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Abstract

Substantial developments have occurred in the past 5-10 years in clinical translational research of
thyroid cancer. Diagnostic molecular markers, such as RET-PTC, RAS and BRAFY690E mytations;
galectin 3; and a new gene expression classifier, are outstanding examples that have improved
diagnosis of thyroid nodules. BRAF mutation is a prognostic genetic marker that has improved risk
stratification and hence tailored management of patients with thyroid cancer, including those with
conventionally low risks. Novel molecular-targeted treatments hold great promise for radioiodine-
refractory and surgically inoperable thyroid cancers as shown in clinical trials; such treatments are
likely to become a component of the standard treatment regimen for patients with thyroid cancer
in the near future. These novel molecular-based management strategies for thyroid nodules and
thyroid cancer are the most exciting developments in this unprecedented era of molecular thyroid-
cancer medicine.

Introduction

Epithelial follicular-cell-derived thyroid cancer is the most common endocrine malignancy
with a rapid worldwide rise in incidence in the past few decades.1* Age-standardised
incidence of thyroid cancer is estimated to be 9-1 per 100 000 females and 2-9 per 100 000
males in developed countries.?

This rapid rise in incidence of thyroid cancer parallels the increase in incidence of diagnosed
thyroid nodules, which have an overall malignant risk of about 5-10%. The prevalence of
thyroid nodules is about 5-10% in adults on physical palpation of the thyroid gland; it is
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much higher on thyroid ultrasonography—up to 50-70% in people older than 60 years.5:”
The main goal in the assessment of patients with thyroid nodules is to distinguish thyroid
cancer from benign nodules. Although this goal can be achieved in most patients with
conventional diagnostic techniques, including ultra sonography and fine needle aspiration
biopsy (FNAB), conventional diagnostic methods cannot provide definitive diagnoses in
many cases.?

Several histological types of thyroid cancer exist, including papillary thyroid cancer,
follicular thyroid cancer, poorly differentiated thyroid cancer, and anaplastic thyroid cancer.
Papillary thyroid cancer and follicular thyroid cancer are differentiated thyroid cancers,
which account for more than 90% of all thyroid malignancies. Differentiated thyroid cancer
is generally associated with an indolent disease course and is usually curable. Anaplastic
thyroid cancer is rare but associated with high mortality.® Poorly differentiated thyroid
cancer has a disease course that is between those of differentiated thyroid cancer and
anaplastic thyroid cancer. The classic treatment of thyroid cancer is total thyroidectomy,
followed by, in some cases, radioiodine treatment. Surgically inoperable and radioiodine-
refractory differentiated thyroid cancers, poorly differentiated thyroid cancer, and anaplastic
thyroid cancer are currently the major causes of deaths related to thyroid cancer and do not
have effective treatments. Although differentiated thyroid cancer is associated with low
mortality, disease recurrence is high, at 20-30%, or even higher in some subgroups of
patients.1:11 In most patients with differentiated thyroid cancer, however, occurrence of
recurrence is low as discussed in the accompanying review by Donald McLeod and
collegues.12 Overcoming the challenges of accurate assessment of the risk of individual
patients is important so that they can be appropriately treated for the best outcomes. A core
issue is how to balance treatment-associated benefits against treatment-associated harms.

Much progress has been made in understanding the molecular mechanisms of thyroid cancer
in the past 5-10 years.13 This progress is best represented by the elucidation of the MAPK
and PIBKCA/AKT pathways and related molecular pathogenesis in thyroid cancer (figure
1). This provides an unprecedented opportunity for the identification of novel diagnostic and
prognostic molecular markers as well as novel therapeutic targets, on the basis of which
more effective management strategies for thyroid cancer are being developed. In this review,
we discuss this exciting area of modern thyroidcancer medicine from a clinical perspective.

