroid carcinoma, undifferentiated (anaplastic) thyroid carcinoma, 
and carcinosarcoma. The thyroid cancer originating from C-cells is called medullary 
thyroid carcinoma (MTC). Most of canine thyroid tumor originates from follicular 
cells, accounting for 64%–71%, which is also called non-medullary thyroid carcinoma 
(NMTC). Thyroglobulin is a protein made by the follicular cells of the thyroid gland, 
and calcitonin is made by C-cells [5, 6]. Thyroglobulin and calcitonin immunohis-
tochemistry experiments are useful to differentiate thyroid cancer originating from 
follicular cells or C-cells. Thyroid carcinoma originating from follicular cells exhibits 
positive immunolabeling for thyroglobulin, and MTC exhibits strong immunoreactiv-
ity for calcitonin [1].

Thyroid neoplasms in dogs are usually non-functional. Clinical or biochemical 
evidence of hyperthyroidism can be observed in less than 25% of affected dogs. 
Meanwhile, hypothyroidism is also possible because of destruction of normal thyroid 
tissue, suppression of thyroid-stimulating hormone (TSH) secretion, and subsequent 
atrophy of normal thyroid tissue [2].

Metastasis is common in canine thyroid carcinoma. Approximately one out of 
three dog patients have metastasis by the time of diagnosis [1, 7], and 65%–90% of 
untreated dogs are diagnosed with regional or distant metastasis at necropsy [2]. The 
lung and regional lymph nodes are the most common organs where canine thyroid 
carcinoma metastasizes to. Metastasis to other organs is occasionally seen, such as 
the adrenal glands, liver, heart, brain, kidneys, and bone [1]. In dogs, risk of thyroid 
tumor increases with age. The average age at diagnosis is between 9 and 10 years. 
Dogs at age > 10 years have a significantly higher risk of thyroid cancer than younger 
dogs [1, 8].

Canine thyroid tumors show also some differences if compared with humans. For 
instance, in humans, females have approximately 2–3 times higher risk for non-
medullary thyroid cancer than males [9]. While, in dogs, most studies reported equal 
incidence of thyroid carcinoma in both sexes [3, 8]. The mechanism underlying the 
sex bias in incidence of thyroid cancer in humans is still unclear. Another difference 
is that the most prevalent subtype of thyroid cancer is different between humans and 
dogs. In humans, PTC is the most frequently diagnosed thyroid cancer, accounting 
for approximately 85%–90% [10]. However, in dogs, PTC is relatively rare, and FTC 
is the most common type of thyroid carcinoma [1].

2. A familial canine thyroid carcinoma

Reports of hereditary thyroid carcinoma in dogs are limited. One report presented a 
hereditary canine MTC with a potential dominant inheritance of autosomal or X-linked 
inheritance in a family of a mixed dog breed with Alaskan malamute as a major influ-
ence [11]. We reported a hereditary thyroid follicular cell carcinoma in a large number 
of Dutch German longhaired pointer (GLP) dogs [3]. Over the past ~20 years, thyroid 
tumor was identified in 84 Dutch GLPs. Among those affected GLPs, 54 had histologi-
cally diagnosed thyroid follicular cell carcinomas (FCCs), 29 were suspected cases 
solely based on clinical diagnosis (such as palpable mass in the neck), and 1 had thyroid 
adenoma. The identified histology subtypes of the FCC include FTC, CTC, FCTC, 
PTC, and carcinosarcoma. The same as findings in other studies about canine thyroid 
tumor [1], FTC is the most common among all these subtypes, accounting for 46%. 
Meanwhile, no sex predisposition was observed in those affected GLPs. Canine FTC 
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incidence increases with age where approximately 57% of cases were diagnosed at ages 
between 10 and 15 years. However, FCCs in these GLPs were diagnosed earlier where 
76% of cases were diagnosed before 10 years of age.

These affected GLPs are very closely related in terms of genetic relationship, 
where many of them are first-degree relatives, suggesting that these FCCs belong to a 
familial form of thyroid carcinoma (Figure 1). In humans, a hereditary thyroid cancer 
is diagnosed when there are two or more first-degree relatives affected [12]. In dogs, 
according to authors’ knowledge, there is no definition of a hereditary thyroid cancer 
yet. The definition of hereditary thyroid carcinoma in humans can be borrowed. A 
striking high incidence of the FCC in offspring of two GLPs was seen (Figure 1). Most 
of identified affected dogs are related to these two GLPs in pedigree. In the past, in 
dog breeding, some prominent dogs were used intensively including breeding with 
relatives, which resulted in the introduction of genetic defects and spread unwanted 
diseases in the population. The familial FCC here is a good example.

3. Germline risk factor of the familial FCC

Cancer is a disease caused by one or multiple mutation(s) in the genome of cells. 
A familial cancer has one or multiple germline causal mutations that are inherited 
from parents of the individual. Identification of germline causal variants has impor-
tant value for both cancer prevention factors of human thyroid cancer. GWAS is 
a statistical method to identify genomic regions that are associated with targeted 
traits/disease taking advantage of linkage disequilibrium between genomic variants. 

Figure 1. 
Pedigree of dogs related to two dogs (pointed by red arrows) that were intensively used in breeding [3]. Forty-five 
histopathologically confirmed affected dogs are closely related to these two dogs. Circles represent females, and 
squares represent males. Dot line shows identical dogs. Affected dogs with histological diagnosis are highlighted in 
red, and suspected affected dogs (without histopathology diagnosis) are in black, whereas unaffected dogs remain 
white. A question mark represents the dogs with unknown status.
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Linkage disequilibrium is the non-random association of alleles at different genomic 
loci in a given population. It makes it possible to identify the genomic region associ-
ated with the investigated trait/disease even when the causal loci are not genotyped. 
After a GWAS analysis, fine-mapping can be performed to identify the causal variants 
in the targeted genomic region. Whole-genome sequencing data are usually used in 
fine-mapping, which can identify all the variants when compared with the reference 
genome. In order to confirm the causal variants and underlying molecular mecha-
nism, further in vitro or in vivo experiments are needed., diagnosis, and novel drug 
development. Next-generation sequencing technologies make it easy to obtain whole-
genome sequencing data of an individual. However, identification of germline causal 
mutations for a disease/cancer is still challenging. In the past decade, many genome-
wide association studies (GWASs) have been performed to identify germline risk.

Identification of germline risk factor of a hereditary form of thyroid cancer is still 
challenging. In humans, only approximately 5% of a form of familial non-medullary 
thyroid cancers have well-documented germline risk factors [13]. We performed a 
series of analyses based on a combination of SNP array genotype data and whole-
genome sequencing data to identify the germline risk mutation that confers a higher 
risk for thyroid carcinoma in Dutch GLPs [14]. We combined a GWAS analysis and 
a homozygosity mapping to identify the genomic region that is associated with the 
FCC. This combined strategy was used because clear population stratification was 
observed between the genotyped affected and unaffected dogs. In the GWAS analy-
sis, to correct over false-positive discoveries, genomic relationship matrix estimated 
based on genotype data was incorporated as a random effect. Homozygosity mapping 
was also used because the FCC in these dogs has very likely an autosomal recessive 
inheritance pattern according to pedigree. Homozygosity mapping used in that 
study is based on runs of homozygosity (ROH)-based approach, which is a powerful 
method to identify genomic region that is associated with a recessive disease. A com-
mon genomic region was identified by both the GWAS and homozygosity mapping 
analyses. Next, we performed fine-mapping using WGS data of 11 affected and 11 
unaffected GLPs to identify the germline mutations that are in the targeted region. A 
series of stringent filtering was performed on the variants identified in the targeted 

Figure 2. 
Graphic abstract of identification of the germline risk mutations in the familial FCC [14]. 170K SNP array 
genotype data were obtained from 36 healthy German longhaired pointer (GLP) dogs and 28 GLPs affected 
by the familial thyroid follicular cell carcinoma. The genotype data were used in the genome-wide association 
analysis and homozygosity mapping to identify genomic region associated with the familial thyroid follicular cell 
carcinoma.
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genomic region based on WGS data: 1) must be deleterious predicted by pathogenic-
ity prediction tools; 2) must fit an autosomal recessive inheritance pattern; 3) must 
be rare in general dogs; 4) must be conserved across species. At the end, we identified 
two deleterious mutations, chr17:800788G>A (p.686F>V) and chr17:805276C>T 
(p.845T>M), in the TPO gene. We further genotyped these two variants in 186 GLPs 
(59 affected and 127 unaffected) using PCR-RFLP experiment and revealed 16.94 and 
16.64 of the relative risk of homozygous recessive genotypes compared with homozy-
gous genotypes for the reference allele (Figure 2).

The genetic cause of general canine thyroid cancer is still poorly studied. There is 
no study that investigated the genetic causes of canine thyroid cancer at a genome-
wide scale, except for our study. Genetic causes of canine thyroid cancer need to be 
revealed since thyroid tumor is the most frequent endocrine neoplasm in dogs.

4. Somatic mutations in canine thyroid cancer

Most of thyroid carcinomas in dogs are sporadic, the same as it is in humans. 
Sporadic cancers are caused by somatic mutations that occur in somatic cells, which 
are different from germline causal mutations in hereditary cancers. These somatic 
mutations are not inherited from parents of the individual, but are acquired by 
random DNA replication error during cell divisions that occurred by chance or due 
to exogenous or endogenous carcinogens that can increase the risk for the cancer. 
These exogenous carcinogens include smoking and X-ray. Endogenous carcinogen 
includes reactive oxygen species produced during metabolism [15]. When these 
mutations occur in proto-oncogene or tumor-suppressor gene, then a cancerous cell 
may arise.

Identification of somatic mutation at a genome-wide scale becomes possible with 
the development of next-generation sequencing technologies. The Cancer Genome 
Atlas (TCGA) and International Cancer Genome Consortium (ICGC) projects have 
profiled tens of thousands of human cancers of different types and origins [16, 17]. 
Normally, whole-genome or whole-exome sequences of tumor tissue and matched 
normal tissue (blood or healthy tissue adjacent to tumor tissue) are generated and 
compared to identify those somatic mutations that are unique to tumor cells. Among 
somatic mutations, according to their role in tumorigenesis, driver and passenger 
mutations are defined. Driver mutations are somatic mutations that are important to 
the tumor initiation and growth, and passenger mutations are those neutral muta-
tions that do not contribute to tumorigenesis. Identification of driver mutation is one 
of the major tasks in oncogenic research. Identification of driver mutations sheds 
light on molecular mechanisms underlying tumor initiation and development. Those 
driver mutations have potential value to be used to develop targeted treatment to kill 
cancerous cells.

Somatic mutations of human thyroid carcinoma have been extensively investi-
gated at a genome-wide scale. Somatic mutations of canine thyroid carcinoma are still 
poorly studied. A somatic mutation in P53 gene has been identified in canine FTC 
[18]. We profiled the somatic mutations of the hereditary FCC identified in Dutch 
GLPs at a genome-wide scale [19]. As far as we know, there was no genome-wide 
profile of somatic mutations in canine thyroid carcinoma before our study. In our 
study, a missense somatic mutation in the GNAS gene, p.A204D, stands up where 
it was identified in four of seven FCC samples that were whole-genome sequenced 
and validated in 20 out of the 32 affected dogs’ thyroid tumor samples [19]. This 
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high prevalence of the somatic mutation is a strong evidence of the driver role of this 
mutation in these canine thyroid carcinomas.

The GNAS gene encodes the alpha-subunit of stimulatory G-protein (Gαs) that 
can activate adenylyl cyclase downstream of G-protein-coupled receptors (GPCRs). 
Activated adenylyl cyclase increases cellular cyclic adenosine monophosphate 
(cAMP). cAMP is an important second messenger that can upregulate many down-
stream molecular signaling cascades, including pathways involved in cell prolifera-
tion, such as the PKA signaling pathway [20].

The GNAS gene is a known proto-oncogene. Somatic mutations in the GNAS gene 
have been identified in many different types of tumors in humans. It is known that 
activating mutations in the GNAS gene can result in increased cell division in humans. 
The most common activating mutations in the GNAS identified in human tumors are 
p.R201C/H/S and p.Q227R/L [21]. According to an investigation in 274,694 human 
tumors, appendiceal adenocarcinoma has highest frequency of GNAS activating 
mutation (35.9%). Ovarian carcinosarcoma, rectum adenocarcinoma, gastroesopha-
geal junction adenocarcinoma, stomach adenocarcinoma diffuse type, small intestine 
adenocarcinoma, stomach adenocarcinoma, esophagus adenocarcinoma, breast 
carcinoma, colon adenocarcinoma, breast invasive ductal carcinoma, and duodenal 
adenocarcinoma have prevalence of GNAS somatic mutation in the range between 5% 
and 7% [21]. However, prevalence of somatic mutation in the GNAS gene in human 
thyroid cancer seems to be low where only 13 of 1,837 human thyroid neoplasms 
capture GNAS somatic mutations. Likewise, somatic mutations in the GNAS gene 
were identified in only two out of 496 PTC samples that were included in the TCGA 
project [22].

Besides our genome-wide study, Campos et al. investigated somatic mutation 
landscape of 43 canine FCCs and 16 canine MTCs by targeted sequencing of some 
driver genes identified in human thyroid carcinoma [23]. Those genes include HRAS, 
KRAS, PIK3CA, BRAF, RET, and PTEN genes. However, they only identified two 
missense mutations in the KRAS gene that are homologous to mutations identified in 
human thyroid carcinoma. No somatic mutation in other genes under investigation 
was identified. This seems to suggest that canine thyroid carcinoma uses different 
driver mutations compared with human thyroid carcinoma. In our study, GNAS 
p.A204D somatic mutation was observed in FCC neoplasms of 62.5% of affected 
GLPs. However, in human PTCs, GNAS somatic mutation is rarely observed. This 
suggests the potential difference in driver events of thyroid carcinoma between 
humans and GLPs. We suggest that the prevalence of the GNAS somatic mutation in 
more canine thyroid tumors should be investigated because it might be a major driver 
mutation of canine thyroid tumor according to our study. Meanwhile, we also suggest 
investigating driver mutations in sporadic canine thyroid carcinomas at a genome-
wide scale to elucidate the molecular mechanisms underlying canine sporadic thyroid 
tumor initiation and development and to investigate the potential value of dogs with 
sporadic thyroid carcinoma to be used as disease models.

5. Pathways involved in thyroid carcinoma in dogs

In humans, molecular signaling pathways that are involved in thyroid carcinoma 
are extensively investigated. The most dominant molecular signaling pathways are the 
mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3 kinase (PI3K)/
Akt pathways [24]. Activation of these pathways as a result of activating mutations 
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in proto-oncogenes (such as BRAF and RAS genes) involved in the pathway leads to 
cancerous cells. In dogs, PI3K/AKT pathway is also involved in the pathogenesis of 
thyroid carcinoma with the evidence of increased expression of several genes associ-
ated with the pathway [23]. However, the involvement of MAPK pathway in canine 
thyroid carcinoma development needs to be investigated. Besides the evidence of 
increased expression of genes, to confirm the role of these pathways in the canine 
thyroid carcinoma development, somatic mutations in those genes should also be 
further investigated.

6. Inbreeding and disease incidence

Inbreeding is the production of offspring from mating or breeding of individu-
als or organisms that are closely related [25]. It can be technically defined as mating 
of a pair of animals with relationship that is closer than the average level within the 
breed or population studied. In domesticated animals, inbreeding can decrease the 
performance of animals, such as decrease in milk yield, which is termed as inbreeding 
depression. The genetic basis of inbreeding depression is that increased homozygos-
ity with inbreeding increases the frequency of unfavorable genotypes within the 
population [25]. Inbreeding can increase the incidence of inherited diseases in the 
population, especially those with a recessive inheritance pattern. In our studies, we 
estimated inbreeding coefficients using either pedigree or genome-wide genotype 
data. We observed significantly higher inbreeding levels in affected GLPs (average 
pedigree-based inbreeding: 0.23, average genotype-based inbreeding: 0.51) in com-
parison to those unaffected GLPs (average pedigree-based inbreeding: 0.14, average 
genotype-based inbreeding: 0.48). This suggests the importance of inbreeding control 
in preventing inherited diseases, including cancer, in pedigree dog breeding.

7. The usage of identified germline and somatic mutations

Identification of germline risk mutations can be valuable for cancer prevention. 
For hereditary cancer with a simple inheritance pattern, the identified germline risk 
mutation can be used to identify those individuals that have a higher risk for the 
cancer through a genetic test. Those animals then can be removed from the breeding 
program to eradicate the inherited cancer from the population. Without a genetic 
test, it is hard to completely remove a disease with an autosomal recessive inheritance 
pattern from the population because of difficulty in identifying those heterozygous 
animals. For a cancer with a complex inheritance pattern, a polygenic risk score can 
be calculated based on all identified germline risk mutations to predict the risk of 
the cancer development for an individual. For those people with a high risk score for 
certain disease, early prevention, such as healthy dietaries and life styles, can be taken 
to diminish the risk. Frequent examination can also be arranged to detect the disease 
earlier and cure easier.

We developed a genetic test based on one of the germline risk mutation 
(chr17:800788G>A) in the TPO gene to identify GLPs that have a higher risk for the 
FCC. This genetic test is now commercially available for GLP breeders and owners 
after testing 142 GLPs at the Animal Breeding and Genomics laboratory. To date, 
this genetic test has been performed on more than 150 GLPs from a few countries. 
The frequency of germline risk allele is 25.4% in those tested GLPs. This frequency is 
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rather high and indicates that the risk allele is hard to be completely eradicated from 
the population by conventional breeding strategy. The genetic test can be especially 
valuable for GLP breeders to breed healthy dogs. It enables breeders to find those dogs 
at a high risk for the FCC before any signs of the disease and then those dogs can be 
excluded from the breeding program.

8. Germline and somatic mutation interaction

TPO gene encodes an enzyme, thyroid peroxidase, which plays an important 
role in production of thyroid hormones. There are seven key steps in the thyroid 
hormone synthesis: 1) iodine uptake into thyroid follicular cells by the sodium/iodide 
symporter (NIS); 2) synthesis of two key proteins, thyroid peroxidase (TPO) and 
thyroglobulin (TG), and secretion of TG into the follicular lumen; 3) iodide transport 
into the follicular lumen; 4) iodide oxidation to form iodine by TPO; 5) iodination of 
TG tyrosine residues to generate monoiodotyrosine (MIT) and diiodotyrosine (DIT) 
by TPO; 6) coupling of iodotyrosines to form thyroxine (T4) and triiodothyronine 
(T3) by TPO; 7) endocytosis of TG-thyroid hormone complex and T3 and T4 cleaved 
from it by proteases in the lysosomes [26, 27]. TPO is involved in steps 4, 5, and 6. 
Meanwhile, hydrogen peroxide (H2O2) is needed in those reactions catalyzed by the 
TPO. We suspect that germline mutations identified in the TPO gene may impair 
the activity of the TPO enzyme and result in less consumption of H2O2, therefore 
increased level of H2O2. This assumption needs to be validated in future using, for 
instance, cell experiments. However, hydrogen peroxide is a type of reactive oxygen 
species that can induce DNA damages. Elevated H2O2 probably induces many somatic 
mutations occurring in the thyroid follicular cells and finally a cancerous cell form 
when a driver mutation occurs. In those familial FCCs, one of driver mutations is the 
recurrent somatic mutation identified in the GNAS gene.

9. Medullary thyroid cancer in dogs

Regarding MTC, both spontaneous and hereditary forms have been reported in 
dogs [7, 11, 28, 29]. Up to 20%–30% of human hereditary MTC is caused by activating 
mutations in the RET proto-oncogene [30]. In the hereditary MTCs that were studied 
by Lee et al., the authors sequenced the RET gene but identified no mutation in that 
gene [11]. The germline genetic causes of canine MTC including the somatic driver 
mutations are still not clear. Canine familial MTC is similar to human familial MTC in 
clinical symptoms and morphology of histology, suggesting their value to be used as 
a disease model. However, unraveling the genetic basis of canine MTC is needed for 
that purpose.

10. Thyroid cancer in other species

Besides the occurrence in dogs, thyroid tumor has also been reported in many 
other species, such as guinea pig [31], cat [32], horse [33], cattle [34, 35], barred 
owl [36], rat [37], and ferret [38, 39]. Thyroid hyperplasia was seen in fish over one 
hundred years ago, and thyroid neoplasms were also reported in fish [40]. Thyroid 
carcinoma has been induced in mice using transgenic technology for the study of 
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pathogenesis [41]. Genetic causes of thyroid carcinoma in these species (except for 
mice) are generally not known. Mapping of the genetic causes of thyroid carcinoma 
in these species is needed to elucidate the molecular mechanism of tumorigenesis. 
However, it is challenging due to the difficulty in identifying sufficient amount of 
cases for causal mutation mapping in those species.

11. Dogs as cancer models

An animal model is an indispensable model to investigate the pathogenesis, 
molecular mechanisms of tumor initiation and development and to test novel treat-
ments. Scientists have increasing interest in dog disease models in recent years. Dogs 
may have many advantages to be used as disease models compared with the most 
popular model species such as mouse and rat [42]. Dogs are the most popular com-
panion animals globally and are the second in medical surveillance and preventative 
health care after humans [42]. Dogs are more similar to humans such as in genetics, 
immune systems, body size. Meanwhile, pet dogs share living environment with 
their owners, thus receiving similar environment factors. There is, for example, a gap 
between mouse model and chimpanzee models in clinical trials. There is no doubt that 
mice contribute a lot to novel drug development. However, it is also true that many 
drugs work during trials on mice but fail in human clinical trials because of difference 
in physiology between these two species.

Breed dogs have in general low genetic diversity due to two bottleneck events in 
history: one is domestication from grey wolf around 15,000 years ago, and another 
one is strong artificial selection in order to fix certain traits of breeds during the 
breed formation in the past ~200 years [43]. This low genetic diversity results in many 
genetic diseases/disorders, such as osteosarcoma in Rottweiler, elbow dysplasia in 
Labrador Retriever, and medial patellar luxation in Chihuahua [44, 45]. According to 
a study of Farrell et al., there are 396 hereditary disorders identified in 215 officially 
recognized dog breeds in the United Kingdom [46]. Many of these disorders also 
occur in humans, which makes those dogs potentially valuable disease models to 
investigate the pathogenesis of those disorders. Low genetic diversity within each dog 
breed makes mapping of causal variants of those diseases easier in dogs than that in 
humans. Much smaller number of SNPs are needed to identify the genomic region 
that is associated with an inherited disease in dogs in comparison to humans because 
of the low genetic diversity and large haplotype blocks [42]. This facilitates unraveling 
the genetic basis of inherited disease.

In rodents, thyroid carcinoma usually has a follicular architecture but does not 
have the morphological or cytological characteristics used in the diagnosis of papil-
lary carcinomas in humans [37]. Canine thyroid carcinoma is more similar to human 
thyroid carcinoma in morphology of histology in comparison to thyroid carcinoma 
in rodents. GLPs with familial FCCs can be a valuable disease model to elucidate the 
molecular mechanism underlying tumor initiation and development with driver 
mutations in the GNAS gene.

12. Conclusion

We summarized our research regarding a familial thyroid follicular cell carcinoma 
in Dutch German longhaired pointer dogs. We identified two deleterious mutations 
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in the TPO gene that confer great relative risk in homozygous status. A genetic test 
was developed and made commercially available for breeders and owners of GLPs. 
We expect to greatly diminish the incidence of the familial FCC in GLPs by using 
this genetic test and will help to eradicate the familial FCC from the GLP population. 
Furthermore, we identified a recurrent somatic mutation, the GNAS p.A204D, in 
the familial FCCs with a prevalence of 62.5%. Identification of this somatic muta-
tion implicates the role of GPCR-mediated molecular signaling pathways in the FCC 
initiation and development. With a high prevalence of the GNAS p.A204D somatic 
mutation, those affected dogs might serve as a good disease model to understand the 
pathogenesis of tumors associated with GNAS somatic mutations and to test novel 
treatments that targets on tumors with GNAS somatic mutations.
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Abstract

Radioactive iodine (radioiodine) therapy is a standard and effective therapeutic 
approach for high-risk differentiated thyroid carcinomas, based on the unique 
ability of the thyroid follicular cell to accumulate iodide through the sodium/iodide 
symporter (NIS). However, a recurrent limitation of radioiodine therapy is the 
development of radioiodine-refractory differentiated thyroid carcinomas, which are 
associated with a worse prognosis. Loss of radioiodine accumulation in thyroid carci-
nomas has been attributed to cell dedifferentiation, resulting in reduced NIS expres-
sion and NIS intracellular retention involving transcriptional and posttranscriptional 
or posttranslational mechanisms, respectively. Emerging therapies targeting the 
oncogene-activated signal pathways potentially involved in thyroid carcinogen-
esis have been able to recover radioiodine accumulation in radioiodine-refractory 
tumors, which constitutes the rationale of redifferentiation therapies. Here, we will 
comprehensively discuss the molecular mechanisms underlying radioiodine therapy, 
refractoriness to radioiodine therapy in differentiated thyroid carcinomas, and novel 
strategies for restoring radioiodine accumulation in radioiodine-refractory thyroid 
carcinomas.

Keywords: differentiated thyroid cancer, sodium/iodide symporter, radioiodine therapy, 
radioiodine-refractory thyroid cancer, redifferentiation therapy

1. Introduction

The ability of the thyroid follicular cell to accumulate iodide constitutes the  
cornerstone for diagnostic scintigraphy and therapy for hyperfunctioning thyroid  
tissue, as well as for differentiated thyroid carcinoma and their metastases after 
thyroidectomy [1]. Radioactive iodine (radioiodine) administration used in thyroid 
tissue remnant ablation after thyroidectomy and adjuvant therapy in metastatic 
differentiated thyroid carcinomas has been possibly the most successful internal 
radiation therapy ever designed. In patients with high-risk differentiated thyroid 
carcinomas, retrospective studies have demonstrated that the ability of tumor cells to 
accumulate radioiodine is the best indicator of disease-free and of overall survival [2].

Currently, thyroid hormone withdrawal and recombinant thyrotropin-stimulated 
radioiodine adjuvant therapy are considered in intermediate-risk carcinomas and are 
routinely recommended for high-risk differentiated thyroid carcinomas after total 
thyroidectomy [3]. However, differentiated thyroid tumors often exhibit reduced 
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(or even undetectable) radioiodine accumulation, compared with normal thyroid 
tissue, and are diagnosed as cold nodules using thyroid scintigraphy. Despite this 
reduction, over 70% of differentiated thyroid carcinomas accumulate radioiodine 
to some extent, which is still sufficient to achieve adequate radioiodine accumula-
tion for treatment. Unfortunately, 30% of metastatic differentiated thyroid tumors 
completely lose their ability to accumulate iodide, with this percentage increasing 
up to 70% when the oncogene BRAFV600E is present. This causes thyroid tumors 
to become refractory to radioiodine therapy and is associated with a poor outcome. 
Patients with thyroid cancer metastases that accumulate iodide show a survival rate at 
10 years of ~60%, while survival is drastically reduced to ~10% in patients with radio-
iodine refractory metastases [4]. Therefore, a better understanding of the biological 
mechanisms leading to differentiated thyroid carcinoma resistance to radioiodine 
therapy will certainly have major implications for its treatment [5].

The clinical experience of radioiodine theranostic in the management of 
differentiated thyroid cancer has opened up a complete new field related to 
developing strategies to extend this promising approach to non-thyroidal cancers. 
Although, in addition to thyroid cancer, functional endogenous radioiodine accu-
mulation has only been observed in breast and ovarian cancer [6, 7], this could 
be key for radioiodine being used as an effective therapeutic tool. The ectopic 
induction of radioiodine accumulation using gene transfer has paved the way for 
the development of new therapeutic strategies to treat tumors with radioiodine, 
as in differentiated thyroid cancer. Since a pioneering study successfully induced 
iodide accumulation in malignant transformed thyroid cells that did not accumu-
late iodide, thereby rendering them sensitive to radioiodine treatment [8], a large 
body of evidence has shown the feasibility of inducing radioiodine accumulation 
in several cancer cell lines [9, 10].

2. Iodide metabolism in the thyroid follicular cell

Iodine is an essential constituent of thyroid hormones. Therefore, a fundamental 
condition for normal thyroid hormonogenesis is that iodide—an extremely scarce 
environmental micronutrient—should be made available in sufficient amounts 
to the thyroid follicular cells (also known as thyrocytes), which have developed a 
remarkably efficient and specialized iodide-handling system. Under physiological 
conditions, the thyroid gland accumulates iodide al concentrations up to 40 times 
those in the plasma. The sodium/iodide symporter (NIS) is the key plasma membrane 
glycoprotein, which is located at the basolateral surface of the thyroid follicular cell 
that mediates active iodide transport from the bloodstream to the thyroid follicular 
cells in the first step and the rate-limiting step of thyroid hormonogenesis [11]. The 
carboxy-terminus of the protein, which is oriented toward the cytoplasm, contains 
specific sorting and retention signals required for NIS expression at the basolateral 
plasma membrane [12–15]. NIS-mediated active iodide transport is electrogenic and 
couples the inward translocation of one iodide ion against its electrochemical gradi-
ent to the inward transport of two sodium ions down its electrochemical gradient, 
generated by the sodium/potassium ATPase [16]. Remarkably, NIS transports iodide 
efficiently at the submicromolar concentrations found in the bloodstream, by taking 
advantage of the physiological sodium concentration [17]. Therefore, the mechanism 
of NIS-mediated iodide transport seems to be an evolutionary adaptation to the scant 
amount of iodide in the environment.
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In addition to the different radioiodide isotopes, NIS can translocate a variety 
of clinically relevant radionuclide substrates. These include 99mTc-pertechnectate 
or 18F-tetrafluoroborate, which facilitates noninvasive diagnostic imaging, and also 
188Re-perrhenate, which allows therapeutic destruction of tumor tissue through the 
radionuclide accumulation of NIS-expressing cells and the bystander effect induced 
by the crossfire effect of beta emission [10].

Underscoring the significance of NIS for thyroid physiology, several naturally 
occurring loss-of-function NIS variants have been identified as causes of the 
uncommon autosomal recessive disorder iodide transport defect, which results in 
dyshormonogenic congenital hypothyroidism due to insufficient iodide availability 
for thyroid hormonogenesis [9]. Moreover, a recent study speculated that pathogenic 
variants may exist in yet to be discovered thyroid-specific genes and are likely to 
be required for NIS-mediated iodide transport in the thyroid follicular cell [18]. In 
line with this hypothesis, the KCNQ1/KCNE2 potassium channel has been shown 
to be required for adequate NIS-mediated iodide accumulation in the thyroid tissue 
[19, 20]. The detailed functional characterization of loss-of-function NIS variants 
identified in patients has provided mechanistic information about the transporter. 
Remarkably, several amino acid residues have been identified as being critical for 
substrate binding, specificity, and stoichiometry, as well as for folding and plasma 
membrane targeting [21–28].

Once iodide has reached the cytosol of the thyroid follicular cells, the iodide is 
then handled by a sophisticated thyroid-specific iodine-metabolizing machinery that 
covalently incorporates (also named organification) iodine into tyrosine residues of 
thyroglobulin, which permits further thyroid hormone synthesis [29]. Significantly, 
the normal function of this iodide-metabolizing machinery is not only critical for 
thyroid hormonogenesis, but also for successful radioiodine ablation of cancer cells, 
as the covalent incorporation of radioiodine into thyroglobulin increases the residence 
time of the radioisotope.

3. Radioiodine therapy

Radioiodine therapy relies on the unique property of the thyroid follicular cell to 
transport and incorporate iodide into thyroglobulin, a feature that is maintained in a 
subgroup of differentiated thyroid carcinomas. Postoperative radioiodine administra-
tion can be used to destroy presumably benign residual thyroid tissue (remnant abla-
tion), to destroy suspected but not identified remaining disease (adjuvant treatment), 
and to destroy known residual or recurrent disease (treatment) [30]. Until recently, 
most patients with differentiated thyroid carcinoma received postoperative radioio-
dine therapy, constituting a standard of care. Nowadays, radioiodine therapy has been 
personalized based on the risk of recurrence stratification and the prognostic indica-
tors obtained during thyroidectomy and also on the findings of postoperative neck 
ultrasound and serum thyroglobulin levels. Radioiodine therapy is currently excep-
tionally recommended in patients with low-risk thyroid cancers, which represents the 
majority of patients with thyroid cancer.

Radioiodine is administered following thyrotropin (TSH) stimulation, the primary 
regulator of NIS expression in the thyroid follicular cell at both the transcriptional 
and posttranscriptional levels. TSH stimulation is achieved either by long-term with-
drawal of thyroid hormone replacement treatment or after recombinant human TSH 
treatment. The use of recombinant human TSH avoids symptoms of hypothyroidism, 
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thereby improving the quality of life of the patients [31]. Restriction of dietary iodine 
is often recommended, and iodinated radiocontrast agents should be excluded before 
radioiodine scanning or treatment of differentiated thyroid carcinomas to avoid 
isotopic dilution, thus possibly improving radioiodine therapy efficacy [32].

Papillary thyroid carcinoma, the most prevalent form of the disease and account-
ing for approximately 85% of differentiated thyroid carcinomas, includes several 
tumor subtypes of which ~70% have mutually exclusive mutations of gene-encoding 
effectors of the mitogen-activated protein kinase (MAPK) signal pathway [33]. The 
papillary thyroid cancer genome atlas has revealed that the main genomic alterations 
include point mutations in the proto-oncogenes BRAF and (N, H, or K) RAS and also 
chromosomal rearrangements involving the proto-oncogenes RET and NTRK [34]. 
Significantly, BRAFV600E-harboring papillary thyroid carcinomas frequently have 
a poor response to radioiodine therapy [35]. Related to this, their refractoriness to 
radioiodine appears to be due to the strong BRAFV600E-triggered MAPK-dependent 
transcriptional program suppressing (or even abolishing) the expression of genes 
involved in iodide uptake and metabolism, which are hallmarks of the differentiated 
state of thyroid follicular cells. In contrast, RAS-mutated papillary thyroid carcino-
mas show a low MAPK-dependent transcriptional program (due to negative feedback 
regulation), retaining the expression of iodine-metabolism genes, and are usually 
radioiodine-avid [36]. Low frequency types of differentiated thyroid carcinomas, 
such as Hürthle-cell carcinomas and poorly differentiated thyroid carcinomas, are 
particularly refractory to radioiodine therapy.

Since, as mentioned above, BRAFV600E is frequently associated with decreased 
responsiveness to radioiodine, an emerging clinically relevant question is whether 
genetic markers can reliably predict the radioiodine refractoriness of thyroid 
carcinomas [37]. Indeed, recent studies have demonstrated that ~70% of patients 
with metastatic papillary thyroid cancer carrying the oncogene BRAFV600E do not 
demonstrate any radioiodine uptake, with this percentage increasing up to 97% when 
BRAFV600E is associated with mutations in the promoter of the Telomerase Reverse 
Transcriptase (TERT) [38, 39]. However, a subset of BRAFV600E-carrying papil-
lary thyroid carcinomas does respond to radioiodide therapy [36]. Significantly, the 
BRAFV600E-containing papillary thyroid tumors that showed better responses to 
radioiodine therapy also revealed a relatively preserved expression of thyroid dif-
ferentiation genes, and a higher expression of microRNAs targeting the transforming 
growth factor β (TGFβ) signaling pathway, which when activated repressed thyroid-
specific gene expression [40].

4. Radioiodine-refractory thyroid cancer

Approximately 80 years after the first clinical use of radioiodine therapy for the  
diagnosis and treatment of differentiated thyroid cancer [41], radioiodine therapy is still 
the first choice of treatment after thyroidectomy for primary and metastatic differenti-
ated thyroid carcinomas. However, 30% of metastatic differentiated thyroid tumors 
show dedifferentiation and lose their ability to accumulate radioiodine, thus making 
adjuvant treatment with radioiodine ineffective (radioiodine-refractory) [42]. Current 
therapeutic strategies for symptomatic radioiodine-refractory thyroid cancers include 
the implementation of local therapy whenever possible. However, in the case of diffuse 
significant progression of distant metastatic disease, systemic therapy is currently based 
on anti-angiogenic multi-targeted tyrosine kinase inhibitors [43]. The two multi-targeted 
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tyrosine kinase inhibitors sorafenib and lenvatinib have been approved by regulatory 
authorities for use in radioiodine-refractory differentiated thyroid carcinomas [44, 45]. 
These agents have shown promising results with a significant improvement of median 
progression-free survival over placebo, but generally with similar overall survival. More 
recently, novel highly selective inhibitors targeting oncogenic chromosomal rearrange-
ments involving the proto-oncogenes RET and NTRK have been approved for clinical 
use in radioiodine-refractory differentiated thyroid carcinomas [46, 47]. Therefore, the 
presence of druggable oncogenes should be screened in patients with metastatic disease, 
and whenever present, a selective inhibitor might be considered.

The underlying molecular basis for the loss of radioiodine accumulation in 
radioiodine-refractory metastatic thyroid carcinomas is thyroid dedifferentiation, 
which results in a decreased expression of the genes involved in the iodide metabo-
lism. Radioiodine therapy effectivity is ultimately dependent on functional NIS 
expression at the plasma membrane of the thyroid tumor cells, as deficient radio-
iodide accumulation is the major cause of treatment failure [5]. However, NIS gene 
expression is frequently downregulated in differentiated thyroid cancer compared 
with normal thyroid tissue or even totally silenced as evidenced in poorly differenti-
ated carcinomas. Multiple transcriptional and posttranscriptional mechanisms 
have been postulated to explain NIS gene repression in thyroid tumors, including 
transcriptional repression of the transcription factor Pax8 that regulates NIS gene 
transcriptional expression, and by TGFB1-induced activation of SMAD signaling 
leading to NOX4-dependent ROS production, which in turn impairs Pax8-dependent 
NIS gene expression [48, 49]. Immunohistochemical studies have revealed that NIS 
is frequently expressed (or even overexpressed) at different levels in differentiated 
thyroid carcinomas compared with adjacent normal tissue [50]. However, NIS expres-
sion is mainly located in intracellular compartments, indicating that a posttransla-
tional mechanism is involved in radioiodide resistance due to defective NIS expression 
at the plasma membrane [51, 52]. Significantly, loss-of-function NIS variants have 
not been identified in either benign cold thyroid nodules or thyroid tumors [53, 54], 
demonstrating that the intracellular retention of NIS is not caused by structural 
defects, as reported in patients with dyshormonogenic congenital hypothyroidism. 
Therefore, the paradoxical observation of reduced radioiodine uptake and intracel-
lularly retained NIS protein expression highlights the importance of elucidating the 
posttranslational mechanisms regulating NIS plasma membrane expression.

The pituitary tumor-transforming gene (PTTG) binding factor (PBF) has been 
reported as being an NIS-interacting protein involved in NIS intracellular retention in 
thyroid cancer, as ectopic PBF overexpression results in reduced iodide accumulation 
caused by NIS endocytosis from the plasma membrane [55]. The phosphorylation 
of the PBF residue Tyr-174 is required for PBF-mediated NIS endocytosis, as PP1-
inhibited Src kinase activity restores iodide accumulation in thyroid cancer cell lines 
[56]. Moreover, chemical inhibition of the NIS-interacting protein valosin-containing 
protein (VCP), a principal component of the endoplasmic reticulum-associated 
degradation protein quality control process involved in NIS proteolysis, increases NIS 
expression at the plasma membrane and radioiodide accumulation in thyroid cancer 
models [57]. Recently, high-throughput drug screening has revealed multiple cellular 
processes that are central to NIS regulation, including proteasomal degradation and 
autophagy, which can be drugged to enhance radioiodide uptake [58]. Moreover, 
functional defects in the glycosylphosphatidylinositol (GPI) transamidase complex 
due to BRAFV600E-triggered PIGU repression cause partially glycosylated NIS mol-
ecules to be retained in the endoplasmic reticulum, probably due to a deficiency in 
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an unidentified GPI-anchored protein that is necessary for proper NIS anterograde 
plasma membrane transport [59].

Constitutive activation of mitogen-activated protein kinase (MAPK) signaling 
induces a partial to complete loss of differentiation in thyroid cancers. In agreement, 
in vitro studies have revealed that BRAFV600E impairs NIS expression, thereby 
reducing iodide uptake [60]. In patients, BRAFV600E expression in papillary thyroid 
carcinoma was correlated with radioiodine-refractory recurrences and defective 
NIS expression or intracellular retention [61]. In line with this, transgenic mice 
expressing the oncogene BRAFV600E in thyroid follicular cells developed papillary 
thyroid tumors, with these tumors neither concentrating radioiodine nor respond-
ing to radioiodine therapy [62]. Interestingly, the blockage of BRAFV600E kinase 
activity with either the BRAFV600E-selective ATP competitive inhibitor PLX4720, a 
vemurafenib progenitor, or further downstream with the allosteric MEK 1/2 kinase 
inhibitor selumetinib, restored thyroid-specific gene expression (including NIS) and 
radioiodine incorporation into these tumors, which rendered them susceptible to 
therapeutic doses of radioiodine [62].

When used as single agents, vemurafenib and selumetinib are comparatively 
ineffective inhibitors of BRAFV600E-driven thyroid cancer. Although they are potent 
inhibitors of MAPK-ERK signaling in thyroid cancer, this inhibition is followed by a 
strong rebound effect that reactivates ERK signaling. Blockage of ERK-dependent nega-
tive feedback mechanisms increases the expression of the tyrosine kinase HER3, with 
its activation after dimerization with HER2 by the autocrine-secreted ligand neuregulin 
leading to ERK activation involving CRAF signaling [63]. Significantly, the allosteric 
MEK 1/2 inhibitor CH5126766, when bound to the protein, impairs its phosphorylation 
by upstream (A, B, or C) RAF kinases and reduces reactivation of ERK signaling, which 
overcomes the adaptive resistance of BRAFV600E-promoted thyroid cancer to MAPK 
inhibitors and markedly enhances the effectiveness of radioiodine therapy [64].

5. Redifferentiation therapy

Recent progress in understanding the molecular mechanisms that repress functional 
NIS expression has identified possibilities of new therapeutic approaches, which may 
expand the application of radioiodine therapy to radioiodine-refractory thyroid can-
cers. Indeed, some emerging therapies using MAPK signal small-molecule inhibitors, 
which are still in the clinical phase of study, have shown promising effects by restor-
ing radioiodine accumulation in radioiodine-refractory differentiated thyroid cancer 
metastasis (redifferentiation therapy) [65].

Encouraging preclinical data, suggesting that MAPK signaling inhibition in 
BRAFV600E-induced thyroid cancer mouse models partially restores radioiodine 
accumulation [62, 64], has prompted pilot clinical studies in patients with thyroid 
cancer metastases resistant to radioiodide. In the first pilot clinical trial, selumetinib 
treatment restored iodide uptake at metastatic sites in 12 out of 20 patients with 
advanced radioiodine-refractory papillary thyroid cancer, and with eight of these 
attaining the predefined dosimetry threshold to enable radioiodine therapy with 
remarkable clinical responses: five of which had partial responses and with the other 
three having stable disease at 6 months after therapy [66]. Significantly, the thera-
peutic benefit of selumetinib was dependent on the mutation landscape, as all five 
patients carrying NRASQ61R/K, but only one of nine patients carrying BRAFV600E, 
redifferentiated sufficiently to be able to receive radioiodine therapy [66].
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The BRAFV600E inhibitor dabrafenib was evaluated in patients with 
BRAFV600E-containing advanced radioiodine-refractory metastatic papillary thy-
roid cancer [67]. Dabrafenib treatment restored iodide uptake at metastatic sites in six 
out of 10 patients, and all these six patients were then treated with radioiodine, lead-
ing to a partial response and stable disease in two and four patients, respectively, at 3 
months after therapy [67]. In a more recent pilot clinical trial, another BRAF inhibi-
tor, vemurafenib, was evaluated in patients with BRAFV600E-containing advanced 
radioiodine-refractory metastatic papillary thyroid cancer [68]. Vemurafenib treat-
ment restored or increased radioiodine accumulation in at least one metastatic lesion 
in six out of 10 patients. Of these, four patients attained the predefined dosimetry 
threshold and received radioiodide therapy, resulting in disease-free progression, 
with two confirmed partial responses and two with stable disease at 6 months after 
therapy [68]. Significantly, a transcriptomic analysis of tumor biopsy revealed that 
vemurafenib treatment reduced the MAPK pathway transcriptional output and 
induced thyroid differentiation markers [68].

In an interesting retrospective review of clinical data, six patients with radioiodine-
refractory thyroid carcinomas received mutation-guided redifferentiation therapy 
[69]. Patients with NRASQ61K/R-harboring tumors were treated with the MEK 
inhibitor trametinib, and those with BRAFV600E received a combination of BRAF 
and MAPK inhibitors (dabrafenib and trametinib, or vemurafenib and cobimetinib). 
Redifferentiation therapy restored radioiodine accumulation in one of the three 
patients with NRASQ61K, and in all three patients with BRAFV600E. Radioiodine 
therapy was applied to these four patients, with three achieving a partial response 
and one having a stable disease under a median follow-up of 16.6 months [69]. 
Significantly, this study suggests that the mutation-guided MAPK pathway combined 
inhibition is a promising strategy to redifferentiate BRAFV600E radioiodine-refrac-
tory thyroid carcinomas, thereby rendering them suitable for radioiodine therapy.

Very recently, the results were published of the first large-scale phase 3 clinical 
trial conducted to evaluate the clinical benefit of adding selumetinib to adjuvant 
radioiodine therapy in patients with a high-risk of persistent disease or disease 
recurrence following initial total thyroidectomy [70]. Of the 233 patients enrolled, 
97% of the placebo group and 83% of the selumetinib group completed the treatment. 
The complete response rate analysis at 18 months revealed no statistically significant 
improvement in response to selumetinib therapy compared with placebo.

The adaptive resistance to MAPK inhibitors driven by neuregulin-dependent 
HER3/HER2 activation observed in BRAF-mutated thyroid cancers led to testing 
the strategy of combining MAPK inhibitors with EGF receptor (HER) inhibitors. 
Significantly, the HER kinase inhibitor lapatinib prevented MAPK rebound and over-
came BRAFV600E thyroid cancer cell resistance to MAPK inhibitors [63]. Similarly, in 
BRAFV600E expressing human thyroid cancer cell lines, the combination of lapatinib 
with dabrafenib or selumetinib increased radioiodine accumulation [71]. Based on 
the abovementioned preclinical data, a recent small pilot clinical trial assessed vemu-
rafenib in combination with ErbB3 targeting of monoclonal antibody CDX-3379 in 
radioiodine-refractory metastatic thyroid cancer carrying BRAFV600E [72]. This 
combined therapy increased radioiodine accumulation in five out of six patients, of 
which four patients had a sufficient reaction to warrant radioiodine therapy. At 6 
months post-therapy, two of these patients achieved a confirmed partial response [72].

Recently, Saqsena et al. [73] investigated the impact of the SWItch/Sucrose 
 Non-Fermentable (SWI/SNF) chromatin remodeling complex on BRAFV600E- 
driven thyroid cancer differentiation. Mechanistically, the functional loss of different 
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SWI/SNF subunits reduced the expression of thyroid differentiation markers by 
repressing chromatin accessibility to the gene encoding different transcription 
factors required for expression of genes regulating iodide transport and metabolism. 
Importantly, SWI/SNF loss promoted resistance to MAPK inhibitor–based redifferen-
tiation therapies, reducing the effectiveness of radioiodine treatment [73]. Moreover, 
the preclinical data suggest that mutations affecting individual SWI/SNF complex 
subunits should be investigated as potential markers of resistance to redifferentiation 
strategies, as patients with radioiodine-refractory tumors carrying biallelic muta-
tions in the SWI/SNF complex genes ARID1A, ARID2, or SMARCB1 failed to show 
a clinically significant restoration of radioiodine incorporation in response to MAPK 
pathway inhibition [72, 73].

The development of well-tolerated systemic therapies that selectively target onco-
genic chromosomal rearrangements involved in thyroid carcinogenesis has extended 
the landscape of therapeutic opportunities in radioiodine-refractory thyroid carcino-
mas [46, 47]. Recently, different clinical case reports have revealed that the selective 
NTRK inhibitor larotrectinib restored radioiodine accumulation in radioiodine-
refractory lung metastases harboring the NTRK fusions EML4-NTRK3, TPR-NTRK1, 
ETV6-NTRK3, and TPM3-NTRK1 [74–76]. Likewise, the selective RET inhibitor 
selpercantinib restored radioiodine accumulation in radioiodine-refractory lung 
metastases harboring RET fusions CCDC6-RET and NCOA4-RET [75, 77]. Moreover, 
a recent report presented the case of a pediatric patient with a TPM3-NTRK1 fusion-
positive lung metastatic papillary thyroid carcinoma, who received redifferentiation 
therapy with larotrectinib as a neoadjuvant systemic approach, before the initial dose 
of radioiodine [78].

6. Conclusions

Radioiodine accumulation in the thyroid tissue has been exploited in clinical 
medicine in the diagnosis and treatment of thyroid pathologies for several decades, 
even before the molecular characterization of the mechanism mediating iodide 
accumulation. Since the cloning of NIS, significant progress has been made in 
understanding the mechanisms mediating the resistance to radioiodine therapy, with 
the efficacy of the therapy having been shown to be directly related to the therapeu-
tic dose of radiation delivered to tumor cells [79]. From a therapeutic perspective, 
improving radioiodine therapy for thyroid cancer is a priority for developing strate-
gies aimed not only at enhancing radioiodine accumulation but also for promoting 
efficient radioiodine organification for its retention inside thyroid tumor cells, 
in order to improve radiation dose delivery to provide better treatment efficacy. 
Significantly, experimental models have revealed that phosphoinositide 3-kinase 
(PI3K) inhibitors seem to prolong radioiodine retention in thyroid cells [80].