Molecular diagnostics

Cytology

FNAB and cytological assessment have been a cornerstone of diagnostic thyroid nodule
management since the 1980s and this basic preoperative assessment has substantially
reduced the number of patients sent for diagnostic surgery for nodules that ultimately prove
to be benign. A meta-review of 11 large studies from the USA, published between 2002 and
2010, showed that a median of 72% (range 62-85%) of FNAB undertaken were benign, 5%
(1-8%) were malignant, 17% (10-26%) were indeterminate, and 6% (1-11%) were non-
diagnostic.1* A median of 34% (range 14-48%) of patients with indeterminate cytology who
underwent surgery had a malignancy. This occurrence is too high to recommend watchful
waiting. The United States National Cancer Institute (NCI) sponsored a State of the Science
Conference in 2007, in Bethesda, MD, to review diagnostic terminology and morphological
criteria for cytological diagnosis of thyroid lesions. The investigators proposed a Bethesda
classification scheme that divided indeterminate FNAB results into three subcategories:
atypia of undetermined significance or follicular lesion of undetermined significance, with
malignancy in 5-10% of cases; follicular neoplasm or suspicious for follicular neoplasm,
with malignancy in 20-30% of cases; and suspicious for malignancy, with malignancy in
50-75% of cases.1® Large FNAB studies applying the NCI Bethesda classification scheme
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have confirmed the malignancy rates for follicular neoplasm or suspicious for follicular
neoplasm and suspicious for malignancy cited at the NCI Conference, but occurence of
malignancy for patients undergoing diagnostic surgery for atypia of undetermined
significance or follicular lesion of undetermined significance was much more variable (7—
48%), suggesting that watchful waiting might not be the best approach.16-20 Ideally, FNAB
and cytological interpretation should be done by specialists with much experience of the
procedures to reduce the variability noted in the atypia of undetermined significance or
follicular lesion of undetermined significance category, but because of the many patients
with thyroid nodules undergoing assessment, this recommendation might not be practical.

Most patients with an FNAB specimen suspicious for malignancy should undergo surgery
and the question is what type of diagnostic or therapeutic surgery should be done.
Diagnostic surgery, a lobectomy, or total thyroidectomy is used to establish whether a
thyroid nodule is benign or malignant, whereas therapeutic thyroid surgery is done to
decrease the risk of cancer recurrence and mortality. Patients with atypia of undetermined
significance or follicular lesion of undetermined significance or follicular neoplasm or
suspicious for follicular neoplasm FNAB cytology have a lower risk of malignancy than do
those with nodules suspicious for malignancy, but, as discussed for the indeterminate
cytology overall, this risk might be too high for watchful waiting in most patients. The
question for these patients is whether other preoperative diagnostic instruments are available
to help confidently avoid diagnostic surgery in those who do not need it.

Molecular markers

Identification of suitable molecular markers to guide surgery or watchful waiting for patients
with indeterminate FNAB of thyroid nodules has been the so-called holy grail of thyroid
nodule research for more than 20 years. Many potential markers and combinations of
markers have been studied in thyroid tissues and FNAB specimens.21-23 Here, we focus on
large studies assessing these molecular markers in FNAB specimens with indeterminate
cytology, which is where the need for such directly compare the potential usefulness of
varied markers from different studies, uniform statistical measures need to be used. The
most applicable measures for these purposes are sensitivity, specificity, positive predictive
value (PPV) and negative predictive value (NPV; figure 2). Sensitivity and NPV are
complementary, and these measures are indicative of the confidence that a negative
molecular-marker test allows clinicians to defer surgery for patients with an indeterminate
FNAB cytology. Specificity and PPV are complementary, and these measures are indicative
of the confidence that a positive molecular marker test allows clinicians to pursue
therapeutic cancer surgery for patients with an indeterminate FNAB cytology.

Several studies have assessed the usefulness of different molecular-marker tests to predict
final histopathological findings in many patients with preoperative indeterminate FNAB
cytology (table 119:20.24-37) ‘The molecular markers with the highest sensitivity and NPV
are quite varied and include immunocytochemistry combinations of protein markers, a set of
four microRNAs, and a complex gene expression classifier consisting of 142 mRNAs. The
molecular markers with the highest specificity and PPV were the genetic markers (mutations
and rearrangements) that are believed to be the drivers behind many of the thyroid cancers.

Table 2 lists the basic advantages and disadvantages of the major types of molecular testing.
Immunocytochemistry on cytological smears and immunohistochemistry on cytological cell
blocks are well-standardised and can use existing cytological material that is visually
representative of the nodule. However, these methods do not easily quantitate protein
expression and immunocytochemistry staining can be quite variable. The genetic markers,
particularly the DNA-based point mutations, have a sound biological rationale and DNA is
stable. These markers also generally have a very high specificity and PPV. Currently,
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however, about 30-40% of differentiated thyroid cancers do not have any of these known
molecular mutations, making the sensitivity of these markers unacceptably low. Gene
expression markers, including mRNA and microRNA, can be used in large combinations to
provide a genomic fingerprint of the tumours that can be trained to pre operatively predict
which nodules are ultimately benign or malignant. This approach is very powerful, but is
dependent on the method used and the breadth of the training set. RNA stability can be a
substantial limitation of genomic testing. Both genetic and genomic tests might require
additional FNAB. Peripheral blood RNA markers, such as the blood-based thyroid-
stimulating hormone mRNA assay, do not require additional thyroid nodule FNAB and
might be complementary to FNAB-based testing.24

The three largest studies so far are Nikiforov and colleagues’ study?? (513 indeterminate
nodules), which used genetic tests of BRAFY600E (termed BRAF mutation in this review) and
RAS mutation as well as the RET-PTC and PAX8-PPARYy rearrangements; Bartolazzi and
colleagues’ study?> (432 indeterminate nodules), which used galectin-3
immunocytochemistry; and Alexander and colleagues’ study (265 indeterminate nodules),
which used the 142 mRNA gene expression classifier.26 The gene expression classifier was
iteratively trained against known histopathological and cytopatho logical samples and was
then tested against unknown samples, producing a receiver operator characteristics curve
with an area under curve of 0-95.38 The gene expression classifier had the highest sensitivity
and NPV, the genetic test (BRAF mutation, RAS mutation, RET-PTC, and PAX8-PPARY)
had the highest specificity and PPV, and the galectin 3 immunocytochemistry test had inter
mediate sensitivity, specificity, NPV, and PPV compared with the other two tests. Notably,
some of these genetic events occur in benign thyroid nodules with a fairly common
prevalence (6-13%) in some studies, potentially compromising their diagnostic
specificity.27:39.40 However, BRAF mutation has a very high specificity and PPV for thyroid
cancer. The gene expression classifier did best on the atypia of undetermined significance or
follicular lesion of undetermined significance and follicular neoplasm or suspicious for
follicular neoplasm lesions (sensitivity 90%, NPV 94-95%), whereas the NPV was lower
for the suspicious for malignancy lesions (85%), which have a higher prevalence of
malignancy. The overall NPV for indeterminate cytology was 93% (table 1). Some
researchers have therefore recommended use of the gene expression classifier for patients
with atypia of undetermined significance or follicular lesion of undetermined significance
and follicular neoplasm or suspicious for follicular neoplasm lesions to rule out malignancy,
but suggest that this test should not be used for those with suspicious for malignancy
cytology.28 The specificity (52%) and PPV (47%) were low for the gene expression
classifier applied to indeterminate cytology, hence it is not an optimum test to rule in (ie,
confirm the possibilty of) malignancy. With the highest specificity and PPV, the genetic test
is an excellent test to rule in malignancy. The galectin-3 immunocytochemistry test also has
good specificity and PPV and could therefore also be used as a rule-in test.