The understanding of the molecular events involved in the biology of thyroid 
cancer has rapidly expanded the therapeutic landscape for the treatment of iodine-
refractory thyroid cancer. Redifferentiation therapy has emerged as an attractive 
alternative in the clinical management of radioiodine-refractory thyroid carcino-
mas, but the promising clinical data are still preliminary. However, monotherapy 
with MAPK inhibitors only increases iodide accumulation in a marginal fraction of 
patients with metastatic thyroid cancers expressing BRAFV600E, probably due to 
incomplete MAPK signaling inhibition, thus suggesting that profound inhibition of 
MAPK signaling is required for treating these tumors effectively. The identification 
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of novel small-molecule inhibitors exhibiting a stronger and sustained inhibition 
of MAPK signaling may provide novel alternatives for maximizing the response to 
radioiodine therapy.

An emerging topic is the value of genetic marker-based precision management of 
radioiodine therapy in thyroid cancer. The co-occurrence of TERT promoter muta-
tions in BRAFV600E-carrying recurrent papillary thyroid carcinomas is associated 
with loss of radioiodine accumulation. Moreover, the functional loss of SWI/SNF 
subunits may mediate resistance to redifferentiation therapies and might serve as 
biomarkers for identifying patients who will not benefit from this therapy. Although 
large clinical trials are necessary to validate this hypothesis, the presence of deleteri-
ous SWI/SNF subunit lesions may prompt physicians to consider treatments other 
than radioiodide.
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Chapter 5

Thyroid Cancer: From Genes to 
Treatment – Recent Developments
Ifigenia Kostoglou-Athanassiou

Abstract

Thyroid cancer carries a good prognosis in most cases and is treated by thyroid-
ectomy, radioiodine administration thereafter, thyroxine treatment. Although, most 
cases of thyroid cancer are curable, if thyroid cancer loses the ability to concentrate 
iodine and thus becomes refractory to radioiodine, and if thyroid cancer becomes a 
progressive disease, the need for targeted treatment becomes necessary. Research in 
the area of the biology of thyroid cancer and in particular the discovery of somatic 
genetic mutations involved in the pathophysiology of thyroid cancer as well as 
research in the treatment of other cancer types with tyrosine kinase inhibitors have 
led to the application of tyrosine kinase and angiogenetic factor inhibitors in the 
treatment of thyroid cancer. The application of tyrosine kinase inhibitors in other 
tumor types led to the discovery that they target the thyroid. Thus, tyrosine kinase 
inhibitors entered the field of radioactive iodine refractory and advanced thyroid 
cancer treatment. Multi-kinase and angiogenetic factor inhibitors have provided a 
novel method that targets thyroid tumors and have revolutionized the treatment of 
radioiodine refractory and advanced thyroid cancer.

Keywords: tyrosine kinase inhibitors, multi-kinase and angiogenetic factor inhibitors, 
advanced thyroid cancer, iodine refractory thyroid cancer, differentiated thyroid 
cancer, medullary thyroid carcinoma

1. Introduction

Thyroid cancer represents 90% of malignant tumors of the endocrine system 
and is the cause of 0.5% of all deaths from cancer in man [1–3]. Thyroid cancer is 
quite frequent, as in adults in autopsy findings it has been observed with a frequency 
ranging from 4 to 36% [4]. In the clinical setting, thyroid cancer is found in 6–10% 
of thyroid nodules [5]. Thyroid cancer is observed with greater prevalence in female 
as compared to male patients with a rate of 2–3/1 [6]. The incidence of thyroid cancer 
was rising until recently in the USA; however, its incidence now has leveled off. The 
main types of thyroid cancer are the two types of differentiated follicular thyroid car-
cinoma, namely papillary and follicular, representing 70–80% and 15–20%, respec-
tively, and medullary and anaplastic thyroid carcinomas with a frequency of 5–8% 
and 3–5%, respectively (Figure 1) [7]. The etiology of thyroid cancer includes genetic 
mutations, head and neck irradiation, and iodine deficiency [8]. The diagnosis is 
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based on history, clinical examination, biochemical and imaging examination, and 
fine needle aspiration biopsy [9]. Treatment of differentiated and medullary thyroid 
carcinoma is total or near total thyroidectomy, including lymph node dissection [10, 
11]. In differentiated thyroid carcinoma, radioactive iodine is administered for the 
destruction of thyroid remnants [12]. In anaplastic thyroid carcinoma, an effort is 
made for resection of as much as possible of the tumor. In all cases, thyroxine treat-
ment is administered [13]. The prognosis of differentiated thyroid cancer is good and 
10-year prognosis in papillary thyroid cancer is 93%, in follicular thyroid cancer is 
85%, in medullary thyroid cancer 75%, and in anaplastic thyroid cancer 2–6 months, 
while rarely more than a year [14].

Although, most cases of thyroid cancer are curable, if thyroid cancer loses the 
ability to concentrate iodine and thus becomes refractory to radioiodine and if thyroid 
cancer becomes a progressive disease the need for targeted treatment becomes neces-
sary [15]. Novel treatment methods for the management of advanced thyroid cancer 
have emerged after extensive research efforts, which have revolutionized thyroid 
cancer treatment [16–22]. Research in the area of the biology of thyroid cancer and in 
particular the discovery of somatic genetic mutations [23, 24] involved in the patho-
physiology of thyroid cancer as well as research in the treatment of other cancer types 
with tyrosine kinase inhibitors [25] have led to the application of tyrosine kinase and 
angiogenetic factor inhibitors in the treatment of thyroid cancer [26]. In cases of renal 
cancer, the application of tyrosine kinase inhibitors led to the appearance of hypo-
thyroidism due to the destruction of the thyroid gland [27, 28]. Thus, tyrosine kinase 
entered the field of radioactive iodine refractory and advanced thyroid cancer [29]. 
Multi-kinase and angiogenetic factor inhibitors have revolutionized the treatment of 
radioiodine refractory and advanced thyroid cancer [29]. The need for genetic muta-
tion testing before treatment is initiated [30, 31] has been recognized in patients with 
radioiodine refractory and advanced thyroid cancer to enable targeted treatment.

2. Molecular genetics in the etiology of thyroid cancer

The etiology of thyroid cancer is not known, although there are factors known to 
induce its development, such as ionizing radiation and iodine deficiency. Recent prog-
ress in molecular genetics has shown that thyroid cancer is due to genetic mutations 
either germline or somatic (Figure 2) [32]. These mutations lead to the inactivation of 

Figure 1. 
Histological types of thyroid cancer.
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onco-suppressor genes, which inhibit the formation of cancer or to the activation of 
oncogenes, which act on normal cells and lead to cancer development.

Papillary thyroid carcinoma is the most common thyroid cancer and represents 
approximately 80% of cases. Papillary thyroid carcinomas frequently harbor genetic 
changes leading to the activation of the mitogen-activated protein kinase (MAPK) 
signaling pathway [33]. These genetic alterations are mainly the RET/PTC rear-
rangement and point mutations of the BRAF and RAS genes. Mutations involving 
the above-mentioned genes are observed in more than 70% of papillary carcinomas 
and are mutually exclusive, meaning that if one mutation is found the other is not 
observed [32]. Genetic changes observed in follicular carcinomas, which represent 
the second in frequency type of thyroid cancer, are RAS mutations and PAX8-PPARγ 
rearrangement [33]. The discovery of these mutations led to extensive research and 
the discovery of therapeutic agents for the successful management of iodine refrac-
tory or advanced thyroid cancer.

In papillary thyroid cancer, the most common genetic mutation which has been 
observed is the gene rearrangement of the RET gene, which leads to increased expres-
sion of tyrosine kinase [34]. Thus, the thyroid cell is led to increased growth and 
multiplication and finally to tumor formation.

Follicular thyroid cancer presents with mutations in RAS oncogenes, which cause 
cell growth and multiplication [33]. The presence of RAS mutations is also observed 
in papillary carcinomas with follicular differentiation. Ionizing radiation is a known 
etiologic factor for thyroid cancer. It appears that small energy sources are transferred 
with radiation to the cells, leading subsequently to RAS gene mutations.

Anaplastic thyroid carcinoma has mutations in p53 gene [35, 36]. The p53 gene is 
a translational factor that is involved in the regulation of apoptosis and the cell cycle. 
It appears that this is the final step in the formation of thyroid cancer with the most 
malignant phenotype, which is added to the already existing genetic changes.

Medullary thyroid cancer presents with mutations in RET oncogene [37]. There 
has been progress in the pathogenesis of medullary thyroid carcinoma both in the 
hereditary and sporadic medullary thyroid carcinoma. The RET gene is involved in 
the pathogenesis of hereditary and sporadic medullary thyroid carcinoma. Mutations 
observed in the germ cells are detected in all the cells of the organism and their detec-
tion in the DNA of blood leucocytes forms the basis of finding carriers of the MEN2 
syndrome. The MEN2 syndrome diagnosis is based on finding medullary thyroid 
cancer, pheochromocytoma, and parathyroid adenoma. In 97% of patients mutations 
in the RET gene have been observed in the DNA of blood leucocytes. In sporadic 

Figure 2. 
Molecular targets in thyroid cancer.
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medullary thyroid carcinoma, somatic RET mutations at the level of the thyroid 
tumor have been observed.

3. Genetic mutations and thyroid cancer

3.1 BRAF

The most studied point mutation in thyroid cancer is that of the BRAF gene [33, 
34]. The BRAFv600E somatic mutation is involved in approximately 45% of papil-
lary thyroid cancer and tall cell variant and in 25% of anaplastic thyroid cancer. 
This somatic mutation of thyroid cells is related to the substitution of valine with 
glutamate and leads to the activation of BRAF kinase, which phosphorylates several 
targets and in particular mitogen-activated protein kinase (MEK) and extracellular 
signal-regulated kinase (ERK) [38]. The BRAFv600E mutation is associated with tumor 
aggressiveness and a poor prognosis, as it leads to higher tumor size and metastasis, 
either lymph node or distant metastasis.

3.2 RET/PTC

The RET proto-oncogene codes for a cell membrane receptor tyrosine kinase. 
Within the thyroid, RET is expressed in parafollicular C cells, within which it can 
be activated by chromosomal rearrangement. In RET/PTC the 3′ portion of the RET 
gene is fused to the 5′ portion of various unrelated genes [39]. The RET/PTC1 and 
RET/PTC3 account for most of the rearrangements observed in papillary carcinomas. 
RET/PTC is tumorigenic in thyroid follicular cells and is detected in approximately 
20% of papillary thyroid carcinomas. Papillary thyroid carcinomas with RET/PTC 
rearrangement present at a younger age, have lymph node metastases and may have a 
favorable prognosis.

3.3 RAS

Another frequent driver of somatic mutation involved in the pathogenesis of 
thyroid cancer is that of the RAS gene [40], which lies upstream of BRAF. N-RAS, 
H-RAS, and K-RAS are members of the RAS family and those most commonly 
involved in thyroid cancer are the N-RAS and H-RAS and can constitutively 
activate the MAPK and PI3K/AKT pathways. RAS somatic mutations are present 
in 40–50% of follicular thyroid cancer, 15% of papillary thyroid cancer, follicular 
variant thyroid cancer, and 50% of anaplastic thyroid cancer. The K-RAS mutation 
is considered an activator of the MAPK pathway as compared to N-RAS mutation, 
which is an activator of the PI3K-AKT pathway. In papillary thyroid cancer genetic 
mutations of the RAS gene are mutually exclusive with the mutations of the BRAF 
gene.

3.4 RET point mutations

In medullary thyroid carcinomas, RET is activated by point mutations, as com-
pared to its activation by chromosomal rearrangement in papillary thyroid cancer. 
Germline mutations are observed in MEN2A, MEN2B, and familial medullary thyroid 
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carcinoma [41]. In MEN2A most mutations affect codon 634, whereas in MEN2B 
germline mutations affect codon 918, whereas in sporadic medullary thyroid carcino-
mas, somatic mutations of RET are observed [42].

3.5 VEGF

Angiogenesis has a key role in tumor initiation and progression and lymphangio-
genesis is crucial for metastasis formation. Thus, angiogenesis and lymphangiogenesis 
are targets of cancer treatment. Angiogenesis involves the activation of VEGFR2, a 
tyrosine kinase receptor that is expressed in vascular endothelial cells. The expression 
of VEGFR2, a tyrosine kinase receptor is induced by VEGF-A produced by neoplastic 
and immune cells within the tumor.

Hypoxia within the tumor induces the activation of transcriptional factor 
hypoxia-inducible factor-1 alpha (HIF-1α), which leads to expression of VEGF-A. 
HIF-1α is expressed mainly in anaplastic thyroid cancer cells.

Thyroid cancer aggressiveness is associated with increased angiogenesis and the 
expression of VEGF/VEGFR, PDGF/PDGFR, and EGF/EGFR [43, 44]. In differenti-
ated thyroid cancer, VEGFR and VEGFR-2 are overexpressed and contribute to tumor 
progression and aggressiveness. In particular, in papillary thyroid cancer, VEGF 
expression is related to local and distant metastatic disease.

3.6 EGFR

The EGFR cell surface protein is a member of the ErbB family of receptors. In 
epithelial carcinoma, EGFR mutations have been observed. EGFR has been found to 
be related to thyroid cancer progression and invasiveness and its overexpression has 
been observed in anaplastic thyroid cancer [45].

3.7 Tumor suppressor genes

The gene tumor protein P53 (TP53) encodes the tumor suppressor gene p53. The 
loss of its expression leads to a loss of control of cell growth and cell apoptosis. The 
p53 gene is mutated in anaplastic thyroid cancer and is involved in its pathogenesis 
[35, 46].

4. Multi-kinase and angiogenetic factor inhibitors

The successful application of multi-kinase and angiogenetic factor inhibitors in 
the treatment of various types of cancer [25] has led to observations that multiple 
kinase and angiogenetic factor inhibitors attack the thyroid cells and may lead to 
hypothyroidism and in some cases eradication of the thyroid gland [27, 28, 47]. These 
observations led to the application of multi-kinase and angiogenetic factor inhibitors 
in the treatment of radioactive iodine refractory and advanced thyroid cancer  
(Table 1) [37]. Multi-kinase and angiogenetic factor inhibitors interfere with some 
of the pathogenetic pathways involved in the pathogenesis of thyroid cancer and in 
tumor growth and the development of metastatic disease [10]. This application has 
led to a revolution in the treatment of advanced thyroid cancer.
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4.1 Sunitinib

Sunitinib is a small molecule and is a multi-kinase and angiogenetic factor inhibi-
tor that inhibits RET/PTC subtypes 1 and 3, VEGFR1, VEGFR-2, VGEFR-3, KIT, and 
PDGFR kinases [48]. The drug was initially approved by the FDA for gastrointestinal 
stromal tumor and clear cell renal carcinoma [49]. The drug is currently under 
investigation for the treatment of several human tumors. The most common adverse 
events are hand-foot syndrome, fatigue, neutropenia, diarrhea, hypothyroidism, and 
hypertension [50].

Sunitinib was found in preclinical studies to inhibit in vitro RET/PTC oncop-
roteins. It has been studied in various studies in differentiated thyroid cancer and 
medullary thyroid cancer patients and either partial response or stable disease was 
observed [51, 52]. In a study with metastatic radioiodine-refractory thyroid cancer 
partial response was observed. In the phase II trial of sunitinib (THYSU), the drug 
was tested in patients with advanced or metastatic differentiated/anaplastic or medul-
lary thyroid cancer with improvement in progression-free survival and overall sur-
vival [53, 54]. In the phase II trial of sunitinib in progressive medullary thyroid cancer 
patients, the drug was found to be effective in progressive medullary thyroid cancer. 
In an open-label phase II study, sunitinib was found to induce complete response in 
some patients with metastatic medullary thyroid cancer and differentiated thyroid 
cancer. In an anaplastic thyroid cancer patient, sunitinib was administered with a 
good clinical response [55].

Drug Target—mode of action Indications by histology of 
thyroid cancer

Axitinib TKI
VEGFR1–3

DTC, MTC, ATC

Cabozantinib TKI, VEGFR2, MET, FLT3, RET, 
c-kit

MTC, DTC

Dabrafenib STKI, BRAFV600E DTC

Dabrafenib with trametinib STKI, BRAFV600E, MEK1/2 DTC

Entrectinib TrkI, NTRK fusions DTC

Larotrectinib TrkI, NTRK fusions NTRK-fusion thyroid carcinoma

Pazopanib TKI, VEGFR1–3 PDGFR, 
FGFR1/2, c-kit

MTC, DTC, ATC

Sorafenib TKI, VEGFR1–3, PDGFR, RET, 
c-kit, CSF-1R, Flt-3

DTC, MTC, ATC

Sunitinib TKI: VEGFR1–3, PDGFR, RET, 
c-kit, CSF-1R, Flt-3

MTC

Vandetanib TKI, VEGFR2/3, EGFR, RET MTC, DTC

Vemurafenib STKI, BRAFV600E DTC

TKI—tyrosine kinase inhibitor, STKI—serine-threonine kinase inhibitor, DTC—differentiated thyroid cancer, MTC—
medullary thyroid cancer, ATC—anaplastic thyroid cancer.

Table 1. 
Drugs applied in the treatment of advanced thyroid cancer.
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4.2 Sorafenib

Sorafenib is a multi-kinase inhibitor that inhibits RAF, VEGFR2, VEGFR3, 
PDGFR, RET, and KIT kinases [56, 57]. It exerts anti-neoplasmatic effects in preclini-
cal models of cancer and thyroid cancer cell lines. Sorafenib inhibits thyroid cancer 
growth by acting with antiproliferative and antiangiogenic mechanisms [57]. The 
FDA has approved its use in hepatocellular and renal cell carcinoma and metastatic 
differentiated thyroid carcinoma [58]. Sorafenib is administered orally at 400 mg 
twice daily and is usually well tolerated. Sorafenib has been administered to patients 
with metastatic radioiodine refractory thyroid cancer for about 27 weeks and it was 
found to induce a partial response, improve progression-free survival and have 
clinical benefits [59]. In another study, sorafenib was administered to patients with 
metastatic papillary thyroid cancer chemotherapy-naive and in patients with papil-
lary thyroid cancer who had already received chemotherapy and other subtypes 
of thyroid cancer and it was found to induce partial response in 6 of 22 patients 
and to induce disease stabilization which lasted more than 6 months in 23 patients 
[59, 60]. Sorafenib was administered to radioactive iodine refractory papillary and 
follicular thyroid cancer with a remission rate of 20% [59]. In these patients with 
metastatic thyroid cancer, the response of metastatic disease differed depending on 
the site of metastasis. Bone lesions had a minimal response, whereas a better effect 
was observed in lung metastatic disease. Thyroglobulin was considered a positive 
biomarker of response to treatment. In a double-blind phase III trial, the clinical 
activity of sorafenib as compared to placebo was assessed in patients with radioactive 
iodine refractory locally advanced or metastatic differentiated thyroid carcinoma 
[17]. In patients treated with sorafenib, the progress-free survival increased in all 
subgroups regardless of mutation status. This study demonstrated the efficacy of 
sorafenib in radioactive–iodine refractory differentiated thyroid cancer. Other stud-
ies demonstrated the efficacy of sorafenib in progressive metastatic differentiated 
thyroid cancer. A meta-analysis involving 15 studies evaluated the safety and efficacy 
of sorafenib in radioactive iodine refractory differentiated thyroid carcinoma [59]. 
Sorafenib improved progression-free survival in patients with radioactive iodine 
refractory differentiated thyroid carcinoma patients. The most frequent adverse 
effects were hand-foot syndrome, diarrhea, fatigue, alopecia, weight loss, and rash. 
The study focused on the efficacy of sorafenib in improving progression-free survival 
in differentiated thyroid cancer as compared to placebo. Although sorafenib was 
observed in combination with metformin to inhibit anaplastic thyroid cancer cells 
[61], the drug was not effective in vivo in an anaplastic thyroid cancer patient [36].

Sorafenib is associated with an increase in progression-free survival and disease 
stabilization. Sorafenib administration and acquired resistance to it may be associated 
with the induction of autophagy [62]. In this context, several substances have been 
applied to limit autophagy and the related resistance of cancer to treatment [62, 63]. 
The administration of agents to inhibit autophagy may sensitize a tumor to the multi-
kinase inhibitor linifanib [64].

4.3 Vandetanib

Vandetanib is a potent inhibitor of VEGFR-2, VEGFR-3, RET, and EGFR kinases 
[65]. Vandetanib has been approved by FDA and EMA for use in patients with 
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metastatic or progressive medullary thyroid cancer [66]. In an international ran-
domized trial, the therapeutic efficacy of vandetanib was shown in patients with 
advanced medullary thyroid cancer as it showed a significant prolongation of pro-
gression-free survival as compared to placebo [67]. In a double-blind phase II study, 
vandetanib was shown to prolong progression-free survival in patients with locally 
advanced or metastatic differentiated thyroid carcinoma patients [68]. Recently, 
a meta-analysis and systematic review, through standardized RECIST criteria as 
endpoints, investigated vandetanib efficacy in medullary thyroid carcinoma. The 
study included only original studies in which the drug was used as a single agent. 
Ten (eight observational longitudinal studies and two randomized controlled trials) 
were included among the 487 screened articles. The results obtained through the 
RECIST criteria did not provide clear evidence of the efficacy of vandetanib [69]. 
Nonetheless, vandetanib is considered a new-generation treatment in advanced 
medullary thyroid carcinoma.

Vandetanib has been evaluated in patients with symptomatic or progressive 
medullary thyroid cancer in various starting doses, 150 or 300 mg daily, and was 
found to have a good response with a better response at the dose of 300 mg [70]. 
Adverse effects of vandetanib were QTc prolongation, hypocalcemia, asthenia, diar-
rhea, keratopathy, and hypokalemia. In a systematic review, the cost-effectiveness of 
cabozantinib and vandetanib were compared [71]. Both drugs improved progress-free 
survival although no significant overall survival benefits were observed. Vandetanib 
is considered a new-generation treatment for advanced medullary thyroid cancer.

4.4 Lenvatinib

Lenvatinib inhibits FGFR-1, FGFR-2, FGFR-3, FGFR-4, PGGFRβ, VEGFR-1, 
VEGFR-2, VEGFR-3, RET, and KIT kinases [72]. Lenvatinib has been approved by 
FDA and EMA for the treatment of advanced radioactive iodine refractory differenti-
ated thyroid cancer [73]. Lenvatinib was administered to patients with advanced 
radioiodine refractory differentiated thyroid cancer that had progressed during the 
earlier 12 months. After a follow-up of 14 months, the overall response rate was 50%, 
the median time to relapse was 3.6 months, the median progression-free survival 
was 12.6 months and the median response duration was 12.7 months. Lenvatinib was 
administered to patients with unresectable progressive medullary thyroid cancer and 
was found to be effective [74]. In a double-blind randomized study, lenvatinib was 
administered to 261 patients with progressive radioiodine refractory thyroid carci-
noma [16]. The study included a placebo group of 131 patients. Median progression-
free survival was longer in the lenvatinib group as compared to placebo. The response 
rate was 64.8%. However, side effects were observed. In a randomized study examin-
ing the effect of lenvatinib on tumor size, it was shown to improve tumor size rapidly 
at the beginning of the study and to induce continued shrinkage thereafter [75]. A 
phase II study evaluated lenvatinib in 51 patients with radioactive iodine refractory 
differentiated thyroid carcinoma, medullary thyroid carcinoma, and anaplastic 
thyroid cancer with a median progression-free survival of 25.8 months, 9.2 months, 
and 7.4 months, respectively [76]. The safety profile of the drug was manageable, and 
an antitumor efficacy was observed in radioactive iodine refractory thyroid cancer 
and promising efficacy in medullary thyroid cancer and anaplastic thyroid cancer. 
Lenvatinib was also evaluated postoperatively in anaplastic thyroid cancer patients 
and was shown to have a response rate of 17.4% [77]. Hypertension was the most 
frequent adverse effect.



95

Thyroid Cancer: From Genes to Treatment – Recent Developments
DOI: http://dx.doi.org/10.5772/intechopen.111701

4.5 Cabozantinib

Cabozantinib inhibits Tie-2, c-MET, KIT, VEGFR-1, VEGFR-2, and RET kinases 
[78]. In a phase I trial, cabozantinib was administered to patients with advanced 
solid tumors, including 37 patients with advanced medullary thyroid cancer, and 
was found to have efficacy and a good safety profile in medullary thyroid cancer as 
it induced tumor shrinkage of >30% in some medullary thyroid cancer patients with 
measurable disease [79]. Cabozantinib was also evaluated in 15 radioiodine refractory 
differentiated thyroid cancer patients who had progressed on conventional treatment 
and had measurable disease [80]. FDA-approved cabozantinib for the treatment of 
metastatic medullary thyroid cancer. Cabozantinib was also evaluated in patients 
with advanced radioiodine refractory differentiated thyroid cancer who had already 
received another VEGFR-targeted treatment and was found to be clinically effec-
tive [81]. In a double-blind phase III trial, cabozantinib was found to be effective in 
improving progression-free survival in patients with progressive medullary thyroid 
cancer [82].