We suggest an algorithm that incorporates cytology and molecular testing in the
management of patients with thyroid nodules (figure 3). The goals are to limit unnecessary
surgery, use the least aggressive surgery to achieve diagnostic or therapeutic goals, and to
make the first surgery the last surgery. On the basis of available data, we believe that
patients with atypia of undetermined significance or follicular lesion of undetermined
significance or follicular neoplasm or suspicious for follicular neoplasm cytology (lower and
variable risk of malignancy) should be considered for molecular testing with high sensitivity
and NPV, and those with negative or benign results can be monitored without surgery.
Patients with positive or suspicious molecular results should be considered for surgery and
we suggest the consideration of genetic testing, which has high specificity and PPV to help
guide the extent of surgery. Patients with indeterminate FNAB results that are suspicious for
malignancy have a higher risk of malignancy than those in other categories and should be
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referred for surgery. We suggest that molecular analysis be considered with high specificity
and PPV on these patients to help guide the extent of surgery. Cost-effectiveness analyses
have been done for the gene expression classifier*! and genetic tests*2 and both have shown
a favourable cost-effectiveness profile, although both are dependent of the cost of the test.
However, these cost analyses were done in the USA and might not be applicable in other
countries. We are not aware of a cost-effectiveness analysis of the galectin-3
immunocytochemistry test, but it is generally less expensive than the genetic and genomic
tests (table 2). Galectin-3 immunocytochemistry might thus have a potential use particularly
in low-income countries. Whether the algorithm proposed in figure 3 is cost-effective also
remains to be systematically analysed.

prognostication

Several prognostic molecular markers in thyroid cancer, particularly genetic markers—
including mutations in RAS, PIK3CA, PTEN, P53, ALK, and BRAF genes—show promise.
Some of them occur only in poorly differentiated thyroid cancer or anaplastic thyroid
cancer, such as mutations in P53%344 and ALK.#°> Some, such as AKT1 mutations, were
reported only in metastatic lesions but not in primary thyroid-cancer tissue.*® These
mutations could be markers for thyroid cancer aggressiveness. RAS, PIK3CA, and PTEN
mutations in creasingly occur and coexist in thyroid tumours from low-grade to
highgrade.1347 Their coexistence could thus favour and predict progression of thyroid
cancer. Genetic patterns, particularly coexistence of these and other genetic alterations (eg,
amplifications of RTK genes and BRAF mutation) that could dually activate the MAPK and
PI3K-AKT pathways (figure 1) increasingly occur along the progression of thyroid tumour
from low-grade to high-grade.1348 This finding suggests that such genetic patterns are
drivers of thyroid tumour progression and might potentially be markers of poor prognosis of
thyroid cancer. RAS mutations, particularly NRAS mutations, are associated with increased
aggressiveness of poorly differentiated thyroid cancer and follicular thyroid cancer and even
decreased survival of patients.#%-51 The prognostic usefulness of these genetic markers is
promising but remains to be defined.

The best defined prognostic marker is the BRAF mutation, which, by constitutively
activating the BRAF kinase in the MAPK pathway (figure 1), promotes aggressive ness of
papillary thyroid cancer.>2-57 We will focus our discussion on the clinical prognostic
usefulness of this mutation.

BRAF mutation and aggressiveness of papillary thyroid cancer

Results of a multicenter study>3 showed a strong association of BRAF mutation with lymph
node meta stasis, extrathyroidal extension, advanced disease stages 11 and 1V, and disease
recurrence. These findings have been confirmed in most subsequent studies although some
inconsistencies exist, perhaps because of technical variations.>2-57 This association is also
com monly noted in conventionally low-risk papillary thyroid cancer.>3:58-60 The initial
finding of the association of BRAF mutation with papillary thyroid cancer recur rence®3 is
particularly relevant clinically, which has been confirmed in many studies.5%-68 These
studies showed odds ratios of around 3-5 for BRAF-mutation-associated recurrence of
papillary thyroid cancer, with PPV and NPV of around 30% and 90%, respectively, on
overall analyses.>® BRAF mutation was previously also shown to be associated with loss of
radioiodine avidity of recurrent papillary thyroid cancer, rendering the disease refractory to
radioiodine treatment.>3 This finding was confirmed in many other studies.64.69.70 Many
studies correspondingly showed an association of BRAF mutation with decreased or loss of
expression of thyroid iodide-handling genes, including SLC5A5 (also known as NIS), TSHR,
SL.C26A4 (also known as pendrin gene), TPO, and TG.%*5 An in-vitro study showed that
induced expression of BRAF mutant could silence expression of these genes and
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suppression of BRAF mutation could restore expression of the genes.”* This finding has
been reproduced in a transgenic mouse model.”2 BRAF mutation has also been widely
shown to cause over expression of many tumour-promoting molecules, such as VEGF and
MET.5455 These results provide a molecular basis for the aggressiveness and treatment
failure of papillary thyroid cancer in association with BRAF mutation. These results also
explain the strong association of BRAF mutation with papillary thyroid cancer mortality in
an international multicentre study.’3