4.6 Dabrafenib and trametinib

Dabrafenib (also known as GSK2118436) is a BRAF kinase inhibitor, which has 
been tested in vitro and has demonstrated antiproliferative effects in human colon 
cancer xenografts and BRAFV600E positive melanoma [83]. It has also been tested in 
clinical trials in BRAF-positive cancers. In this case, BRAF-positive cancers become 
resistant to dabrafenib in 6–7 months. To prevent this therapeutic failure dabrafenib 
was administered with trametinib, a MEK inhibitor, and this combination was 
approved by the FDA for the treatment of BRAFV600E positive metastatic melanoma. 
Dabrafenib and trametinib were administered to anaplastic cancer patients with 
BRAFV600E mutation with promising results [55, 84–87].

4.7 Pazopanib

Pazopanib has been tested for advanced thyroid cancer and RET-mutant medul-
lary thyroid cancer [88]. It can be used to treat advanced papillary or follicular thy-
roid cancer if they express RET gene changes. Pazopanib is an oral small-molecule 
multi-kinase inhibitor that primarily inhibits vascular endothelial growth factor 
receptor-1, -2, and -3, platelet endothelial growth factor receptor-α, and -β, and 
the stem-cell factor receptor c-kit [89]. Pazopanib was introduced as a treatment 
against various tumors and it has been approved in several countries for advanced 
soft-tissue sarcoma and renal cell carcinoma. Large clinical trials with pazopanib in 
patients having soft-tissue sarcoma and renal cell carcinoma have shown beneficial 
effects. Adverse events include liver dysfunction and hypertension but are gener-
ally manageable. Pazopanib has also been used in patients with advanced thyroid 
cancer [90].

4.8 Selpercatinib

Selpercatinib is a receptor tyrosine kinase RET (rearranged during transfection) 
inhibitor developed for the treatment of cancers harboring RET alterations [22]. 
Selpercatinib was approved by the FDA for the treatment of RET fusion-positive non-
small cell lung cancer, RET fusion-positive thyroid.
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4.9 Larotrectinib

Larotrectinib is a selective and specific inhibitor of tropomyosin receptor kinase 
A (TRKA), TRKB, and TRKC approved for use in Europe and the USA, which is used 
in the therapy of solid tumors harboring NTRK gene fusions. NTRK gene fusions 
involving either NTRK1, NTRK2, or NTRK3 (encoding the neurotrophin receptors 
TRKA, TRKB, and TRKC, respectively) are oncogenic drivers of various adult and 
pediatric tumor types. It has been applied in thyroid tumors thought to harbor NTRK 
gene fusions [91] and has been approved by the FDA for  tumor agnostic indications.

4.10 Entrectinib

Entrectinib is another inhibitor of TRKA, TRKB, and TRKC. It has been applied 
in the treatment of NTRK fusion-positive cancers, including thyroid cancer [92]. 
Thyroid cancer-specific data are not yet available for entrectinib.

4.11 Vemurafenib

Vemurafenib was developed as a low-molecular-weight molecule for the inhibition 
of the mutated serine-threonine kinase BRAF, and it selectively binds to the ATP-
binding site of BRAFv600E kinase and inhibits its activity [93]. It has potential to be 
applied in papillary thyroid carcinoma, which harbors a BRAF mutation.

5. Mutational testing in thyroid cancer

Most thyroid cancer cases carry a good prognosis. However, 15% of differenti-
ated thyroid cancer cases present with locally advanced disease, and in radioiodine 
refractory thyroid cancer 10-year survival drops below 50%. Patients with advanced 
thyroid cancer and radioiodine refractory thyroid cancer should undergo somatic 
mutational screening [94], as novel drugs are available to treat them. These drugs 
are the novel multiple kinase and angiogenetic factor inhibitors, which have offered 
patients and physicians a new option for the treatment of advanced thyroid cancer 
and have revolutionized the treatment of advanced thyroid cancer patients.

6. Conclusion

The application of multi-kinase and angiogenetic factor inhibitors in the treat-
ment of radioiodine refractory and advanced thyroid cancer has enabled the success-
ful management of the disease and has revolutionized the management of radioiodine 
refractory and advanced thyroid cancer. As the application of these multi-kinase 
and angiogenetic factor inhibitors is related with an increase in progression-free 
survival and disease stabilization, further research is needed to identify the mecha-
nisms involved in the acquired resistance to these agents and the ways to manage this 
resistance. Mutational testing in thyroid cancer may contribute to the application of 
targeted treatment.
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Chapter 6

Aspects Considered in 
Differentiated Thyroid Cancer  
for Radioiodine Therapy
Aisyah Elliyanti

Abstract

Thyroid cancer incidence has rapidly increased in high-income countries for the 
past 30 years. The increase in thyroid cancer cases may be due to improved diagnostic 
methods or exposure to unknown risk factors. Even though new thyroid cancer 
cases have increased, the mortality rate is relatively stable. Most thyroid cancer is 
differentiated thyroid cancer (DTC). Conventional management of DTC consists of 
near-total thyroidectomy followed by ablation therapy with radioiodine-131 (RAI). 
RAI was first used nearly 80 years ago to treat thyroid cancer and still plays a pivotal 
role in managing DTC. There are three RAI therapy options: remnant ablation, 
adjuvant therapy, and known disease treatments. After thyroid resection, radioac-
tive Iodine-131 (RAI) is recommended for patients with intermediate to high risk of 
recurrent disease or distant metastases. Long-term follow-up is needed to detect a 
persistence or recurrence of the disease after initial RAI administration. RAI effec-
tively improves treatment efficiency and reduces the risk of cancer recurrence and 
metastasis post-thyroid resection. Clinical outcome prediction is ultimately defined 
by appropriate management. This article will review some factors to consider when 
planning RAI therapy for DTC and subsequent surveillance after the therapy.

Keywords: adjuvant therapy, remnant ablation, refractory thyroid, risk- stratification, 
serum thyroglobulin, whole body scan

1. Introduction

Thyroid cancer is a malignant endocrine tumor [1]. Papillary thyroid cancer 
(PTC) and follicular thyroid cancer (FTC) are classified as differentiated thyroid 
cancer (DTC), which is approximately 95% of all thyroid carcinomas [2, 3]. Over 
the past 30 years, the incidence of DTC has rapidly increased worldwide [3–6]. 
The increase in thyroid cancer cases may be due to improved diagnostic methods or 
exposure to unknown risk factors [1, 5, 6]. Conversely to the increase of new cases, 
the mortality rates have been steadily declining in most areas of the world [7, 8]. The 
condition is likely due to improved diagnostic methods, management, and treatment 
of the disease [7, 8]. DTC is considered a slow-growing malignancy with a generally 
good prognosis with 5-year survival for the localized disease at 99.9% and for regional 
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metastatic disease at 97.8% [4, 6]. However, distant metastatic DTC is associated with 
a significantly worse prognosis (5-year survival of 55.3% [4, 6].

After resection of DTC, conventional management is followed by the adminis-
tration of radioactive Iodine-131 (RAI) in most patients for both thyroid remnant 
ablation and treatment of expected or proven locoregional or distant metastases 
[1, 2]. Thyroid follicular cells take up and accumulate radioiodine, the same process 
as iodine, except for organification [9]. The process utilizes the expression of sodium 
iodide symporter (NIS), thyroglobulin (Tg), thyroid stimulating hormone receptor 
(TSHR), thyroperoxidase (TPO), and thyroid-specific transcription factors (bone 
gene-8 (PAX-8), thyroid transcription factor-1 (TTF-1)) [10]. Even though thyroid 
cancer cells, including metastases, take up  RAI, the efficacy of RAI is limited in large 
tumor sizes, which need to be treated repeatedly [1, 2, 11, 12]. A study reported a 
decreased risk of death and risk of recurrence for tumors > 1 cm in a group of 269 
patients with PTC treated with extensive initial surgery and then RAI remnant abla-
tion [2]. Moreover, RAI treatment is recommended in high-risk and intermediate-risk 
patients, where the decision should be on an individual and tumor features basis [1, 2, 
11]. This chapter’s objective is to discuss the indication of radioiodine therapy in DTC.

2. Iodine and radioiodine transport

Radioiodine is the first radionuclide used for therapy in clinical oncology, includ-
ing thyroid cancer therapy. It is a beta (β) and gamma (γ) emitter that is used for 
therapy and also for imaging [9, 13, 14]. RAI is administrated in the form of liquid or a 
capsule. Once it is ingested, it is quickly absorbed into the bloodstream from the gas-
trointestinal (GI) tract. Thyroid follicular cells take up RAI through active transport, 
regulated by thyroid-stimulating hormone (TSH), which requires energy produced 
by ouabain-sensitive Na+/K+-adenosine triphosphatase (Na+/K+-ATPase) using the 
NIS as co-transport [9, 15, 16]. About 20% of the ingested iodine is converted to 
iodide (I-) before being absorbed [17]. In plasma, there is an exchange of iodide with 
red blood cells and extracellular compartments. The thyroid gland collects as much 
as 70–90% of I- in the body [18]. Besides being captured by the thyroid gland, iodide 
is collected in the salivary glands, gastric mucosa, choroid plexus, and breast glands 
and enters the placental circulation. The thyroid gland can collect I- as much as 20–40 
times compared with plasma under normal physiological conditions [19, 20].

3. Pathology and molecular markers of differentiated thyroid cancer

The main histopathology types of thyroid cancer (TC) consist of papillary and 
follicular, poorly differentiated (PDTC), anaplastic thyroid cancer (ATC), and medul-
lary thyroid cancer (MTC) from the C cells [21–23]. Papillary thyroid cancer (PTC) and 
follicular thyroid cancer (FTC) are two distinct histological forms of the DTC type [2]. 
PTC patients are typically younger than 50 and have smaller tumors, a higher incidence 
of lymph node metastases, multi-centricity, and extra-thyroidal extension. Patients 
with FTC show a higher incidence of distant metastatic disease and more frequently 
receive repeated radioiodine [2]. Tumor pathologies show significant variability among 
the tumors. The variation is particularly notable among types originating from thyroid 
follicular cells. The progression of DTC to PDTC and ATC is most likely the result of 
additional genetic mutations developing after the primary oncogenic event, which 
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provides the tumor with a more aggressive growth initiative. Alternatively, the cancer 
phenotype may be dictated by the differential nature of the stem cells capable of initiat-
ing PTC, FTC, and ATC [24]. The most common thyroid cancer mutations originate 
from follicular or parafollicular cells [25]. These mutations are the basis for the design of 
molecular markers and molecular approaches to thyroid cancer.

In some populations, malignant DTC might only occasionally lead to death, includ-
ing cases of PTC in children and young adults presenting with lymph node metastases 
(LNMs). Some TC types were recently reclassified from malignant to benign, such as 
noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP) 
[21]. Based on clinical evidence, it is associated with no reports of cancer-related 
deaths and estimated risk of recurrence of <1% [26]. PTC accounts for 80% of TC with 
molecular characteristics predominant consisting of BRAF mutation, RAS mutation, 
and RET rearrangements, nearly 70% as shown in Table 1 [28]. These mutations are 

Classification Tumor types Markers

Benign Follicular adenoma RAS, PAX8/
PPARγ, PI3K/
AKT

Borderline/
uncertain

Hyalinizing trabecular tumor other encapsulated follicular patterned 
tumors

• Follicular tumor of UMP

• Well-diffrentiated tumor of UMP

• NIFT-P

RAS, BRAF

Malignant PTC

• Papillary carcinoma

• Follicular variant of PTC

• Encapsulated variant of PTC

• Papillary micro-carcinoma

• Columnar cell variant of PTC

• Oncocytic variant of PT

BRAF 
(40–50%)
RAS (15%)
RET/PTC 
(20–40%)
PAX8/PPARγ 
(rare)

FTC

• Minimally invasive

• Encapsulated angioinvasive

• Widely invasive

RAS (20–40%)
PAX8/PPARγ 
(10–66%)
PI3K/AKT 
(rare)

Hurthle cell carcinoma
Capsular invasion,
Vascular invasion >4 blood

RAS, EIF1AX, 
TP53, CNA, 
mtDNA

Poorly differentiated thyroid
carcinoma

TERT (42%)
BRAF (32%)
RAS (19%)

Anaplastic thyroid carcinoma TP53 (60%)
TERT (33%)
BRAF (56%)

Uncertain Malignant Potential (UMP)
Non-Invasive Follicular Thyroid neoplasm with Papillary-like nuclear features (NIFT-P). References: [10, 22, 32].

Table 1. 
Classification of thyroid cancer based on World Health Organization (WHO) 2017.
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associated with radioiodine refractory (RAIR) [10]. BRAF V600E mutations are fre-
quently reported in a subgroup of PTCs with more aggressive behavior [23, 26, 28–30]. 
The fatal forms of non-anaplastic cancer are generally PTC variants harboring BRAF 
or RAS mutations plus other genomic alterations such as mutations involving the TERT 
promoter, POLE, TP53, PI3K/AKT/mTOR pathway, SWI/SNF subunits, and/or histone 
methyltransferases [10, 30, 31]. BRAF mutations are present in 30%–67% of PTCs 
and are associated with locoregional metastases and extra-thyroidal extension [32]. 
A positive test for BRAF mutations means a close to 100% probability of malignancy 
[27]. This is likely helpful to guide the extent of thyroidectomy.

Follicular thyroid, accounting for 2%–5% of TC cancer, is considered minimally 
invasive when capsular penetration is present without vascular involvement (a condi-
tion associated with an excellent prognosis) by WHO [10, 11]. The angioinvasive 
and widely invasive term is when neoplastic emboli involve < 4 or ≥ 4 blood vessels, 
respectively [11]. FTC type is frequently linked to activation of the PI3K and MAPK 
pathways through loss of PTEN expression, NRAS mutations, rearrangements such 
as PPARγ/PAX8, and other events [27, 28, 30]. Hurthle cell carcinomas are no longer 
classified as follicular tumors. They are generally much less aggressive and less likely 
to present with lymph node metastases [11]. Hurthle cell carcinomas associated with 
extensive vascular and/or capsular invasion should be managed like other high-risk 
carcinomas [11].

Furthermore, once thyroid cancer is highly suspected or diagnosed, a decision 
must be made regarding the extent of surgery. Risk factors must be considered, such 
as clinical risk factors associated with aggressive tumor behavior, the patient’s age and 
sex, the initial tumor size and location, the presence of lymph nodes and/or distant 
metastases, cytologic and mutational data, and patient preferences. Most DTC can be 
identified through cytology, and when the result is indeterminate, assessment with 
malignancy markers (HBME1 or galectin-3) and molecular alterations (BRAF muta-
tions, RET fusions, other novel gene alterations) are reportedly helpful for identify-
ing malignancy [11].

4. Risk stratification

Accurate staging and assessment of DTC risk are essential for its management, 
which determines the prognosis and guides therapeutic decisions and the intensity of 
surveillance [4]. Risk stratification in DTC was based on clinic-pathological features 
after a few weeks of completing thyroidectomy, which previously referred to a static 
estimate of disease-specific mortality. Nowadays, risk stratification is a dynamic, 
active process used to predict the appropriateness of minimalistic initial therapy, risk 
of recurrence, disease-specific mortality, and the most likely response to initial treat-
ment, as shown in Table 2. Moreover, an excellent histopathology report is essential 
for proper risk stratification [1, 11]. The estimated risk of recurrence ranges from <1% 
to 55%, and it is classified as low if ≤ 5%, intermediate if 6%–20%, and high if >20%, 
based on the presence or absence of aggressive features, presence of local or distant 
metastases, and imaging features on whole-body post-therapy scans [1, 2, 11]

Several systems are designed for risk stratification, considering patients’ age, 
tumor size, resection completeness, local invasion, and distant metastasis [12]. The 
DTC risk stratification is applied in the clinical setting despite a validated system’s 
absence [12, 33]. The original ATA risk category design (low, intermediate, high) is 
usually applied in clinical practice with promising results [12]. However, the 2015 
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ATA risk stratification system was built on retrospective studies where nearly all 
patients were treated with RAI. ATA risk stratification schema for selecting patients 
for adjuvant treatment is not conclusively validated. However, it prompts the physi-
cian to consider the various clinic-pathologic factors in managing low- intermediate-
risk patients where the indication for RAI therapy may not be straightforward [1]. 
The initial risk stratification is revised during follow-up to evaluate the disease and 
treatment responses (dynamic risk stratification) because the biological behavior of 
the disease as a response to therapy was not accounted for in initial staging [11, 12].

5. Radioiodine therapy (RAIT)

The ability of thyroid follicular cell to take up and concentrate iodide becomes 
the basic fundamental of RAI therapy. Selecting the appropriate method for RAI 
treatment requires careful evaluation of postoperative status. However, no univer-
sally accepted recommendations exist to assess postoperative disease status [34]. 
Consensus in 2019 of the American Thyroid Association (ATA), the European 
Association of Nuclear Medicine and Molecular Imaging (EANM), the Society of 
Nuclear Medicine and Molecular Imaging (SNMMI), and the European Thyroid 
Association (ETA) state that the goal of the administration of RAIT in differentiated 
thyroid cancer is for remnant ablation, adjuvant treatment for irradiation of resumed 
foci of tumor cells to reduce the recurrence risk, or treat persistent or recurrent 
disease [1, 11, 12]. Remnant ablation is done after near/total thyroidectomy to destroy 
presumably benign residual thyroid tissue to eliminate thyroglobulin (Tg) produc-
tion, facilitating follow-up of remnant ablation [1, 11, 12]. The adjuvant treatment 
goal is to eliminate potential microscopic foci of thyroid cancer tissue after complete 
resection of thyroid metastatic (locoregional, distant, or both). The condition can 
minimize the risk of recurrence, improving disease-specific and progression-free sur-
vival. Treatment of persistent or recurrent disease aims to improve progression-free, 
disease-specific, and overall survival at radioiodine-avid DTC, where the diagnosis is 
based on anatomical detection or biochemical evidence [1, 11, 12].

A joint of the ATA, the SNMMI, the EANM, and the ETA published a statement 
acknowledging the absence of high-quality evidence against using RAIT for remnant 
ablation post-total thyroidectomy for low-risk patients, and RAIT decisions should 
be taken on an individual basis, depending on tumor features (risk of recurrence), 
patient-related factors (comorbidities, motivation, emotional concerns), healthcare 
setting (availability and quality of thyroid surgeons, ultrasonography, RAI scintig-
raphy, Tg assays), and the local management preferences [11]. The benefit of RAIT 
should outweigh the risks associated with its administration, which include adverse 
events and diminished quality of life (QoL) [1, 11]. Application of RAIT activity dose 
has three broad approaches [4]: (1). Empiric dose (based on convention, experience, 
and patient-related factors. (2). A maximum permissible dose (determined by the 
upper bound limit of whole-body blood [bone marrow] dosimetry (WBBD)). (3). 
Target/lesion dosimetry. ATA guidelines do not endorse RAI dose activity one over the 
other [2, 12]. The level of risk for persistent/recurrent disease will determine the RAI 
dose activities. A 131I-whole-body scan (131I-WBS) must follow RAI administration to 
document the RAI avidity and stage of the disease [12]. 131I-WBS post-therapy scans 
may show additional metastases in 10–26% of patients compared with pre-therapy 
scans [35, 36]. Extensive disease noted on 131I-WBS post-therapy may alter the clinical 
stage in about 10% and clinical management in 10–15% of DTC patients [2].
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The RAI activity consists of low and high doses. A low dose is usually given for 
remnant ablation at 1.1 GBq (30 mCi) [1, 11]. A high dose for treatment at > 1.1 GBq–
5.55 GBq (>30 mCi–150 mCi), is recommended for high-risk recurrence conditions as 
shown in Table 2 [1, 11, 12, 37]. The RAIT is not recommended for particular low-
risk/very low-risk conditions [tumor with a small size nodule (< 1cm intrathyroidal) 
and without locoregional metastases] [11]. The administered RAI activities higher 
than 5.55 GBq (150 mCi) are unnecessary in intermediate-risk patients. Limiting RAI 
dose activities to a maximal 5.55 GBq (150 mCi) mainly considers the risks of side 
effects [1]. Regarding the treatment of known DTC, the ATA guidelines recommend 
RAI dose up to 7.40 GBq (200 mCi) and not to exceed 5.55 GBq (150 mCi) in patients 
≥70 years old, to avoid the risk of toxicity [12]. In patients with prolonged radioiodine 
clearance, the RAI dose is reduced by up to 50% [38, 39].

Parameters Excellent Biochemical 
incomplete

Structural 
incomplete

Indeterminate

1. Serum Tg

• Non-stimulated < 0.2 ng/ml ≥ 1 ng/ml Any 0.2 to < 1ng/ml

• Stimulated <1 ng/ml ≥10ng/ml Any 1 to < 10ng/ml

2. Anti-Tg antibody Undetectable Increasing Any Stable or 
decreasing

3. Imaging results Negative Negative Residual 
disease 
positive

Equivocal

4. Prognosis 1%–4% 
recurrence

Without 
evidence 
(spontaneously 
≈30%,
after additional 
treatment 
≈20%).

Persistent 
disease 
(50%–85%)

Stable or 
resolves in ≈ 
80%
Response is 
reclassified as 
structural or 
biochemical 
incomplete 
and may need 
additional 
therapy in 
≈20%

5. Disease-specific mortality < 1% < 1% Loco-
regional 
metastasis 
up to 11%; 
and distant 
metastasis 
up to 57%

< 1%

6. Response based on classifica-
tion

• Low 86% to 91% 11% to 19% 2% to 6 % 12% to 29%

• Intermediate 57% to 63% 21% to 22% 19% to 28% 8 % to 23%

• High 14% to 16% 16% to 18% 67% to 75% 0.5 to 4%

References: [10, 11].

Table 3. 
Treatment responses of differentiated thyroid cancer treated with total thyroidectomy and radioiodine therapy.
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In low-risk DTC patients, RAIT is influenced by any adverse feature that modulates 
recurrence risk and patient preference. The ATA 2015 guidelines recommend a low RAI 
dose (1.11 GBq/30 mCi) for remnant ablation of low-risk or intermediate-risk DTC 
with low-risk features [2, 11, 12]. Radioiodine therapy after total thyroidectomy should 
be considered in intermediate-risk DTC and is routinely recommended in ATA high-
risk DTC. The therapy consideration is to balance treatment efficacy with unwanted 
side effects [1]. However, patient preference plays a crucial role in decision-making. 
Therefore, the activity of RAI ought to be specifically prescribed for each patient [12]. 
Moreover, on the 2015 ATA guidelines, RAI for adjuvant therapy is considered for DTC 
having a low-to-intermediate risk for recurrence with (1). Tumor with a dimension 
> 4 cm without nodal or distant metastases (T3a N0 or Nx M0 or Mx) by the AJCC 
8th edition, TNM classification. (2). Any tumor size with microscopic extra-thyroidal 
extension but without nodal or distant metastasis (3). Tumors (T1–T3a) with nodal 
but no distant metastasis (T1–T3a N1 M0 or Mx) (4). Tumors (T1–T3a) with vascular 
invasion and aggressive pathological subtype [1, 11]. A microscopic residual disease 
increases in intermediate-risk DTC, as evidenced by higher recurrence rates in most 
intermediate categories compared with low-risk. A study that reported adjuvant RAIT 
in intermediate-risk patients with the exclusion of aggressive variants and multiple 
primaries showed a survival benefit in patients <45 years old, and improved overall 
survival was also shown in patients with aggressive variants of PTC [40–42]. The 
adjuvant therapy of RAI in high-risk DTC without distant metastasis shows improved 
outcome and without controversial decision. RAI adjuvant therapy is recommended 
in patients with T3b, T4a, and T4b, any N, M0, and high-risk DTC, including cervical 
nodes (≥3 cm in largest dimension) and/or with extranodal extension [1]. Treatment 
responses after total thyroidectomy and RAIT are defined as excellent, biochemical 
incomplete, structural incomplete, or indeterminate based on findings (neck ultra-
sound and serum Tg and anti-Tg anti- body (TgAb) levels, as shown in Table 3.

6. Radioiodine refractory (RAI refractory)

DTC cells can retain functions of follicular cells, such as iodide uptake and 
iodination, which allows RAI uptake for treating cancer [43]. Most DTC cases have a 
favorable prognosis after standard therapy, including total thyroidectomy, selective 
RAI therapy, and TSH suppressive therapy. NIS plays a role in the active transport 
of iodide into the thyroid follicular cells [9]. Functional NIS expression is regulated 
at the transcriptional and posttranslational levels, and TSH is primarily involved at 
the translational level [43]. Concerning posttranslational regulation, abundant NIS 
expression may mislocalize in the intracellular compartment rather than the cell 
membrane [43]. This mislocation targeting of NIS disturbs uptake and accumulation 
of radioiodine, inducing the failure of RAI therapy in DTC [10, 43]. The local recur-
rence and distant metastasis risk increase to 20% and 10%, respectively [10]. Among 
these cases, two-thirds show initial or gradual loss of the ability of iodine uptake due 
to the dysfunction, and even loss, of NIS expression in the basal membrane, indicat-
ing a status of dedifferentiation known as radioiodine-refractory (RAIR), which 
significantly reduces the 10-year survival rate less than 10% [9, 43].

Radioiodine refractory is when progressive dedifferentiation of the tumor cells 
leads to a loss of ability to accumulate RAI by non-functioning the sodium iodide 
symporter [43, 44]. The condition included is (a) tumor or metastatic site (one or 
multiple) that does not ever concentrate radioiodine (no avidity outside the thyroid 
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bed on the initial post-therapy WBS); (b) tumor tissue that initially showed RAI avid-
ity but lost the ability to concentrate on subsequent scans or treatments; (c) radioio-
dine is concentrated in some, but not all, sites of metastatic; (d) disease progression 
despite significant concentration of RAI (within 1 year of treatment) [10, 44].

Decreased NIS expression, diminished membrane targeting, or both, which 
are mainly caused by genetic and epigenetic alterations and dysregulated signaling 
pathways, are the primary mechanisms underlying RAIR [10]. Genetic alterations 
in MAPK and phosphoinositide 3-kinase (PI3K)/AKT signaling pathways by point 
mutations or chromosomal rearrangements are basic molecules in the pathogenesis 
of thyroid cancers and RAIR. Besides the signaling pathways, epigenetic and genetic 
alterations of other pathways, such as Wnt/ß-catenin and TGF-ß/Smad signaling 
pathways, are also related to the silencing of expression of thyroid-specific genes, 
resulting in RAIR [10, 28].

The evidence has demonstrated a strong association between the BRAFV600E 
mutation and RAI-avidity loss in PTC [43]. The BRAFV600E mutation can upregulate 
the expression of tumor-promoting genes, such as TGFβ1, mesenchymal-to-
epithelial transition factor [MET], vascular endothelial growth factor A [VEGFA], 
and thrombospondin 1 [TSP1]) [43, 45]. It can downregulate the expression genes 
of tumor suppressors such as tissue inhibitor of metalloproteinases 3 [TIMP3], 
death-associated protein kinase 1 [DAPK1]), and solute carrier family five-member 
8 [SLC5A8], [46]. BRAFV600E mutation induces the secretion of TGFβ, which can 
stimulate SMAD3 and impair PAX8, which cause a decrease in NIS expression [43]. 
Moreover, telomerase reverse transcriptase (TERT) promoter (TERTp) mutations 
are particularly prevalent in BRAFV600E mutation PTC. TERTp mutations were 
associated with aggressive tumor behavior and poor prognosis in thyroid cancer. 
They were also observed to be correlated with the reduction of RAI uptake in distant 
metastatic lesions of PTC [10, 43]. On the other hand, the RET/PTC rearrangement 
impacts the dedifferentiation of DTC remains limited. In vitro studies reported that 
alternation of RET/PTC could suppress the expression of thyroid differentiation 
markers (TPO, TSH receptor, thyroglobulin, and NIS) [47, 48]. Recently, oncogene-
activated signaling pathways have also been reported to control histone posttrans-
lational modification affecting thyroid-specific genes’ expression [10, 49]. This 
finding supports attempts to convert thyroid cancer into redifferentiated thyroid 
cancer by modulating histone acetylation and deacetylation [10, 43]. BRAF-activated 
NIS silencing could be influenced by histone deacetylation at critical regulatory 
regions of the NIS promoter [10].

7. Patient preparation

The effectiveness of RAIT depends on patient preparation. Ideally, serum TSH 
levels reach ≥30 mU/L to optimize radioiodine uptake [50]. TSH elevation can be 
reached by waiting at least 3 weeks after thyroidectomy or 4–5 weeks after discon-
tinuing treatment with levothyroxine (LT4). When thyroid hormone is withheld, 
it should be initiated or resumed 2 days after radioiodine administration [50]. 
Recombinant human thyrotropin (rhTSH) administration is an acceptable alternative 
to thyroid hormone withdrawal (TWH) based on ATA guidelines before remnant 
ablation or adjuvant treatment in low-risk and intermediate-risk DTC without 
extensive lymph node involvement. In extensive lymph node disease without distant 
metastasis, the rhTSH stimulation may be considered an alternative to THW before 
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RAIT. The rhTSH is not approved yet by Food and Drug Administration (FDA) to 
treat distant metastases of DTC. The rhTSH stimulation is recommended for any 
patient with DTC regardless of the risk level if comorbidities exist that preclude THW 
[12]. Furthermore, patients should be advised to avoid iodine-containing medications 
(iodinated contrast agents, antiseptics, eye drops or amiodarone, and iodine-contain-
ing foods) for 4–6 weeks prior to RAIT to avoid competition with non-radioactive 
iodine. Moreover, a low-iodine diet (<50 μg/day), starting 1– 2 weeks prior to RAIT, is 
recommended optionally [50]. Patients are advised to avoid meals for at least 2 hours 
before and 2 hours after administering RAI because heavy meals can slow the absorp-
tion of RAI [16].

8. Follow-ups

The follow-ups are carried out every 6 months (for the first 5 years after diag-
nosis), and if no pathological findings since the period, examinations are adequate 
annually [49, 51]. The follow-up assessment is based on the interview, clinical 
examination, cervical sonography, and determination of TSH and thyroid hormone 
levels, Tg, and Tg antibodies. When postoperative hypoparathyroidism occurs, 
substitution therapy is needed. A diagnostic WBS is obligatory 6–12 months after 
the initial RAIT, and the next WBS is needed if there is a relapse indication [12, 52]. 
Metastatic uptake on 131I-WBS confirms their capacity to concentrate RAI and the 
potential to respond to RAI in this condition as a permit for RAI activity to treat 
metastases.

The criteria for a disease-free (6–12 months) after initial therapy of DTC with 
total thyroidectomy and RAIT are no clinical signs of DTC and without pathologi-
cal uptake in 131I-WBS (except the uptake showed after remnant ablation). A serum 
Tg is below the detection limit, and undetected Tg antibodies [12, 52]. In conditions 
with elevated/rising Tg serum levels and undetectable radioiodine uptake, F-18-
fluorodeoxyglucose positron emission tomography (18FDG-PET) examination is 
recommended [49, 50, 53].

9. Conclusions

The RAI administration aims at remnant ablation and adjuvant treatment for irra-
diating presumed foci of tumor cells to reduce the recurrence risk or treat persistent 
or recurrent disease. The risk stratification after thyroidectomy becomes pivotal in 
DTC management to offer an individualized therapy approach. The decisions should 
be taken depending on tumor features, patient-related factors, healthcare settings, 
and local team preferences. The local team was considered by interdisciplinary teams 
in the initial management of DTC patients, focusing on RAIT. Even though RAIT in 
the low-intermediate risk class is still debatable, RAIT is recommended in high-risk 
DTC without distant metastasis, showing improved outcomes and without controver-
sial decisions.
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Abstract

The standard treatment for patients with differentiated thyroid cancer (DTC) 
is a combination of surgery, radioactive iodine (RAI), and long-term thyroid 
hormone–suppression therapy. Treatment of patients whose diseases persist, 
recur, or metastasize remains a challenge. The role of cytotoxic chemotherapy in 
the treatment of thyroid cancer is limited. The key signaling pathways involved in 
the pathogenesis of thyroid cancers are the RAS/RAF/MEK & PI3K/Akt/mTOR 
pathways. Systemic therapy in thyroid cancer involves the use of tyrosine kinase 
inhibitors targeting the above mentioned pathways which are often both effective 
in controlling disease and have manageable toxicity. Sorafenib and lenvatinib are 
approved for advanced radioiodine refractory and poorly differentiated thyroid 
cancers and vandetanib and cabozantinib for recurrent or metastatic medul-
lary thyroid cancers. Cabozantinib is also approved for the treatment of locally 
advanced or metastatic radioactive iodine–refractory differentiated thyroid 
cancer that has progressed after prior VEGF-targeted therapy. The combination 
of dabrafenib (BRAF inhibitor) and trametinib (MEK inhibitor) is approved for 
BRAF V600E mutated unresectable locally advanced anaplastic thyroid cancer. 
Selpercatinib, RET kinase inhibitor is used for advanced and metastatic RET 
mutated medullary thyroid cancers and advanced and metastatic RET fusion-
positive thyroid cancers of any histologic type. Various clinical trials using newer 
molecules targeting the aforementioned pathways are ongoing.

Keywords: carcinoma thyroid, Iodine refractory, tyrosine kinase inhibitors,  
anaplastic and medullary thyroid cancer, differentiated thyroid cancer (DTC)

1. Introduction

The incidence of thyroid cancers is on the rise with over 586,202 new patients 
diagnosed and greater than 43,646 deaths recorded each year worldwide [1]. Thyroid 
cancers arise from either of the two cell types, namely follicular and parafollicular 
cells. Differentiated thyroid cancer (DTC) accounts for 95% of all thyroid cancers 
[2] and has three subtypes, papillary thyroid cancer (PTC), follicular thyroid cancer 
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(FTC), and Hurthle cell thyroid cancer (HCTC). The poorly differentiated or undif-
ferentiated category includes anaplastic thyroid cancer (ATC). Differentiated and 
undifferentiated tumors originate in follicular cells and medullary thyroid cancer 
(MTC) arises from parafollicular or C cells. While surgery remains the mainstay of 
the treatment of all different histologies of thyroid cancers, for differentiated thyroid 
cancers, radioactive iodine and TSH suppression therapy also play an important role 
in adjuvant management [3]. The prognosis of thyroid cancer, with the exception 
of anaplastic thyroid cancer is excellent with the standard therapy. Treatment of 
patients whose diseases persist, recur, or metastasize remains challenging. Cytotoxic 
chemotherapy has limited role in the treatment of thyroid cancer, hence there was an 
urgent need for the development of new more effective therapies for that subset of 
patients. Recent developments in understanding the molecular etiologies of thyroid 
cancer have led to the identification of novel precision oncological treatments that are 
significantly improving the outlook for patients with advanced diseases and a new 
era of treatment options emerged. Targeted therapy with kinase inhibitors has shown 
promise in management of metastatic and recurrent thyroid cancer. This chapter 
summarizes the rationale for using systemic therapy and the approved drugs in recur-
rent or metastatic thyroid carcinoma.

2. Molecular pathogenesis of thyroid cancer

Thyroid cancers arise as a result of the accumulation of multiple genetic mutations 
that cause abnormal cellular proliferation and prolonged survival of malignant cells. 
Most thyroid cancers arise as a result of aberrant signaling involving the PI3K/Akt/
mTOR and MAPK signaling pathways. The PI3K and MAPK pathways are activated 
by receptor tyrosine kinase (RTK). The PI3K/Akt/mTOR pathway is classically acti-
vated by the induction of RTK at the cell membrane. Activated intracellular PI3K then 
phosphorylates and activates AKT. AKT then travels inside the nucleus to upregulate 
various other oncogenes as well the mTOR pathway, that later trigger tumorigenesis. 
MAPK signaling is stimulated first by activation of an RTK similar to the PI3K/Akt/
mTOR pathway. RTK then activates multiple other genes, including MEK, ERK, RAS, 
and BRAF. ERK ultimately enters the nucleus and then promotes tumorigenesis. The 
most common of genetic changes in Papillary Thyroid Cancers are point mutations in 
BRAF (40%) [4] and RAS (38%) genes [5]. Rearrangement of the RET/PTC proto-
oncogene occurs in ~10–20% of papillary cancers [6]. Genetic rearrangements and 
mutations in anaplastic lymphoma kinase (ALK) [7] and neurotrophic tropomyosin 
receptor kinase (NTRK)1-3 are also present [8], but only ~1–2% of cases. Point 
mutations of RAS and rearrangements of PPARγ/PAX8 genes are the most common 
oncogenic alteration in follicular thyroid cancers. Mutations in members of the PI3K 
pathway, such as PTEN deletion/mutation and PIK3CA, have also been reported at 
low frequencies [9]. Both Anaplastic and Poorly Differentiated Thyroid Cancers also 
demonstrate a high prevalence of the TP53 and TERT promoter mutations, which is 
usually associated with greater aggressiveness [10]. The most common genetic altera-
tions found in Medullary Thyroid Cancer cells are the RET-activating point mutations 
[11], whereas RAS mutations, mainly the HRAS and KRAS mutations, have been 
reported in ~17%of cases [12].

Angiogenesis, being a very important process in tumor development is another 
attractive target for cancer therapy [9]. The vascular endothelial growth factor 
(VEGF) is overexpressed in the setting of intratumoral hypoxia via hypoxia-inducible 
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factor-1α (HIF1α) and promotes angiogenesis. This transcription factor HIF1α is 
also upregulated by MAPK and PI3K/AKT pathways. An important target of HIF1α 
is the MET receptor, which is highly expressed in many thyroid cancers, promoting 
angiogenesis, cellular motility, invasion, and metastasis [13]. The above mentioned 
molecular pathways have been the basis for development of newer drugs and their 
testing in clinical trials in recent years and thereby provide attractive therapeutic 
targets for thyroid cancer.

3. Systemic therapy in thyroid cancer

3.1 Chemotherapeutic agents

Cytotoxic chemotherapy has limited role in treatment of thyroid cancer, as most 
trials using cytotoxic chemotherapies in thyroid cancer have shown disappointing 
efficacy. FDA approved doxorubicin for the treatment of thyroid cancer in 1974. 
Chemotherapy regimens with doxorubicin have shown 30–45% partial response in 
differentiated thyroid cancers [14, 15]. The combination of cisplatin and doxorubicin 
did not result in any additional improvement in overall response compared to doxo-
rubicin alone [16]. Various other combination chemotherapy regimens also have not 
yielded any encouraging results so far [17, 18]. Chemotherapy is generally not recom-
mended for patients with differentiated thyroid cancers in view of poor response rates, 
short duration of response, and toxic effects of chemotherapy [19]. Similar to DTC, 
chemotherapy has a limited role in the treatment of persistent or recurrent MTC due to 
the poor response rates (10–15% partial response) [20]. Combination chemotherapy 
regimens based on dacarbazine and doxorubicin have been tried in MTC, but with 
limited results [21]. In anaplastic thyroid cancers, chemotherapy in addition to surgery 
and radiation showed longer median survival rates for stage IVA and IVC ATC patients 
in a US national cancer registry study [22]. Few other studies have also demonstrated 
the utility of neoadjuvant chemotherapy in patients with stage IVA and IVB tumors 
allowing them to undergo successful resection [23]. In advanced cases, doxorubicin, 
taxanes (paclitaxel or docetaxel) and platins (cisplatin or carboplatin) have demon-
strated activity with response rates ranging from 15 to 25% [24, 25].

3.2 Targeted therapies

Evolution of targeted therapies in thyroid cancer:
The increasing knowledge about the molecular alterations underlying thyroid 

cancer has greatly increased the interest in developing new drugs for targeted treat-
ments in the last decade. The families of drugs that have primarily been investigated 
and most extensively studied for the treatment of thyroid cancer are tyrosine kinase 
inhibitors (TKIs). The first international clinical trial started in 2005 and explored the 
efficacy of motesanib diphosphate on 93 patients with progressive, locally advanced 
or metastatic, radioiodine refractory DTC. The median PFS was estimated to be 
40 weeks [26]. The same drug was investigated for the treatment of locally advanced 
or metastatic, progressive, or symptomatic MTC in another single-arm phase 2 study 
which enrolled 91 patients. The median PFS was 48 weeks [27]. Despite these promis-
ing results, the drug was not FDA approved for these indications. Both studies used 
a single-arm design and were performed in a relatively small population of patients. 
Moreover, the lack of a placebo arm is another limitation. Soon after the motesanib 
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study, another, phase 2 study examining the effect of axitinib on 52 cases of locally 
advanced, unresectable, or metastatic MTC or RAI-R DTC was started. The median 
PFS and OS was 16.1 months and 27.2 months respectively. As in the previous stud-
ies, the single-arm design of this study makes the interpretation of the results rather 
difficult. Although the results appeared encouraging, no further studies have been 
planned using this drug [28]. These trials show that targeted therapies could lead to 
prolonged disease stabilization and objective response in patients with metastatic 
or recurrent thyroid cancers. Following these multiple other targeted agents soon 
entered clinical trials and there by a new era of treatment options emerged.

3.2.1 Multikinase inhibitors

Various multikinase inhibitors has proven to be an effective treatment option for 
metastatic and recurrent Thyroid Cancers, given the activity of the PI3K/Akt/mTOR 
and MAPK signaling pathways in this disease. Currently, there are four drugs, all oral 
multikinase inhibitors, approved in the treatment of differentiated and medullary 
thyroid cancer. Sorafenib is a multikinase inhibitor that targets the VEGF receptor 
(VEGFR), platelet-derived growth factor receptor (PDGFR), and RAF. Lenvatinib is 
another kinase inhibitor that targets VEGFR1–3, fibroblast growth factor receptors 
(FGFR) 1–4, PDGFRα, RET, and c-Kit signaling pathways. Vandetanib selectively 
targets RET, VEGFR, and EGFR signaling and cabozantinib is a kinase inhibitor of 
RET, VEGFR2, and MET. All these kinase inhibitors are antiangiogenic, but they also 
have additional targets that may contribute to their efficacy. The response rates of the 
above agents vary from 30 to 50% in various trials.

Sorafenib and lenvatinib are FDA approved for advanced radioiodine refractory 
and poorly differentiated thyroid cancers and vandetanib and cabozantinib are 
approved for recurrent or metastatic medullary thyroid cancers.

Role of multikinase inhibitors in differentiated thyroid cancer:
Two randomized placebo-controlled phase III clinical trials that led to US Food 

and Drug Administration (FDA) approval of TKIs for treatment of progressive RAI-
refractory DTC are the DECISION and SELECT trials.

Sorafenib was approved by the FDA in 2013 on the basis of DECISION trial in 
locally advanced or metastatic radioiodine refractory differentiated thyroid cancer 
[29]. DECISION, a double-blind, placebo-controlled, phase 3 trial trial reported a sig-
nificant progression-free survival (PFS) benefit of 5 months with sorafenib. Median 
progression-free survival in the sorafenib group was 10·8 months vs. 5·8 months 
in the placebo group (p < 0·0001). However, the overall response rate [ORR] was 
12% in the trial. Sorafenib did not improve overall survival (OS), although PFS was 
longer with sorafenib. The SELECT trial, a phase 3 randomized double-blind trial 
investigated lenvatinib versus placebo in patients with progressive iodine-refractory 
DTC which showed a significant improvement in PFS of 14 months with lenvatinib 
compared with placebo. The median PFS was 18.3 months in the lenvatinib group and 
3.6 months in the placebo group (P < 0.001) and lenvatinib had an ORR of 65% [30].

Cabozantinib has shown activity in patients with radioiodine-refractory DTC who have 
been previously treated with lenvatinib, sorafenib, or both TKIs in COSMIC -311, a double-
blind, placebo-controlled, phase 3 trial [31]. The trial showed significant improvement in 
progression-free survival for cabozantinib over placebo (5·7 versus 1·9 months, p < 0·0001) 
and an ORR of 15%.Based on the above trial results, FDA approved cabozantinib for the 
treatment of locally advanced or metastatic radioactive iodine–refractory differentiated 
thyroid cancer that has progressed after prior VEGF-targeted therapy in 2021.
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Role of multikinase inhibitors in medullary thyroid cancer:
Vandetanib was approved for the treatment of locally advanced or metastatic 

medullary thyroid cancer based on the ZETA trial, a randomized double blind phase 
3 trial that demonstrated a PFS benefit of 11 months (p < 0.0001) with vandetanib 
compared with placebo in patients with MTC. At a median follow up of 24 months, 
vandetanib demonstrated an ORR of 45% [32]. One major limitation in the design of 
the study was that there was no requirement for disease progression prior to enrol-
ment in the trial. Because of the above limitation, patients with indolent disease could 
have been part of this clinical trial.

In the EXAM trial a double-blind, phase III trial, which investigated cabozantinib 
versus placebo in locally advanced or metastatic medullary thyroid cancer, patients were 
required to have disease progression at the time of study entry. At a median follow-up of 
13.9 months, the trial showed that the placebo arm had a much shorter PFS of 4 months 
compared with 11 months for those in the cabozantinib arm (p < .001), with an ORR 
of 28% [33]. The below table summarises the four approved kinase inhibitors used in 
thyroid cancers (Table 1).

Drug Sorafenib 
(DECISION 
TRIAL) [29]

Lenvatinib 
(SELECT trial) 

[30]

Vandetanib 
(ZETA trial) 

[32]

Cabozantinib 
(EXAM trial) 

[33]

Cabozantinib 
(COSMIC 
trial) [31]

Tumor DTC 
-Radioiodine 

refractory

DTC -Radioiodine 
refractory

Medullary 
Thyroid cancer

Medullary 
Thyroid 
cancer

DTC 
-Radioiodine 

refractory 
progressing 
following 
VEGFR 
targeted 
therapy

Targets VEGFR,c-Kit, 
RET, PDGFR, 

RAS

VEGFR,c-Kit, 
RET, PDGFR, 

FGFR

VEGFR,c-Kit, 
RET, EGFR

VEGFR,c-Kit, 
RET, ERT, 

MET

VEGFR,c-Kit, 
RET, ERT, 

MET

No of 
patients

417 392 331 330 187

PR% 12.2% 64.8% 45% 28% 15%

Median 
PFS 
(Months)

10.8 18.3 30.5 11.3 5.7

Side effects Palmer-plantar 
erythro 

dysesthesia, 
Diarrhea, 

alopecia,skin 
rash, fatigue, 
weight loss, 

anorexia, 
hypertension

Hypertension, 
Fatigue, Diarrhea, 
Anorexia, Weight 

loss, Nausea, 
Stomatitis

Diarrhea, Skin 
rash, Nausea, 
Hypertension 

Qt-prolongation

Diarrhea, 
Palmer-
plantar 
erythro 

dysesthesia, 
weight loss, 

anorexia, 
Nausea, 

Fatigue, Gi 
ulcers & 

hemorrhage

Diarrhea, 
Palmer-plantar 

erythro 
dysesthesia, 
weight loss, 

anorexia, 
Nausea, 

Fatigue, Gi 
ulcers & 

hemorrhage

Table 1. 
Four approved kinase inhibitors based on their phase 3outcomes.
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3.2.2 Selective inhibitors

3.2.2.1 BRAF and/or MEK inhibitors

Role of BRAF and/or MEK inhibitors in Anaplastic thyroid cancer:
BRAF inhibitors alone, or in combination with MEK inhibitors, have been exten-

sively studied in BRAF mutated thyroid cancer. Dabrafenib (BRAF inhibitor) and tra-
metinib (MEK1/2inhibitor) was FDA approved for BRAFV600E mutated ATC based on 
the safety and efficacy data in a phase II, open-label BRF117019 trial in which 16 patients 
with BRAF V600E mutant ATC were enrolled [34]. At a median follow-up of 47 weeks, 
the ORR was 69%. Seven of the 16 patients had continued response to therapy. Median 
overall survival and progression free survival were not reached in the study. The com-
mon adverse effects observed in the study were fatigue, pyrexia, and nausea.

The outcomes of a series of six initially unresectable BRAF V600E mutated ATC 
patients who received neoadjuvant dabrafenib and trametinib followed by a R1 or R0 
surgical resection was reported by Wang et al. All six patients continued treatment 
with dabrafenib and trametinib after surgery. All six patients could undergo complete 
surgical resection. Analysis of the surgical specimen revealed 0–5% viability in five 
patients, whereas it was 50% viable in one patient. OS at 6 months and 1 year was 
100% and 83%, respectively and loco-regional control rate was 100% in the series 
[35]. In a large single-institution cohort study at MD Anderson Cancer Center on 479 
patients with ATC treated from 2000 to 2019, there were 20 patients treated with 
BRAF directed neoadjuvant targeted therapy followed by surgery. The 1-year overall 
survival was 94% in this group [36].

Role of BRAF and/or MEK inhibitors in differentiated thyroid cancer:
BRAF inhibitiors (vemurafenib or dabrafenib) alone or in combination with MEK 

inhibitors are effective for differentiated thyroid cancers. Vemurafenib was tested in 
51 patients with BRAF V600E mutated PTC in a non-randomized, open-label phase II 
study. 10 of 26 patients who were VEGFR tyrosine kinase inhibitor-naive had partial 
response (PR) rates of 38.5%, and a majority had at least stable disease (SD) (57.5%). 
Median PFS was 18.2 months and Median OS was not reached [37]. In another phase 
II, randomized study, patients with BRAFV600E mutated PTC were randomized 
to dabrafenib monotherapy or dabrafenib with trametinib. 10 of 26 patients, who 
received dabrafenib monotherapy, had RECIST defined partial response, while nine 
of 27 in the combination arm had a partial response of the disease. A total of 50% and 
54% in monotherapy and combination, respectively, had at least 20% decrease in tar-
get lesions. Median PFS for dabrafinib and trametinib combination was 15.1 months 
vs. 11.4 months for dabrafenib alone [38].

Mammalian target of rapamycin (mTOR) inhibitors:
The PI3K/Akt/mTOR pathway is downstream of RAS and activation of this 

pathway mostly occurs in advanced thyroid cancers. Everolimus and temsirolimus 
are drugs that are inhibitors of the mTOR pathway. These drugs have been studied in 
several phase 2 clinical trials of all thyroid cancer subtypes.

50 patients (33 DTC, including 13 HCTC; 10 MTC; and 7 ATC) were enrolled 
in the most recently published everolimus trial by Hanna et al. Disease progression 
within previous 6 months was an inclusion criterion for enrollment to the trial. 
Six percent of patients in the trial achieved partial response and 74% of patients 
experienced stable disease. The median PFS was 12.5 months for the entire cohort 
of patients in the trial. The median PFS in DTC and MTC was 12.9 and 13.1 months, 
respectively [39].
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The combination of everolimus with other targeted agents has also been tried. In a 
trial combining everolimus and sorafenib, 55% of patients achieved partial response, 
which is higher than single-agent sorafenib reported in literature [40].

Similarly, when a combination of sorafenib and temsirolimus was studied in 
follicular-derived thyroid cancer, partial response was seen in 22% patients [10]. 
Adverse effects of m-TOR inhibitors include mucositis, anorexia, pancytopenia, 
hyperglycemia, liver function test abnormalities, and rarely pneumonitis.

3.2.2.2 Selective RET inhibitors

Selpercatinib is an oral selective RET kinase inhibitor for RET mutated MTC and RET 
fusion-positive thyroid cancers. The safety and efficacy of selpercatinib (160 mg twice 
daily) in patients with RET-mutant MTC was evaluated in the phase I/II LIBRETTO-001 
trial. The ORR was 69% among 55 patients previously treated with TKIs including cabo-
zantinib and vandetinib. Among 88 TKI naïve subjects, ORR was 73% and ORR was 62% 
in a cohort of patients with RET-fusion positive thyroid cancer [41]. Selpercatinib is well 
tolerated with very few adverse effects reported like fatigue, diarrhea, constipation, dry 
mouth, nausea, and dyspnea. Pralsetinib, is a second potent RET-inhibitor with activity 
in RET-fusion positive MTC. ARROW is a phase I/II trial of pralsetinib for RET-mutated 
cancers. Among 13 RET- fusion positive thyroid cancer patients enrolled in the trial, over-
all response rates were 91% and all patients had at least stable disease. For RET-mutated 
treatment naïve MTC patients, overall response rates were 74%, while overall response 
rates of around 60% were reported for previously treated patients [42]. Pralsetinib is also 
well tolerated like selpercatinib, with constipation, elevated liver enzymes, hypertension, 
fatigue, and peripheral oedema being the most common side effects.

3.2.2.3 Other selective inhibitors

The existence of gene fusions in NTRK, ALK, and ROS1 in a subgroup of patients 
with PTC, PDTC, and ATC has added to the understanding of the genetic basis of 
thyroid cancer and such patients may have more aggressive disease. Larotrectinib is a 
selective pan-NTRK (A, B, and C) inhibitor. Larotrectinib has been studied in cancer 
patients that harbor NTRK fusions, including in those with NTRK fusion–positive 
DTC and ATC [43]. In a study of 28 patients with TRK fusion–positive iodine-refrac-
tory DTC, ORR was 75% [44]. Overall, larotrectinib was well tolerated and the most 
common adverse effects reported were fatigue, nausea, vomiting, abnormal liver 
function tests and dizziness.

Entrectinib is a potent inhibitor of NTRK like larotrectinib, but it also targets 
ROS1 and ALK [45]. NCT02568267, an open-label, multicenter, global, phase 2 
basket study of entrectinib is enrolling patients with thyroid tumors (including PTC) 
harboring gene rearrangements in NTRK, ROS1, or ALK.

There is one case report reported in literature of an ATC patient with an ALK 
rearrangement, who has been successfully treated with crizotinib (an ALK inhibitor) 
after failing standard therapy [46]. An open-label study of ceritinib, an ALK inhibi-
tor, recruiting ATC patients (NCT02289144) is currently ongoing.

3.3 Immunotherapy

Immuno-oncology is another area that is gaining momentum in advanced thyroid 
cancer, including immune checkpoint blockade. Inhibition of programmed cell death 
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protein (PD-1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and other 
proteins in the checkpoint cascade, is currently being investigated as new molecular 
targets in patients with advanced thyroid cancers (Table 2). Updated guidelines that 
incorporate testing for immuno-oncology markers may need to be developed depend-
ing on the results of these trials.

4. Conclusions

Recent understanding on the molecular basis of thyroid cancers have led to newer 
advances in treatment approaches for patients with advanced and recurrent disease. 
Patients with advanced radioiodine refractory DTC, PDTC were considered to have 
poor prognoses until recently. The role of cytotoxic chemotherapy in treatment 
of thyroid cancer is limited. Sorafenib and lenvatinib are approved for advanced 

Study number Treatments Thyroid cancer type Status

NCT04400474 [47] Cabozantinib with 
Atezolizumab

ATC Phase II, Recruiting

NCT04238624 [48] Cemiplimab with 
Dabrafenib and Trametinib

ATC Phase II, Recruiting

NCT03360890 [49] Pembrolizumab and 
Chemotherapy

ATC Phase II, Recruiting

NCT04171622 [50] Lenvatinib and 
Pembrolizumab

ATC Phase II, Not yet 
recruiting

NCT03181100 [51] Atezolizumab with 
Chemotherapy

ATC/PDTC Phase II, Recruiting

NCT03914300 [52] Cabozantinib, Nivolumab, 
and Ipilimumab

Advanced DTC Phase II, Suspended 
(scheduled interim 
monitoring)

NCT04061980 [53] Encorafenib and Binimetinib 
and/or Nivolumab

BRAF V600Epositive 
DTC

Phase II, Recruiting

NCT04675710 [54] Pembrolizumab, 
Dabrafenib, and Trametinib

ATC, PDTC Phase II, Recruiting

NCT02973997 [55] Lenvatinib and 
Pembrolizumab

DTC, PDTC Phase II, Active, Not 
recruiting

NCT04731740 [56] Pembrolizumab and 
Lenvatinib or Chemotherapy

PDTC, ATC Phase II, Suspended 
(Financial problems)

NCT03246958 [57] Nivolumab and Ipilimumab DTC, MTC, ATC Phase II, Active, Not 
recruiting

NCT04524884 [58] Toripalimab and Surufatinib MTC, DTC Phase II, Not yet 
recruiting

NCT04521348 [59] Camrelizumab and 
Famitinib

MTC, ATC, DTC Phase II, Recruiting

NCT03753919 [60] Durvalumab with 
Tremelimumab

ATC, DTC, MTC Phase II, Recruiting

Table 2. 
Ongoing clinical trials of immuno-oncology treatments for thyroid cancer.



Systemic Therapy in Thyroid Cancer
DOI: http://dx.doi.org/10.5772/intechopen.106462

129

Author details

Geethu Babu, Rejnish Ravikumar, Malu Rafi, Lekha Madhavan Nair, 
Zuzaki Sharafuddin, John Mathew, Nijo Jose and Kainickal Cessal Thommachan*
Department of Radiation Oncology, Regional Cancer Centre, 
Thiruvananthapuram, Kerala, India

*Address all correspondence to: drcessalthomas@gmail.com

radioiodine refractory and poorly differentiated thyroid cancers and vandetanib and 
cabozantinib for recurrent or metastatic medullary thyroid cancers. Cabozantinib 
is also approved for the treatment of locally advanced or metastatic radioactive 
iodine–refractory differentiated thyroid cancer that has progressed after prior VEGF-
targeted therapy. The combination of the BRAF inhibitor, dabrafenib and MEK 
inhibitor, trametinib, is approved for BRAF V600E mutated; unresectable locally 
advanced anaplastic thyroid cancer. Selpercatinib, RET kinase inhibitor is used for 
advanced RET mutated medullary thyroid cancers and RET fusion-positive thyroid 
cancers of any histologic type. Due to the availability of drugs that target specific 
molecular alterations for the treatment of thyroid cancers, optimal molecular testing 
to identify suitable candidates for such therapies is warranted. The knowledge of 
the molecular profile of the tumor allows informed treatment decisions to be made, 
though optimal therapeutic sequencing of targeted therapy or their combination with 
immunotherapy is not yet known. More data from ongoing clinical trials might help to 
document the optimal therapeutic sequencing of available molecular therapies.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Anaplastic carcinoma thyroid, also known as undifferentiated thyroid carcinoma,
is a rare but highly aggressive malignant tumor, which accounts for 2–3% of all
thyroid malignancies. It is mostly seen in elderly females in their 6th or 7th decade. It
carries a very bad prognosis with an average median survival of 5 months. Patients
often present with a rapidly growing, painful, woody hard lower anterior neck mass
fixed to underlying structures. In addition to local invasion, patients also present with
regional nodal spread and distant metastasis. Though the risk factors for anaplastic
carcinoma thyroid are unknown, most of them develop in the setting of long-standing
goiter, possibly in an undiagnosed, well-differentiated thyroid carcinoma. Manage-
ment of anaplastic carcinoma thyroid demands a multidisciplinary approach with the
involvement of surgeon, radiation oncologist, radiologist, and endocrinologist. The
conventional treatment of anaplastic carcinoma thyroid includes surgery, radiation,
and chemotherapy. Recently, multitarget tyrosine kinase inhibitors are also incorpo-
rated into the treatment. However, prognosis of the disease is very poor with 4
months of overall survival of 35% and overall disease-specific mortality of 98–99%. In
this chapter, we discuss how to approach the condition and various treatment strate-
gies to provide improved treatment outcomes for patients diagnosed with anaplastic
carcinoma thyroid.

Keywords: anaplastic carcinoma thyroid, presentation, investigations, surgery,
radiation, chemotherapy, targeted agents

1. Introduction

Anaplastic carcinoma thyroid (ATC) is a rare type of thyroid cancer that carries a
worse prognosis. It is extremely aggressive, and the average median survival of ATC is
5 months, with less than 20% of the patients alive after 1 year of diagnosis.
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2. Epidemiology and pathogenesis

ATC accounts for 1–2% of all thyroid malignancies. It usually affects patients in
their 6th to 7th decade with a female predominance (male/female ratio: 1.5:2) [1–3].
However, it contributes up to 14–50% of the annual mortality associated with
thyroid cancer [1]. The age-adjusted annual incidence is one to two per million
people [4, 5].

Based on different tumor registries, the frequency of ATC is variable in different
countries; however, there has been a drastic reduction in its incidence owing to
better dietary iodine intake as well as timely diagnosis and treatment of DTC and
MNG [1].

ATC usually originates in the background of a long-standing goiter. Dedifferentia-
tion of differentiated thyroid cancer cells is considered the most common cause of
ATC. Dedifferentiation arises due to multiple chromosomal aberrations, alteration in
signal transduction pathways, and cell-cycle derangement.

BRAF, RAS oncogene, PIK3CA, PTEN, and TP53 mutations are the most com-
monly associated genetic alterations in ATC [6, 7]. Reduced levels of E-cadherin and
beta-catenin are also associated with ATC [8].

Around 20–30% of patients have coexisting differentiated thyroid cancer with
papillary being the most common (20%) [9, 10]. Serial biopsies of the thyroid gland
also predispose to ATC [11]. Commonly seen mutations and their expression are listed
in Table 1.

3. Prognosis

ATC carries a dismal prognosis with mortality approaching 100% with 1- and 5-
year survival rate less than 30 and 14%, respectively [17–20]. Patients with localized
disease have a better prognosis than those with regional or distant metastasis [9, 20].
Tumor size less than 6 cm in maximum dimension carries a better prognosis [9, 18].
Other favorable prognostic factors include unilateral tumor, localized with node-
negative or no extrathyroidal extension [16, 20, 21].

Unfavorable factors include older age at diagnosis, male gender, airway compro-
mise during the presentation, and distant metastasis [16, 20].

Mutations associated with ATC (frequency in %) [8] Expression

TP53 [12] Upregulated

CTNNB1 [13] Upregulated

BRAF [14] Upregulated

RAS [15] Upregulated

PI3KCA [16] Downregulated

PTEN [17] Downregulated

APC [9] Downregulated

Table 1.
Most common mutations and their expression associated with ATC.
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4. Clinical features

The majority of the patients present with a rapidly progressing neck mass with
complaints of dysphagia, dyspnea, and neck pain. Approximately 90% will have
regional or distant spread at the time of diagnosis [17–19]. The regional spread shows
infiltration of perithyroidal fat, lymph nodes, trachea, esophagus, great vessels of the
neck, and mediastinum. Based on the infiltration of adjacent neck structures, patients
can also develop hoarseness (recurrent laryngeal nerve invasion), Horner’s syndrome
(parasympathetic chain involvement), and thromboembolic episodes due to carotid
infiltration.

Around 40% of patients present with cervical lymphadenopathy and 43% will
have distant metastasis most commonly involving lungs followed by bone and
brain [20].

Also, patients can present with constitutional symptoms, such as pyrexia of
unknown origin, anorexia, weight loss, and rarely with features of thyroiditis [22, 23].

On examination, there will be bilateral but asymmetric enlargement of the thyroid
gland with ill-defined borders. Usually, they are nodular, woody hard in consistency,
and may be tender. Some nodules may be fluctuant due to focal tumor necrosis [24].
Due to adhesion with the adjacent structures, most of the time the swelling does
not move with swallowing. The skin over the swelling may be erythematous and
ulcerated.

During clinical examination, they should undergo an ENT evaluation to rule out
vocal cord dysfunction or airway compromise.

Other findings include dilated chest wall veins due to superior vena cava obstruc-
tion (SVCO) from a retrosternal thyroid growth, stridor due to tracheal invasion, and
vocal cord paralysis.

5. Diagnosis

ATC is a very aggressive tumor with a very short doubling time, and hence disease
burden should be assessed accurately and promptly.

Laboratory investigations should include a complete blood count, a baseline eval-
uation of liver and renal function, thyroid function tests, albumin levels, and serum
electrolytes levels. Nutritional assessment is also required as most of them will have
dysphagia and reduced food intake.

Fine needle aspiration cytology from the thyroid mass can yield an early
diagnosis. Morphologic patterns of ATC include spindle cells, pleomorphic giant cells,
and squamoid histologies [16]. Most of them will have a mixed morphology of two
or all the three patterns and they show extensive necrosis, atypical mitoses, and
numerous mitotic figures. However, for immunostaining and molecular studies, a
core biopsy is preferred. Routinely they will not stain positive for TTF1, PAX8, and
thyroglobulin. Patterns of IHC in various thyroid malignancies are summarized in
Table 2.

Poorly differentiated carcinoma, large cell lymphoma, and extension of laryngeal
carcinoma are the most common differential diagnosis.

Radiological evaluation should be done immediately without any delay. High-
resolution ultrasound can be done as it is convenient, rapid, and easy in assessing
tumor extent, neck nodes, and adjacent structure involvement.
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Other imaging modalities include CT/MRI of the neck and chest to assess tumor
extent and infiltration to adjacent structures. FDG-PET scan has recently gained a role
in imaging ATC as it helps in the accurate diagnosis of distant metastasis compared to
other imaging modalities [15]. If trachea or esophagus infiltration is suspected, upper
GI endoscopy or bronchoscopy is indicated [20, 25].

Molecular testing can be done if available; however, its clinical utility is not well
established. Next-generation sequencing should be performed for targetable muta-
tions under the context of a clinical trial. Rapid testing of BRAF V600E mutation is
most commonly done if available in FNA or core needle biopsy specimens.

6. Staging

The American Joint Committee on Cancer (AJCC) 8th edition considers all ana-
plastic cancers as Stage IV. The T category follows the same definitions as those for
differentiated thyroid cancers. Intrathyroidal anaplastic cancers form Stage IVA,
whereas gross extrathyroidal extension or nodal metastasis form Stage IVB and distant
metastasis form Stage IVC.

7. Treatment approach

Initial therapy in these patients mainly depends on the stage of disease and muta-
tion status. Based on this, various treatment options include surgery, radiation with or
without chemotherapy, systemic therapy, and palliation.

Gross resection is the main goal in patients with ATC, but the extent of resection
should always outweigh the potentially devastating complications and morbidity of
the procedures. Airway assessment and prompt treatment without delay are most
important. Securing and maintaining a patent airway is challenging in these patients,
but, routine tracheostomy is not recommended as it has not shown any improved
outcome in survival or quality of life.

IHC DTC ATC MTC SCC Lymphoma

Pancytokeratin +++ +++/� +++ +++ �
Thyroglobulin +++ � � � �
TTF-1 +++ �/+ +/� � �
BRAF v600E +/- �/+ � � �
PAX8 +++ +/� +/� � �/+

Ki67 <5% >30% <20% >30% Variable

Chromogranin � � +++ � �
Calcitonin � � +++/� � �
CEA � � +++ � �
P53 � +/� � +/� +/�
CD45 � � � � +++

Table 2.
Patterns of IHC in various thyroid malignancies [25].
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Tracheostomy is recommended in impending airway compromise and in those
tumors that will not benefit from debulking.

7.1 Stage IVA

Stage IVa includes disease confined within the thyroid capsule. Around 2–15% of
patients present with Stage IVa disease, in which, total thyroidectomy with a thera-
peutic central and lateral neck node dissection is recommended [25, 26]. Attaining
gross negative margins have shown a significantly better prognosis than those with
tumor residue (p < 0.005) [26]. Sugitani et al. reported that, although the benefit
from additional therapies for completely resected Stage IVa ATC was not significant,
they tend to show better survival with adjuvant radiation compared to those who
underwent radical surgery alone (HR: 0.37; 95% CI: 0.121.13; p = .081) [27]. However,
for completely resected ATC (R0 resection), additional therapies are not routinely
indicated.

7.2 Stage IVB

Around 35% of the patients present as Stage IVb with extrathyroidal extension or
cervical nodal involvement. They benefit from a combined modality approach.

For resectable tumors, total thyroidectomy with central and lateral therapeutic
neck dissection followed by adjuvant chemoradiation has shown significantly
prolonged cancer-specific survival compared to those who underwent surgery alone
or with adjuvant RT alone (HR: 0.45; 95% CI: 0.250.81; p = .0083) [27].

The intensity-modulated RT technique is recommended to get better dose distri-
bution and reduced toxicities [28]. Several authors have reported a dose–response
relationship and showed that a dose of more than 60 Gy has shown a good outcome
[14, 29, 30]. Commonly delivered radiation dose includes 70 Gy to the gross tumor or
66–70 Gy to the postoperative bed and 54 Gy to the potential microscopic spread
region using a standard fractionation schedule [31, 32].

Several chemotherapy agents are used as concurrent, but mostly Doxorubicin 20
mg/m2 or Paclitaxel 50 mg/m2 weekly is given [14, 33, 34].

The role of hyperfractionation is not known, as there is poor evidence to show that
it is better than conventional fractionation. Also, hyperfractionation is associated with
increased toxicity [31, 35, 36].

However, careful patient selection is required as the procedure has an impact on
quality of life. Hence, those who get a meaningful clinical benefit should be offered
combined modality treatment. The best outcome is seen when adjuvant radiation is
started as early as possible, once the patient has recovered from surgery [37].

For unresectable tumors with BRAF mutation, neoadjuvant treatment with
Dabrafenib (150 mg twice daily) and Trametinib (20 mg daily) is started to downsize
the tumor to facilitate a complete surgical resection [38, 39]. For poor responders of
mutation-directed therapies, palliative radiation is an option.

7.3 Stage IVC

Around 55% of ATC patients present with distant metastasis. Stage IVc has no
curative treatment and is fatal. One case series has reported a median survival of 4.2
months in those with distant metastasis at presentation compared to 6 months in
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nonmetastatic ATC [34]. Stage IVc is managed with palliative radiation or debulking
with or without systemic therapies.

Palliative resection or debulking should be considered to avoid a future or to treat
current airway compromise, which may prolong and improve quality of life. As
discussed initially, most of the patients are in their 6th or 7th decade. Hence, airway
preservation is enough for old age life preservation.

Palliative external beam radiotherapy (EBRT) has a definite role in symptom
control for those who have unresectable/metastatic diseases. It helps in reducing the
growth of neck mass and thereby alleviates the pressure symptoms. Various schedules
are there, but commonly followed ones are 20 Gy in 5 fractions or 30 Gy in 10
fractions.

Systemic therapies include cytotoxic agents, targeted agents, and immunother-
apies. If patients have another targetable mutation, such as NTRK, RET fusion, or
ALK, they should be enrolled in clinical trials in mutation-directed systemic therapy.

8. Role of cytotoxic therapy

Chemotherapy is an important independent prognostic factor associated with
improved survival [13, 40, 41]. However, data on comparing different chemotherapy
regimens in these patients are very limited and underpowered due to the low inci-
dence and aggressiveness of the tumor. In the absence of molecular abnormalities,
most commonly given chemotherapy includes a combination of Paclitaxel and
carboplatin, Cisplatin and Doxorubicin, Docetaxel and Doxorubicin, Paclitaxel alone
or Doxorubicin alone [25]. The role of the combination of Cisplatin and Doxorubicin
as well as Paclitaxel as a single agent is being studied in ATC and has shown moderate
response [19]. However, all these are based on fairly small single studies that need
further validation.

ATC has a very rapid doubling time of 3–12 days, hence, some authors recommend
that the chemotherapy regimens should be administered in shorter intervals, on
weekly basis rather giving every 3–4 weeks [3, 31]. Systemic therapy protocols are
listed in Table 3.

Treatment Protocols and dose

Chemotherapy [3] Doxorubicin (20 mg/m2) + Cisplatin 120 mg/m2) every 28 days
Paclitaxel (175 mg/m2) + carboplatin AUC 5 every 21 days
Paclitaxel 50–100 mg/m2 + Carboplatin AUC2 weekly
Docetaxel 20 mg/m2 + Doxorubicin 20 mg/m2 weekly
Paclitaxel alone 30–60 mg/m2 or Docetaxel 20 mg/m2 weekly

BRAF and MEK inhibitors
[42, 43]

Dabrafenib 150 mg twice daily + Trametinib 2 mg once daily

RET inhibitor [44] Selpercatinib 160 mg twice daily or 120 mg twice daily (if body weight
<50 kg)

NTRK inhibitor [45] Larotrectinib 100 mg twice daily
Entrectinib 600 mg once daily

ALK inhibitor [46] Crizotinib 250 mg twice daily
Larotrectinib 100 mg twice daily

Table 3.
Systemic therapy protocols.
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9. Role of targeted agents

Primary chemoresistance is a commonly encountered issue in ATC that often
results in a bad prognosis. Hence, newer therapeutic agents are being investigated in
ATC, targeting various molecular alterations.

As mentioned above, one-fourth of the ATC is associated with mutation of BRAF
and RAS [47]. A phase II trial was conducted in BRAF V600E-positive tumors includ-
ing 36 patients with ATC, where the patients were treated with the BRAF inhibitor
Dabrafenib plus the MEK inhibitor Trametinib. The treatment was well tolerated with
an ORR of 56% (95% CI, 38.1–72.1%), with three complete responses and a median
PFS and OS of 6.7 and 14.5 months, respectively [42, 43]. The combination was FDA
approved in 2018 as 1st line therapy for BRAF V600E-positive ATC patients.

Unfortunately, acquired resistance to BRAF inhibitors due to secondary mutation
of MAPK pathway or via PI3K/AKT/mTOR pathway is common in ATC, and hence
newer targeted agents are needed. Around 2–3% of ATC patients will have a mutation
of NTRK, ALK, or RET fusion.

For such mutation-positive ATC, very high response rates are reported with spe-
cific inhibitors in various trials. A pooled subgroup analysis of trials investigating the
role of Larotrectinib in ATC showed a response rate of 29% in two out of seven
patients [45, 48]. Similarly, long-lasting responses were also noted with Selpercatinib
and Crizotinib in RET fusion ATC and ALK-rearranged ATC, respectively [44, 46].
However, these are small studies, some are equivalent to case reports and need more
validation.

Inhibitors of PI3K/AKT/mTOR pathway like Everolimus were tested but showed
no response [49]. Combination of Sorafenib and Temsirolimus also could not demon-
strate a durable response [50].

Though anti-angiogenic agents, such as Lenvatinib, are approved in radioiodine
refractory thyroid cancers, their role in ATC is controversial. Based on a single-arm
phase II study with 51 ATC patients, Lenvatinib showed a median PFS benefit of 7.4
months, a median OS of 10.6 months, and an ORR of 24% [51]. However, a recent
prospective phase II Lenvatinib trial was stopped due to futility as the interim analysis
reported a very low response rate (2.9%) and survival outcome [52].

10. Role of immunotherapy

ATC shows high expression of PD-1/PDL-1, and hence immunotherapy may be a
promising approach in these patients. However, data available on its use in ATC are
limited. Many phase II trials are ongoing with immunotherapy alone as well as in
combination with other agents.

The combination of Pembrolizumab and Lenvatinib in ATC is evaluated in the
phase II trial of ATLEP (Anaplastic Thyroid Carcinoma Lenvatinib Pembrolizumab)
study and has shown a partial response of 37.5% [53]. Also, a single institution study
by Lorch et al. has reported partial response in one-third of the ATC patients treated
with a combination of Ipilimumab and Nivolumab [54].

Another PD-1 inhibitor Spartalizumab was tested by Capdevila et al. in 41 heavily
pretreated ATC patients and showed a response rate of 19.6%. The median OS was 5.9
months with 40% alive at 1 year. The median PFS was 1.7 months. The response rate
was higher for those who had a greater PDL-1 expression (35%) [55]. But, the drug is
not FDA approved and is not commercially available.
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Many newer drugs are being tested in phase II and III trials for ATC due to its
aggressive nature and poorer outcomes than conventional treatment. A few are listed
in Table 4.

Stage-wise treatment approach is summarized in Figures 1–3. Clinical trials are
encouraged and the best supportive care can be considered as an option at any point of
treatment.

11. Future directions

Considering the aggressive nature of the disease and its dismal prognosis, novel
therapies targeting the signal transduction pathways associated with ATC are to be
investigated. Several ongoing trials are being conducted that investigate the role of
combining TKIs with immunotherapy or chemotherapy (Table 5).

12. End-of-life care

Most of the patients are present in a very advanced stage due to the rapid progres-
sion of the disease and will not be eligible for any kind of local or systemic therapy.

Drug Study
design

Number of ATC patients
(among total)

Median OS
(months)

Sunitinib [12] Phase II 4/71 NA

Axitinib [56] Phase II 2/60 NA

Pazopanib [57] Phase II 15/15 3.7

Imatinib [58] Phase II 11/11 NA

Gefitinib [59] Phase II 5/27 NA

Vemurafenib [60] Phase II 7/122 NA

Fosbretabulin [61] Phase II 26/26 4.7

Spartalizumab [55] Phase II 38/42 5.9

Efatutazone + Paclitaxel [62] Phase 1 15/15 3.3

Fosbretabulin+ carboplatin+
Paclitaxel [63]

Phase II/III 80/80 5.2

Table 4.
Newer drugs and their clinical trials.

Figure 1.
Stage IVA treatment approach.

142

Thyroid Cancer – The Road from Genes to Successful Treatment



End-of-life life care and best supportive care form an integral part of management in
these groups of patients [25].

13. Surveillance and follow up

Active surveillance for those who had a complete response to initial treatment is
needed. CT of the chest is done within 4 weeks and a single PET–CT is done after 3
months of treatment [15].

Figure 2.
Stage IVB treatment approach.

Figure 3.
Stage IV C treatment approach.
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CT of the neck/chest/abdomen is done thereafter every 1–3 months for the initial 2
years. Later on, less frequent imaging is recommended. Brain imaging is not routinely
done, except in case of symptoms of brain metastasis.

There is no role for radioiodine scanning/ablation or serum thyroglobulin mea-
surement.

Thyroid hormone replacement is required for maintaining euthyroid status. T4
should be started (1.6 mcg/kg body weight) immediately after surgery. TSH suppres-
sion to less than normal is not indicated in ATC.

14. Conclusion

ATC is a rare thyroid malignancy with an extremely grave prognosis. Diagnosis
and treatment should be started quickly and should be based on a multidisciplinary
approach, including surgery, radiation, chemotherapy, and targeted agents. Stage IVA
tumors should undergo primary surgery with gross-negative margins. For completely
resected tumors, there is no role for additional therapies. For resectable stage IVB,
surgery followed by adjuvant radiation with or without chemotherapy is
recommended. For unresectable tumors, mutation-directed therapies based on BRAF
mutation are to be incorporated followed by surgery or radiation. For Stage IVC,
palliative treatment is recommended with either palliative radiation or debulking with
or without systemic therapies. Although newer mutation-directed therapies are being
incorporated into the management of ATC, further validation is needed. The inclusion
of novel approaches, such as targeted therapy and immunotherapy either alone or in
combination with other modalities, may improve outcomes in these patients.

Trials Investigating drug(s) Phase Status

NCT03085056 [64] Trametinib + Paclitaxel in Advanced ATC Phase 1 Recruiting

NCT02152137 [65] Efatutazone + Paclitaxel in Advanced ATC Phase 2 Active, not
recruiting

NCT04552769 [66] Abemaciclib (CDK4/6 inhibitor) in advanced ATC Phase 2 Recruiting

NCT04675710 [67] Pembrolizumab + dabrafenib + Trametinib a
Neoadjuvant in BRAf mutated ATC

Phase 2 Recruiting

NCT04400474 [68] Cabozantinib + Atezolizumab in advanced ATC Phase 2 Recruiting

NCT04579757 [69] Surufatinib + Tislelizumab in advanced ATC Phase 1/2 Recruiting

NCT04759911 [70] Selpercatinib as neoadjuvant in ATC with RET
alterations

Phase 2 Recruiting

Table 5.
Ongoing trials in ATC [3].
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Chapter 9

Lymph Node Metastasis in 
Differentiated Thyroid Cancers
Tom Chi-Man Chow and Shirley Yuk-Wah Liu

Abstract

Lymph node metastasis is common in differentiated thyroid cancers. Therapeutic 
neck dissection removes macroscopic nodal metastasis, reduces local recurrence, and 
facilitates cancer surveillance. On the other hand, microscopic nodal metastasis is also 
increasingly recognized as a potential cause of persistent disease or early recurrences. 
Prophylactic neck dissection, by removing microscopic nodal metastasis, has been 
proposed to reduce recurrence and prevent future reoperation. When cancer recurs, 
regional nodal recurrence is most common, and the management should be individu-
alized. We hereby present a narrative review on the management of nodal metastasis 
in differentiated thyroid cancers.

Keywords: differentiated thyroid cancer, nodal metastasis, neck dissection, 
therapeutic, prophylactic, recurrent nodal disease

1. Introduction

Differentiated thyroid cancers (DTC) account for over 90% of all thyroid cancers 
and are further divided into papillary thyroid carcinomas (PTC), follicular thyroid 
carcinomas (FTC), and Hürthle cell carcinomas. PTC is by far the most common 
subtype, accounting for 85% of all DTC [1].

1.1 Incidence of lymph node metastasis in DTC

The incidence of lymph node metastasis is different between various types of 
DTC. PTC is associated with higher frequency of nodal metastasis [2]. On the con-
trary, FTC seldom metastasizes through the lymphatics [3]. The incidence of nodal 
metastasis in PTC depends on its detection method and definition. Preoperative 
imaging can detect nodal disease in up to 30% of patients [4] whereas pathological 
series reveal nodal metastasis in 20−50% of operated patients [5]. With the replace-
ment of traditional hematoxylin and eosin staining by modern immunohistochemical 
or molecular genetic techniques, the incidence of nodal micro-metastasis (defined 
as tumor foci <2 mm) has been reported in up to 90% of patients [6]. Hence nodal 
metastasis is very common in DTC, particularly amongst patients with PTC and is 
often underestimated.
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1.2 Pattern of lymphatic spread

It is important to understand the pattern of lymphatic spread in DTC as it 
carries important implications in treatment planning. The prelaryngeal (Delphian) 
nodes and paratracheal nodes are the most common first sites of nodal metastasis 
in PTC [7]. Cancer cells then spread laterally to the jugular nodes in a contigu-
ous stepwise fashion prior to spreading to distant sites [8]. If the nodal disease is 
identified in the lateral neck, both central and lateral neck dissection should be 
performed. However, “skip metastases”, i.e. the presence of lateral nodal disease 
without central nodal involvement, have been reported in 7–22% of patients with 
PTC [9, 10]. Multivariate analyses found that skip metastases were most commonly 
found in patients with unifocal tumor ≤1 cm at the upper one-third of thyroid 
lobe. Hence, patients without central nodal disease cannot be assumed to be free of 
lateral nodal metastasis. The knowledge of this pattern of spread enables accurate 
preoperative assessment of the nodal areas and dictates the necessary extent of 
neck dissection.

1.3 Classification of cervical lymph nodes

The cervical levels system has been used to accurately communicate the location 
of nodal disease, standardize terminology in research and guidelines, and define the 
boundaries of areas where lymph node dissection should be performed. Lymph nodes 
in the lateral neck compartment are grouped into level I–V, whereas levels VI and VII 
refer to lymph nodes in the central neck compartment. Several refinements and addi-
tion of sublevels were summarized in Table 1 [11–13].

Nodal level Anatomical boundaries

IA—submental Triangular area bounded by the anterior belly of the digastric muscles and hyoid bone

IB—submandibular Triangular area bounded by the digastric muscle, stylohyoid muscle, and the body of 
the mandible

IIA/B-upper jugular Area bounded by stylohyoid muscle anteriorly, the posterior border of the SCM 
posteriorly, Skull base superiorly, and the hyoid bone inferiorly. The spinal accessory 
nerve further divides sublevel IIA (anterior) and IIB (posterior)

III—middle jugular Area bound by hyoid bone superiorly, inferior border of the cricoid cartilage inferiorly, 
medial border of the SCM anteriorly, and lateral border of the SCM posteriorly.

IV—lower jugular Area bounded by the inferior border of the cricoid cartilage superiorly, the clavicle 
inferiorly, medial border of the SCM anteriorly, and lateral border of the SCM 
posteriorly.

VA/B—posterior 
triangle

Triangular area bounded by the posterior border of the SCM, trapezius muscle, and 
the clavicle. The inferior border of the cricoid cartilage further divides sublevel VA 
(superior) and VB (inferior)

VI—anterior Area bounded by the hyoid bone superiorly, the suprasternal notch inferiorly, and the 
anterior border of SCM posteriorly and midline anteriorly.

VII—superior 
mediastinal

Extension of level VI from suprasternal notch to the level of the innominate artery.

SCM: sternocleidomastoid muscle.

Table 1. 
The levels and sublevels of the neck.



155

Lymph Node Metastasis in Differentiated Thyroid Cancers
DOI: http://dx.doi.org/10.5772/intechopen.106696

1.4 Risk factors predicting nodal metastasis

Understanding the risk factors predicting nodal metastasis in DTC is imperative 
for identifying the group of patients most vulnerable of nodal metastasis and best 
indicated for neck dissection. The most consistently reported risk factor for central 
compartment nodal metastasis is PTC of size larger than 1 cm [14, 15]. The presence 
of ipsilateral central compartment nodal metastasis is also associated with greater 
risks of contralateral central compartment involvement. Other reported risk factors 
include multifocal tumors, extrathyroidal extension, and younger age [14–19]. The 
only risk factor for lateral compartment nodal metastasis is the presence of central 
compartment nodal metastasis [19–21].

With advances in molecular techniques, researchers have explored the utility of 
biomarkers in addition to conventional clinicopathologic features to predict lymph 
node metastasis in DTC. BRAF is a proto-oncogene which has received frequent 
attention. Multiple studies have reported the presence of BRAFV600E mutation as 
a factor associated with nodal metastasis in DTC [22–24]. Yet, other studies have 
refuted such associations [25, 26]. To date, only seven heterogenous prospective 
studies have been published but with conflicting conclusions [27–33]. Hence, the true 
utility of BRAFV600E mutation in risk stratifying nodal metastasis in clinically node 
negative (cN0) patients remains controversial.

Another potential prognostic marker of differentiated thyroid cancer is the 
Telomerase Reverse Transcription (TERT) promoter gene which regulates chromosomal 
integrity. The somatic mutation TERT-C228T was found in up to 11% of DTC [34]. PTC 
with TERT-C228T was associated with more aggressive tumor behaviors and poorer 
clinical outcomes when compared with patients exhibiting BRAF mutation alone [35]. 
The presence of TERT-C228T mutation has been found to be associated with nodal 
metastasis with an OR of 1.5–1.8 but its prospective role in stratifying patients for neck 
dissection remains to be elucidated [36, 37].

1.5 Detection of lymph node metastasis in DTC

1.5.1 Incidence of nonpalpable nodal metastasis

Targeted physical examination of the neck is the important first step in detecting 
nodal metastasis in DTC but its sensitivity is variable. Palpable nodal disease has been 
reported in only around 5–10% of patients but the incidence of nonpalpable nodal 
metastasis is much higher. Mayo Clinic reported that ultrasonography (USG) detected 
nonpalpable nodal metastasis in up to 32% of their PTC cohort [4]. Particularly 
amongst patients with prior neck surgery, the nonpalpable nodal disease was up to 
28 and 64% for the central and lateral compartment, respectively. This highlights the 
importance of preoperative radiological assessment for nodal metastasis.

1.5.2 Role of USG and computer tomography in the detection of nodal metastasis

USG and computed tomography (CT) are commonly used for preoperative 
detection of nodal metastasis in DTC. However, it is important to determine which 
individual imaging modality should be chosen alone or in combination. In general, 
USG is cheap, easily accessible, and allows diagnostic real-time fine needle aspiration 
cytology or biopsy. Conversely, CT is a standardized technique that is non-operator-
dependent, provides greater anatomical details, and allows accurate evaluation of 
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the retropharyngeal, retrosternal, and mediastinal areas not accessible by USG [38]. 
In addition, CT can be useful in evaluating extra-thyroidal tumor extension, better 
detecting multi-level nodal involvement or presence of extranodal extension, and bet-
ter assessing the anatomical relationship with adjacent critical structures. Hence, both 
USG and CT are complementary modalities for the investigation of nodal metastasis.

In a retrospective study, USG had an overall sensitivity of 51% and specificity of 
92% in preoperative detection of nodal metastasis [39]. The performance of CT was 
statistically similar at a sensitivity of 62% and a specificity of 93%. Combined USG/
CT only improved sensitivity in patients with lateral compartment nodal disease 
and in patients with nodal involvement of more than one level. These findings were 
replicated and summarized in a meta-analysis of 1691 patients [40].

Based on the above evidence, the American Thyroid Association (ATA) recom-
mends USG as the first line modality in all DTC while additional CT is considered in 
larger cancers for patients with higher chance of nodal metastasis and extrathyroidal 
spread [41]. Scenarios, where CT would be particularly useful, include patients 
presenting with pressure symptoms arising from thyroid mass, hoarseness of voice, 
clinically fixative thyroid mass (cT4), and retrosternal thyroid extension incompletely 
assessed by USG, and patients with palpable bulky lymph nodes.

1.5.3 Role of positron emission tomography in the evaluation of nodal metastasis

Recently there is an increasing interest in the role of positron emission tomogra-
phy (PET) with 18-fluoro-2-deoxy-d-glucose (18FDG) for evaluating nodal metastasis 
in DTC. In the last two decades, 18FDG-PET has emerged as a growing method for 
detecting DTC recurrences, particularly in non-iodine avid diseases such as Hürthle 
cell carcinomas [42, 43]. In a multicentre study, the sensitivity of 18FDG-PET to detect 
recurrent disease was shown to be greater than 131I whole body scan (WBS) [44]. 
However, PET provides low spatial resolution and suboptimal anatomical details. 
Co-registering PET with CT overcomes this limitation such that 18FDG -PET/CT has 
become an adjunctive tool in the detection of recurrent DTC, particularly in patients 
with elevated serum thyroglobulin and negative WBS.

The potential role of PET/CT in the detection of nodal metastasis prior to initial 
surgery has growing research attention. Jeong et al. evaluated the utility of preopera-
tive PET/CT in their retrospective cohort and reported that PET/CT had a diagnostic 
accuracy of 92.3% with a sensitivity of 30% and a specificity of 96% in detecting 
nodal metastasis which was comparable to USG and CT [45]. However, PET/CT 
did not provide any superior diagnostic accuracy when indirectly compared with 
USG and CT in a network meta-analysis [46]. Further high-quality direct compara-
tive studies are required to further elucidate the role of PET/CT particularly in the 
preoperative assessment for nodal metastasis. Current evidence only supports the role 
of PET/CT in the postoperative detection of recurrent DTC.

Table 2 summarizes the diagnostic performance of various radiological modalities 
in the preoperative detection of cervical nodal metastasis across all cervical levels.

1.6 Prognostic implication of nodal metastasis

It is important to understand how nodal metastasis in DTC affect prognosis in 
order to justify its preoperative detection and neck dissection. Although survival 
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of DTC is generally very good, certain specific populations may suffer from greater 
chances of recurrence and mortality.

1.6.1 Lymph node metastasis and cancer-specific survival

Regional nodal metastasis had been implicated as a prognostic factor for survival 
in earlier studies involving large retrospective cohorts [47–49]. For example, Podnos 
et al. demonstrated a significantly lower overall survival at 14 years (79% vs. 82%) for 
node-positive patients in their cohort of 9904 patients. However, these studies have 
been challenged by newer reports that nodal metastasis only adversely affected cancer-
specific survival in a subset of patients >45 years of age but not in those <45 years [50].

1.6.2 Lymph node metastasis and disease recurrence

Regional nodal metastasis also had been implicated as a predictor of disease 
 recurrence. Macroscopic lymph node involvement, i.e. clinically palpable or radio-
logically detectible metastatic lymph node, is associated with a high rate of local 
recurrence (10–42 percent) [51]. Furthermore, patients with >5 positive lymph nodes, 
higher lymph node ratio, and the presence of extranodal extension were associated 
with even higher risks of local disease recurrence [51, 52]. However, the association of 
microscopic (radiologically undetectable and nonpalpable) nodal disease and recur-
rence was not well demonstrated [53–56]. A randomized controlled trial of clinically 
node negative (cN0) patients showed that microscopic nodal disease detected by 
prophylactic neck dissection did not affect disease-free survival [57].

1.6.3 Lymph node metastasis in staging systems

Based on how nodal metastasis affects survival and recurrence, the presence of nodal 
metastasis upstages patients over the age of 45 years from American Joint Committee on 
Cancers (AJCC 6th and 7th edition) from stage I to stage III disease [58]. Similarly, the 
proposed modifications of the American Thyroid Association risk stratification system 
classified <5 microscopic nodal metastasis as a component of low-risk disease, macro-
scopic nodal metastasis or >5 microscopic nodal metastasis as intermediate-risk disease, 
and any nodal metastasis > = 3 cm in greatest dimension as high-risk disease [59]. These 
staging systems influence the degree of postoperative thyroid-stimulating hormone sup-
pression therapy and determine whether radioiodine ablation (RAI) should be given. 
Hence, accurate nodal status has an important clinical significance.

Level I–VI Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

USG 51 92 81 76 77

CECT 62 93 84 80 81

USG + CECT 66 88 77 81 79
18FDG-PETCT 30 96 61 89 87

PPV: positive predictive value; NPV: negative predictive value; and CECT: contrast enhanced CT.

Table 2. 
Imaging modalities in preoperative detection of cervical nodal metastasis.
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2. Management of lymph node metastasis in initial surgery for DTC

2.1 Classification and types of neck dissection

The management of nodal metastasis must be discussed with clear definitions of 
various types of lymph node involvement:

i. Clinically node positive/negative (cN+/0) denotes patients with/without clini-
cally or radiologically detected preoperative lymph node involvement

ii. Pathological node positive/negative (pN+/0) denotes patients with/without 
histoanatomical findings of malignant cell foci (>2 mm in macrometastasis, 
200 μm–2 mm in micrometastasis, <2 μm in isolated tumor cells)

iii. Occult nodal metastasis (cN0-pN+) denotes patients with nonpalpable radio-
logically non-detectable nodal involvement. This is synonymously referred to 
as microscopic metastasis in literature.

In cN+ patients, lymphadenectomy is referred to as therapeutic neck dissec-
tion. Whereas in cN0 patients, lymphadenectomy is referred to as prophylactic 
neck dissection. The distinction between prophylactic and therapeutic neck 
 dissection cannot be overemphasized as the impact of clinically detectible 
 macroscopic nodal involvement is different from microscopic metastasis in 
 cN0-pN+ disease.

Neck dissection is also classified by the lymphadenectomy extent (Table 3) [13]. 
Selective neck dissection is increasingly performed as the growing knowledge of the 
pattern of spread of various cancers enables surgeons to spare the lymph node levels 
not considered at risk of nodal metastasis. Selective neck dissection has been tradi-
tionally further classified into supraomohyoid neck dissection (level I–III), central 
neck dissection (level VI), lateral neck dissection (level II–IV), and posterolateral 
neck dissection (level II–V). However, these selective neck dissection terminologies 
were confusing and obsolete with variable inclusion or exclusion of certain levels and 
sublevels. Hence, selective neck dissection is better described by specifying the levels 
and sublevels included [13].

Radical neck 
dissection

The basic standard procedure for cervical lymphadenectomy. All other types of neck 
dissection are alterations of this procedure. Level I–V lymph nodes are removed together 
with the IJV, SAN, and the SCM.

Modified 
radical neck 
dissection

Preservation of one or more non-lymphatic structure including the IJV, SAN, SCM, or the 
combination.

Selective neck 
dissection

Preservation of all of IJV, SAN, and SCM and one or more lymph node levels based on the 
pattern of spread of the malignancy.

IJV: internal jugular vein; SAN: spinal accessory nerve; and SCM: sternocleidomastoid muscle.

Table 3. 
Classification of neck dissections.



159

Lymph Node Metastasis in Differentiated Thyroid Cancers
DOI: http://dx.doi.org/10.5772/intechopen.106696

2.2 Therapeutic neck dissection

Therapeutic neck dissection is performed when patients have preoperatively 
confirmed nodal metastasis (cN+). It can be performed during initial thyroidectomy 
or as a staged secondary procedure after initial thyroidectomy.

2.2.1 When nodal metastasis was detected in the central compartment preoperatively

For DTC with preoperatively confirmed central compartment nodal metastasis, 
therapeutic central neck dissection should be performed bilaterally. This should 
extend superiorly from the hyoid bone to the innominate artery inferiorly. It is later-
ally bound by bilateral carotid arteries, anteriorly bound by the superficial layer of 
the deep cervical fascia, and posteriorly bound by the deep layer of the deep cervical 
fascia [12]. A compartment-oriented lymphadenectomy with the removal of all 
fibroadipose tissues within the compartment while identifying and preserving the 
ipsilateral recurrent laryngeal nerve (RLN), superior, and inferior parathyroid glands 
should be performed. In the past, non-anatomical nodal dissection (“berry picking”) 
was performed but studies have shown a significantly greater recurrences rate (100% 
vs. 9%) with non-anatomical dissection versus compartment-oriented dissection, 
and similar surgical morbidities [60].

The most common morbidities of central neck dissection are transient hypocal-
caemia (4–60%) and transient RLN injury (0–5%) but permanent hypocalcaemia and 
permanent RLN injury can occur in up to 15 and 12% of patients, respectively [61]. 
Although isolated studies demonstrated no additional complication risk from extra 
central neck dissection, most series had reported higher rates of complication when 
central neck dissection was performed concurrently with thyroidectomy and the 
outcomes were associated with surgeon’s experience [62–65].

2.2.2 When nodal metastasis was detected in the lateral compartment preoperatively

For DTC with preoperatively confirmed lateral compartment nodal disease, the 
chance of concomitant central compartment disease is high. Therefore, patients 
should undergo both therapeutic lateral and concomitant central neck dissection.

The extent of therapeutic lateral neck dissection is not well agreed upon. While the 
consensus statement from the ATA recommends the removal of levels IIA, III, IV, and 
VB in a comprehensive therapeutic neck dissection, other authors routinely recommend 
a full dissection of levels II−V [11]. In DTC, the rate of nodal metastasis at the various 
lateral neck levels differs widely. The incidence of nodal metastasis at level III (62–67%) 
and level IV (50–67%) were significantly higher than that at level II (42–56%) and 
level V (29–40%) [21, 66–68]. A further distinction of sublevels IIA/B and VA/B were 
reported. Farrag et al. stated that level IIB rarely had nodal metastasis (8.5%) while 
all level V metastases were within level VB [68]. Others reported that level IIB nodal 
metastasis was exclusively accompanied by level IIA nodal metastasis [68, 69]. To date, 
no randomized controlled trials were published to determine the most appropriate 
operative extent. But available evidence supports a selective approach where level IIB 
and VA are only dissected if there is preoperative or intraoperative suspicion of level II 
or level V involvement. There is an added advantage that avoiding routine level IIB and 
VA dissection can minimize the risk of spinal accessory nerve injury.
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Only a few studies have dealt with the surgical morbidities of lateral neck dis-
section. Two key complications after lateral neck dissection are lymphatic leakage 
secondary to thoracic duct damage (0.5–8%), and spinal accessory nerve injury 
(25−50%) resulting in shoulder dysfunction [27]. Other less common nerve injuries 
can be related to greater auricular nerve (48%), cervical plexus, sympathetic trunk 
(5%), and phrenic, hypoglossal, and vagal nerves [28, 63].

2.3 Prophylactic central neck dissection: why and who?

The rationale for prophylactic neck dissection is based on the fact that 
occult nodal metastasis is common. Despite comprehensive preoperative imag-
ing, there is clinically node-negative (cN0) patients who are found to have unex-
pected nodal metastasis (pN+) on pathology. The incidence of this occult nodal 
disease was reported in up to 54% of patients who underwent elective bilateral 
central neck dissection during total thyroidectomy for DTC [14]. About 50% of 
which were a bilateral occult nodal disease. Prophylactic neck dissection allows 
accurate disease staging, improves postoperative risk stratification, and improves 
serum thyroglobulin levels facilitating postoperative surveillance. Prophylactic 
neck dissection at the initial thyroid surgery may additionally help to avoid reop-
eration in the future.

The evidence supporting routine prophylactic central neck dissection is contro-
versial. While some earlier studies reported that prophylactic central neck dissection 
could reduce the risk of nodal recurrence and cancer-specific survival [29], others 
did not show such benefit. Aggregating these heterogenous nonrandomized studies, 
a meta-analysis showed that prophylactic central neck dissection had a lower risk of 
locoregional recurrence (risk ratio 0.66) than those without neck dissection [30]. 
However, prophylactic central neck dissection was associated with higher rates of 
overall morbidity, especially transient hypoparathyroidism. To date, three random-
ized trials have been published on prophylactic central neck dissection and all failed 
to show improvement in oncological outcomes or recurrence-free survival [31, 32, 
57]. While it was shown that the prevalence of operative morbidities was similar in 
the group with prophylactic central neck dissection, all these randomized trials were 
underpowered to demonstrate the difference in survival outcomes and morbidity 
rates. To this end, ATA examined the feasibility of a multi-institutional prospective 
randomized controlled trial and concluded that the sample size required would be 
prohibitively large (>5800) given the low rate of disease recurrence and operative 
morbidities [33].

Both the ATA guidelines and the American Association of Endocrine Surgeons 
guidelines recommend a selective approach based on assessment of a patient’s risk 
factors [59, 70]. For patients with T1/2 tumor, the risks of central nodal metastasis 
are relatively small, and thus prophylactic central neck is not recommended. Patients 
with T3/4 tumor, or extrathyroidal extension, or BRAF mutation may be considered 
at higher risk, and option of prophylactic central neck dissection should be consid-
ered. The British Thyroid Association on the other hand recommended personalized 
decision-making for prophylactic central neck dissection on the basis of one or more 
high-risk factors (adverse histological subtype, age ≥ 45 years, multifocal, tumors 
>4 cm, extra-thyroidal extension). This highlights the variability and uncertainty in 
this aspect of management of DTC.
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2.4 Prophylactic lateral neck dissection

Prophylactic lateral neck dissection is generally not recommended. The rationale 
is that lateral neck dissection can be deferred until the nodal disease become clinically 
apparent and proven. The concern to reoperate after initial thyroidectomy is lower 
as the lateral compartment is not entered during the initial surgery. Evidence sug-
gested that removal of microscopic nodal disease in the lateral department had not 
been proven to improve cancer-specific or disease-free survival [51]. Considering the 
morbidity associated with lateral neck dissection, lateral neck dissection is in general 
reserved for proven nodal disease only.

2.5 Sentinel lymph node biopsy in differentiated thyroid cancer

The concept of sentinel lymph node biopsy (SLNB) depends on the stepwise 
pattern of lymphatic spread and the belief that the sentinel node (SLN), the first node 
that drains the tumor, will reflect the status of the remaining lymph nodes within the 
drainage basin.

2.5.1 Various sentinel lymph node techniques

Various SLNB techniques have been studied in PTC. The use of vital dye was the 
earliest described technique, but it is growing out of popularity due to its disadvan-
tages that (1) lateral compartment SLN cannot be visualized during thyroidectomy; 
(2) parathyroid glands may have uptake; and (3) the risks of anaphylaxis [71]. The use 
of radioisotope as an alternative technique allows identification of SLN located outside 
the central compartment without parathyroid gland uptake. Furthermore, the addi-
tion of SPECT/CT imaging can improve preoperative anatomical localization of the 
SLN. In a meta-analysis including 45 retrospective studies, the SLN detection rates for 
vital dye technique, radiolabelled lymphoscintigraphy, vital dye plus lymphoscintig-
raphy, and lymphoscintigraphy plus SPECT/CT were 83, 96, 87, and 93% respectively, 
while the reported respective false negative rates were 38, 40, 17, and 8% [72].

2.5.2 Using sentinel lymph node biopsy to guide neck dissection

SLNB has been applied in the management of PTC where SLNB-positive patients 
can undergo dissection of the involved compartments, and negative patients can be 
spared the risks and added costs of unnecessary procedure. The negative predictive 
value of each SLNB technique is the most important parameter to determine whether 
neck dissection should be performed, and it is dependent on the SLN detection rate 
and the false negative rate of each technique. Relevant literature data was diversified, 
firstly due to the difficulty to interpret SLN at frozen section; secondly due to vari-
able definition of the SLN resulting in non-sampling of non-dominant nodes; thirdly 
due to the occasional skip metastasis; and finally due to the learning curve [73, 74]. 
Therefore, despite promising initial results from SLNB, further high-quality prospec-
tive evidence is necessary. Furthermore, the cost-effectiveness of SLNB strategy also 
remains ambiguous. A retrospective study reported that the cost of implementing 
SLNB outweighed the potential cost saving from avoided procedures and morbidities 
[75]. As such, the current use of SLNB remains within clinical trial settings.
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3. Management of recurrent nodal disease

DTC recurs in up to 30% of patients. Three quarters of these recurrences are at the 
cervical and mediastinal lymph nodes, 20% are in the thyroid remnant and 21% are 
distant with the lungs being the most common [76]. Although recurrences are com-
mon, resultant cancer related deaths are not [77].

3.1 Management of resectable nodal recurrence

When patients develop isolated nodal recurrence after previous surgery, further 
curative surgery, if technically feasible, confers the advantages of avoiding future 
local complications arising from the recurrent tumor, improving serum thyroglobulin 
level, and facilitating RAI treatments.

3.1.1 Low volume recurrences

Although surgical removal of recurrence confers advantages, low volume recur-
rence does not necessarily require surgery. Several observational studies have sug-
gested that low-volume recurrent nodal disease can be indolent and can be managed 
with active surveillance. In a retrospective cohort of 166 patients with suspicious 
lateral compartment lymph node of a median size of 1.3 cm, less than 10% of the 
patients had interval progression by >5 mm, and 14% had complete resolution [78]. 
Thyroid stimulating hormone suppression therapy should be continued during active 
surveillance.

3.1.2 Macroscopic resectable recurrence

Larger volume recurrent nodal disease has been associated with poorer cancer-
specific survival and is best treated with revision surgery [79]. In the cases where the 
recurrence occurs in a previously un-operated neck region, a formal neck dissection 
should be considered. Revision surgery achieves biochemical remission rates of 
21−66%. While most modern series suggest that revision surgery can achieve a high 
clearance rate of structural disease in over 80% of patients [80].

However, in the cases where recurrence occurs in a previously operated area, 
the risk of re-operative surgery should be balanced against oncological disease 
clearance. Re-operative surgery for recurrent nodal disease has higher risk of 
major complications due to the increased technical demand for dissecting scarred 
tissue and altered anatomy. The morbidity from re-operative surgery is related to 
the region undergoing dissection, the experience of surgeons, and the degree of 
scarring from initial surgery. In general, the incidence of permanent and transient 
hypoparathyroidism was 0–9.5%, and 0–46.3% respectively. While the rate of 
transient and permanent unexpected RLN palsy was an average of 3.6 and 1.2%, 
respectively [81].

3.1.3 Decision-making for re-operative neck dissection

The ATA recommends that radiologically localized, cytology confirmed, recurrent 
central neck nodes ≥8 mm and lateral neck nodes ≥10 mm in the smallest dimen-
sion should be considered for surgery. The exact size threshold for re-operative neck 
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dissection is anecdotal by consensus, and available supporting evidence are scarce. 
The relationship between the size of recurrent structural disease, morbidity from sur-
gery, and response to therapy had been assessed by Lang et al. in their cohort of 130 
patients [82]. Lesion >15 mm was an independent risk factor for incomplete biochem-
ical response. The rates of incomplete surgical resection, unexpected vocal cord palsy, 
and overall morbidity were also significantly higher in patients with lesions >15 mm 
than those with lesions <15 mm. Hence, the authors propose that the threshold for 
continued active surveillance can be less stringent and extended to larger lesions.

Besides the size of recurrence, several other factors are also important to be con-
sidered during discussion for revision surgery. These include patient’s factors (symp-
toms arising from recurrent disease, vocal cord status, previous neck irradiation/
surgery, motivation for surgery), surgeon’s experience, and disease factors (lesion’s 
location in relation to vital structures, factors reflecting tumor aggressiveness such 
as serum thyroglobulin doubling time, speed of radiological growth, iodine avidity, 
and the presence of adverse molecular markers) [81]. Hence, such a decision is best 
discussed with a dedicated multidisciplinary team including surgeons, endocrinolo-
gists, nuclear medicine physicians, pathologists, and oncologists [83].

3.2 Nonoperative local treatment for nodal recurrence

Radioactive iodine ablation (RAI) may be employed in patients with 131I-avid 
low-volume disease detected on WBS or as adjuvant treatment following surgery. 
To date, no randomized controlled trials had demonstrated superior outcomes with 
RAI alone or as adjuvant treatment in the setting of locoregional recurrent disease 
[59]. However, 131I non-avid lesions are unlikely to respond and empirical RAI is not 
recommended [84].

With a larger volume of nodal recurrences, percutaneous ethanol injection (PEI) 
for metastatic cervical lymph node was first reported in the early 1990s−2000s [85]. 
Studies have reported sonographic successful ablation in up to 84% of treated lymph 
nodes after repeated sessions of treatment [86]. Most ablated lymph nodes decreased 
in size and 46% completely disappeared [87]. Radiofrequency ablation (RFA) for 
metastatic cervical lymph node is another newer modality of nonoperative treatment 
for recurrent nodal disease. It has been associated with a greater mean volume reduc-
tion of 55–95% and complete resolution of the structural lesion in 40–60% [88]. The 
limitation of these ablative modalities is that only limited small studies are available. 
They are considered a nonoperative form of lymph node picking and, as such, are best 
considered in patients with high surgical risks or those who declined surgery.

3.3 Management of extensive/unresectable nodal recurrence

Advanced nodal recurrence may involve extensive soft-tissues with potential 
laryngeal, tracheal, esophageal, or carotid sheath invasion. While there is no strict 
description to define unresectable diseases, extensive organ resections such as hemi- 
or total laryngectomies, circumferential tracheal resection, and esophagectomies have 
been described [89]. The related morbidity and the anticipated functional impair-
ment must be accepted by the patient. Even in patients with distant metastases and 
concomitant loco-regional recurrent disease compromising the aerodigestive tract, 
palliative re-operative surgery may be considered on a case-by-case basis, followed by 
adjuvant RAI treatment [90].
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In extensive unresectable nodal recurrences, RAI alone is unlikely able to eradicate 
the disease as the absorbed radiation dose is generally inadequate. External beam 
radiotherapy (EBRT) can be considered for locoregional control in such patients. 
However, acute treatment-related morbidities, including dermatitis, mucositis, and 
dysphagia, are not uncommon and efficacy has only been reported in retrospective 
cohorts [91]. To date, there are no randomized trials that address specific indications 
for EBRT in patients with recurrent DTC. Hence, individual practice is variable.

3.3.1 Other systemic treatment for extensive/unresectable recurrent diseases

Patients with gross symptomatic recurrent disease that cannot be alleviated with 
surgery or EBRT or had become RAI refractory, are candidates for systemic therapy. 
Inhibition of protein kinases that function in key signaling pathways can regulate 
tumor proliferation, angiogenesis, metastasis, and apoptosis. Furthermore, inhibi-
tion of kinases involved in the mitogen-activated protein kinase pathway has been 
shown to re-express genes of iodine metabolism and thus allow restoration of RAI 
uptake in RAI refractory DTC [92]. Somatic mutation testing can be performed to 
identify oncogenic targets such as gene rearrangements in NTRK, RET, or BRAF. 
This may guide the use of mutation-specific kinase inhibitor such as TRK inhibitors 
(e.g. Larotrectinib, Entrectinib) and RET inhibitors (e.g. Selpercatinib, Pralsetinib). 
However, BRAF inhibitors (e.g. Vemurafenib, Dabrafenib) are currently nonapproved 
in thyroid cancers and have been used off-labeled.

Given the high cost of performing mutation analysis and the limited participation 
in clinical trials, anti-angiogenic multi-kinase inhibitors (aaMKI) such as Lenvatinib 
or Sorafenib are alternative agents. No head-to-head comparisons of aaMKI are 
available. Most of these aaMKI target vascular endothelial growth factor receptors 
(VEGFR) in angiogenic pathways. Of note, patients with risks of bleeding e.g. recent 
major surgery, haemorrhagic brain metastasis, or recent thromboembolic events are 
relatively contraindicated for MKI. Furthermore, tracheoesophageal fistulation have 
been reported in patients with prior EBRT and MKI treatment.

If a patient is intolerant to, or the disease is refractory to kinase inhibitors, conven-
tional cytotoxic agents (e.g. Doxorubicin) may be alternative options but experience 
is sparse.

4. Conclusions

Nodal metastasis is common in differentiated thyroid cancers and its pattern of 
spread is well recognized. Despite improvements in technology, imaging has limited 
sensitivity to detect nodal metastasis before initial surgery or when disease recurs. 
Occult nodal metastasis is very common and may explain persistent disease or early 
recurrence. However, distinction between macroscopic and microscopic nodal metas-
tasis and their prognostic implications must be made clear.

Many unanswered questions regarding management of nodal metastasis remain. 
Prophylactic central neck dissection may remove occult nodal metastasis but its 
impact on survival lacks high-quality evidence support and is best reserved for 
selected patients by experts. Sentinel nodal biopsy is an attractive concept but 
further evidence from research is required. Even when nodal metastasis is detected 
before the initial surgery, the optimal extent of therapeutic neck dissection remains 
debated. When disease ultimately recurs, the decision to operate is complex, taking 
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Abstract

Differentiated thyroid cancer is treated by surgery, radioiodine treatment, and 
Thyroid Stimulating Hormone (TSH) suppression. The role of external beam radio-
therapy is mainly palliation of radio-iodine non avid metastatic lesions and in inoper-
able tumors. Metastasis involving weight-bearing bones and vertebral metastasis 
with impending spinal cord compression are primarily treated by external radiation. 
External Beam Radiotherapy improves loco-regional control in patients with gross 
residual disease after surgical resection. Patients with extra-thyroidal disease and 
positive margins are treated by adjuvant external beam radiotherapy, especially when 
the post op radio-iodine scan is negative. External beam radiotherapy is the treatment 
of choice for radio-iodine non avid inoperable loco-regional recurrence. SRS alone 
or surgery followed by SRS is the preferred treatment for solitary brain metastasis. 
Whole brain radiotherapy is the treatment of choice for multiple brain metastatic 
disease.

Keywords: differentiated thyroid cancer, external beam radiotherapy, iodine refractory 
disease, thyroid stimulating hormone (TSH), metastatic disease

1. Introduction

Differentiated thyroid cancer (DTC) is treated by surgery, thyroid stimulating 
hormone (TSH) suppression, and radioiodine therapy according to the risk stratifica-
tion [1, 2]. External Beam Radiotherapy (EBRT) is used in selected patients in the 
adjuvant setting. EBRT is mainly used in the palliation of radio-iodine non-avid meta-
static disease and inoperable tumors. There are no prospective randomized trials on 
EBRT in DTC. The available evidence is from single institution retrospective studies, 
systematic reviews, and meta-analysis. In this chapter, we discuss the role of EBRT in 
localized and metastatic DTC. Figure 1 summarizes the role of EBRT in differentiated 
thyroid cancer.
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2. Localized disease

2.1 Gross loco-regional residual disease after surgery

The definition of gross residual disease is not clearly defined in the published 
literature. EBRT improves loco-regional control in patients with gross residual disease 
after surgical resection. Most of the retrospective studies utilized radio-iodine in 
addition to EBRT. Hence the magnitude of benefit from EBRT alone is not known. In 
patients less than 55 years old with limited radio-iodine avid gross residual disease, 
EBRT is not indicated as radio-iodine alone may be sufficient for local control. In 
patients with radio-iodine concentrating residual disease, radio-iodine treatment is 
considered first and EBRT is given after radio-iodine to avoid the stunning effect of 
EBRT. EBRT is considered before radioiodine treatment in cases where the residual 
disease is likely to compromise the airway.

In a retrospective study from Queen Elizabeth hospital China with 842 patients, 
EBRT was effective in increasing local control in patients with gross residual disease 
[3]. At Memorial Sloan Kettering Cancer Center, 2 and 4 year loco-regional control 
with EBRT was 77% and 62%, respectively, for patients with gross residual disease 
[4]. Meadows et al. reported 5 year local control rate of 70% for patients with gross 
residual disease [5]. In a retrospective study, Sia et al. reported 10 year local relapse 
free rate of 90% with EBRT for those with gross residual disease [6]. Beckham et al. 
have reported the outcome of DTC patients treated with IMRT and concurrent 
Doxorubicin in patients with un-resectable and gross residual disease. Patients who 
received concurrent chemotherapy had better local progression-free survival and 

Figure 1. 
The role of EBRT in differentiated thyroid cancer.
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overall survival than those who received only IMRT [7]. EBRT is primarily considered 
for macroscopic residual disease in case of radio-iodine non avid residual disease. 
EBRT may be considered after radio-iodine treatment if the residual disease is 
unlikely to be controlled with radio-iodine treatment alone.

2.2 T4 disease after complete surgical resection or microscopic margin positivity

Radio-iodine is the treatment of choice for extra-thyroidal extension and micro-
scopic positive margins. EBRT is not routinely recommended in this scenario. EBRT 
may be recommended in patients with microscopic residual disease and aggressive 
histological subtypes which are unlikely to concentrate iodine.

A randomized control trial was designed in Germany with pT4 patients in the 
EBRT arm and no EBRT arm, but due to poor accrual it was converted into a prospec-
tive cohort study. The RT dose to the thyroid bed was 59.4Gy for R0 resection and 
66.6Gy for R1 resection. The complete remission rate was 96% with EBRT versus 86% 
without EBRT, and the study concluded that EBRT could not be routinely recom-
mended for all pT4 disease [8]. Schwartz et al. reported a loco-regional control rate 
of 81% after EBRT in patients with extra-thyroidal disease or microscopic positive 
margins [9]. The median dose was 60 Gy for negative margins or microscopic positive 
margins. Over a 40-year period, Princess Margaret Hospital experience demonstrated 
benefit in LRC with EBRT of 45–50 Gy for patients >60 years, T4 disease without 
gross residue [10]. Kim et al. reported improvement in LRC for T4 or node positive 
disease with EBRT doses of 50–70 Gy [11]. The role of EBRT in patients with tracheal 
invasion was reported by Keum et al. and Kim et al. in 2 separate publications. Both 
these studies reported superior loco-regional control with EBRT [12, 13]. In another 
retrospective study by Groen et al., 5 year LRC was 84.3% with EBRT (66 Gy) for 
microscopic residual disease [14].

EBRT may be considered for patients with extra-thyroidal extension or micro-
scopic positive margins that are radio-iodine non-avid.

2.3 Un-resectable DTC

Palliative EBRT is recommended to relieve symptoms in un-resectable DTC 
[15]. In a retrospective cohort study by Carrillo et al., un-resectable DTC patients 
were treated with EBRT or EBRT followed by salvage surgery. Patients with ECOG 
performance status≤2 received doses above 56 Gy and a palliative dose of 30–50 Gy 
was used for patients with poor performance status. IMRT followed by salvage  
surgery was associated with increased Progression Free Survival and Overall 
Survival [16].

2.4 Inoperable loco-regional recurrence

The most common sites of failure in DTC are the thyroid bed and regional nodes. 
The treatment of choice for loco-regional recurrence is salvage surgery followed 
by radioiodine treatment. EBRT is considered after surgery when there is extensive 
extra-thyroidal extension or extra-capsular spread of lymphnodes at recurrence 
[17]. Some patients may develop loco-regional recurrence not amenable to surgery or 
radio-iodine. EBRT is the preferred treatment modality in such cases [4, 18]. The dose 
ranges from 66 to 70 Gy.
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2.5 Evidence from systematic reviews and meta-analysis

A systematic review of 16 studies by Fussy et al. reported an improvement in 
LRC with post-op EBRT in patients at high risk for recurrence and above 45 years 
of age [19]. Another systematic review and meta-analysis by Dicuonzo et al. also 
reported improvement in loco-regional control with the addition of EBRT to surgery 
and radio-iodine without considerable toxicity [20]. Jacomina et al. conducted a 
systematic review and meta-analysis of 9 trials and reported improvement in 5 year 
loco-regional recurrence free survival with post-operative EBRT in patients with 
advanced age, gross or microscopic residual disease, and loco-regionally advanced 
disease. However, there was no improvement in overall survival or distant metastasis 
failure-free survival [21]. A recent review by Roukoz and Gregoire concluded that 
adjuvant EBRT reduces the risk of loco-regional recurrence in locally advanced DTC 
with high-risk features [22].

2.6 Radiotherapy-Pretreatment evaluation, technique, dose, and volumes

Dental, speech, swallowing, and nutritional evaluation should be done prior to 
radiotherapy. Pre-treatment contrast enhanced CT, MRI, and whole body iodine scans 
can be used for delineation of target volumes. The target volumes should include 
any gross residual disease, the thyroid bed, including the trachea-esophageal grove 
and draining lymph nodes (peri-thyroidal lymph nodes, para-tracheal, pre-tracheal, 
superior mediastinum and cervical lymph nodes). PET CT helps in the delineation 
of gross tumors, especially in iodine refractory disease [23]. Intensity Modulated 
Radiotherapy (IMRT) is the technique of choice for EBRT in DTC [7, 24–26]. IMRT 
ensures appropriate coverage of volumes and it spares more normal tissues compared 
to 3 Dimensional Conformal Radiotherapy. It also allows for dose escalation without 
increasing toxicity [27]. The recommended EBRT dose is 66–70 Gy for gross residual 
or un-resectable disease, 60–66 Gy for microscopic disease, and 50–56 Gy for elective 
nodal regions [28, 29]. Gross residual nodes are treated with 66–70 Gy and nodes with 
extra-capsular extension are treated with 60–66 Gy.

2.7 Radiotherapy toxicities

Acute toxicities of radiotherapy include skin erythema, desquamation, mucositis, 
and dysphagia. Esophageal and tracheal stenosis, chronic dysphagia, feeding tube 
dependency, and xerostomia are the late side effects. According to the study by Schuck 
et al., acute grade 3 toxicity in the larynx, pharynx, and skin of any grade was reported 
in only 9.1% of patients and there were no late grade 3 toxicities after EBRT [30].

3. Metastatic disease

The EBRT is used for symptomatic metastatic disease that is not amenable to 
surgery or radio-iodine. The most common sites of metastases from DTC are bone 
and lungs. Radio-iodine-avid metastatic bone lesions are treated by radio-iodine. 
Palliative surgery is recommended for patients who have a pathological fracture or 
spinal cord compression and a limited volume of metastatic disease. EBRT is used to 
complement surgery in such situations [31]. EBRT is primarily considered in cases 
of metastases involving weight-bearing bones and vertebrae with impending spinal 
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cord compression [32]. Stereotactic radiosurgery is effective for oligo-metastatic 
bone lesions [33–35]. Due to prolonged survival in DTC, hypo fractionated regimens 
like 40 Gy in 15 fractions or 30 Gy in 10 fractions are recommended. Less protracted 
regimens like 20 Gy in 5 fractions or 8 Gy single fraction EBRT can be considered 
in patients with disseminated metastatic disease [36]. Multiple cerebral metastases 
are usually treated by whole brain RT (30 Gy in 10 fractions or 20 Gy in 5 fractions) 
as radio-iodine is likely to aggravate cerebral edema [37]. Solitary brain metastasis 
is treated by surgical excision or stereotactic radiosurgery (SRS). Surgical excision 
followed by SRS or SRS alone can be considered for ≤4 brain metastases [36]. SRS is 
reported to be safe in patients with DTC and it results in durable intracranial disease 
control [38]. The systemic treatment of choice for iodine refractory metastatic differ-
entiated thyroid cancer is tyrosine kinase inhibitors (TKI). Sorafenib and Lenvatinib 
are approved for the treatment of iodine refractory disease in the first line setting  
[39, 40]. Cabozantinib is approved for patients previously treated with vascular endo-
thelial growth factor receptor (VEGFR)-targeted therapy [41]. At present, there is no 
concrete data to alter the indication for palliative radiotherapy in metastatic disease in 
the TKI era.

4. Future directions

EBRT is the treatment of choice for iodine refractory DTC recurrence. A pilot 
study conducted on F18 FDG PET guided EBRT showed promising results [42]. 
PETCT identifies relapsed sites and allows dose escalation to sites of recurrence. It 
helps in reducing treatment volumes, thereby reducing adverse effects. Initial experi-
ence on Intensity Modulated Proton Therapy (IMPT) from Mayo Clinic has been 
published and showed promising loco-regional control for recurrent iodine refractory 
DTC [43, 44]. The long term efficacy and safety of proton beam therapy are yet to be 
proven.

5. Conclusions

EBRT reduces the risk of loco-regional recurrence in locally advanced DTC. EBRT 
is indicated in gross loco-regional residual disease after surgery, extra-thyroidal 
extension with radioiodine non avid microscopic residual disease, inoperable loco-
regional recurrence which fails to concentrate iodine; and in the palliation of meta-
static disease.
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