BRAF mutation in the surgical management of papillary thyroid cancer

Most clinicians agree that, in general, patients with thyroid cancer should be treated
surgically. However, for patients with low-risk differentiated thyroid cancer, debate often
surrounds whether total thyroidectomy or hemithyroidectomy, or prophylactic central neck
dissection (PCND) or no dissection, should be pursued in patients without preoperative or
intraoperative evidence of metastatic lymph nodes.12 In view of the strong association of
BRAF mutation with aggressiveness of papillary thyroid cancer and the loss of radioiodine
avidity in recurrent disease, it seems to be important to surgically eradicate the mutation-
positive cancer in the first place. In this context, for example, micro-papillary thyroid cancer
(ie, tumours <1 cm), which is currently recommended by the American Thyroid Association
for lobectomy,® might better be treated with total thyroidectomy instead, if preoperative
testing for BRAF mutation is positive (figure 3). Total thyroidectomy might be particularly
appropriate for microcarcinomas larger than 5 mm, since microcarinomas larger than 5 mm
have a significantly higher risk for recurrence than do tumours that are smaller than 5 mm.”*
This approach is feasible since BRAF mutation can be easily detected on preoperative FNAB
specimens with various sensitive and specific post-PCR amplification-based detecting
methods, such as colori metric mutation detection assay’® and fluorescence melting curve
analysis.29 However, there is, as yet, no prospective evidence that this approach will
favourably change the outcome in these low-risk patients.

When a lobectomy confirms malignancy on a small cytologically indeterminate thyroid
nodule, the presence of BRAF mutation alone might not be sufficient to recommend a
completion thyroidectomy for patients who would not be recommended to have this surgery
on the basis of traditional low-risk clinicopathological features. In this scenario, the value of
BRAF mutation analysis might be obscured by the complexity of the decision making in
relation to completion thyroidectomy, which takes into account other factors such as the
additional risk of surgical complications and financial cost. Nevertheless, addition of BRAF
mutation analysis to other risk factors might be helpful in deciding the need for completion
thyroidectomy in appropriate clinical settings.

BRAF mutation is associated with increased need for surgical reoperation of recurrent
papillary thyroid cancer.53:66:67 This finding is consistent with the very high prevalence of
BRAF mutation in recurrent papillary thyroid cancer, ranging from 78% to 95%, usually in
central neck lymph nodes (CNLN).46:57.69.76 Consideration of initial PCND is therefore
reasonable to prevent occurrence of intractable recurrent BRAF-mutation-positive papillary
thyroid cancer. Although sometimes inconsistent, PCND at the initial thyroidectomy is
associated with decreased disease recurrence and the need for reoperation for papillary
thyroid cancer in many studies, including a large prospective multicentre study.’’ Thus,
PCND might be considered in patients who preoperatively test positive for BRAF mutation.
This idea is strongly supported by findings showing that pre operative BRAF mutation
positivity on FNAB predicted lymph node metastasis, extrathyroidal extension, and
advanced disease stages |11 and IV of papillary thyroid cancer.85.78-80 Thjs association was
noted even in patients with micro-papillary thyroid cancer.”® CNLN metastases had a
substantial effect on recurrence of papillary thyroid cancer, which were both predicted by
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BRAF mutation.81 BRAF mutation independently predicted CNLN metastases, and
preoperatively displayed PPV of 47% and NPV 91% for CNLN metastasis.82 Preoperative
BRAF mutation-positivity strongly predicted occult CNLN metastases identified on
PCND,’8 directly sup porting the rationale of BRAF-mutation-assisted PCND. Thus, the
addition of BRAF mutation to other factors seems reasonable in defining PCND for patients
with conventionally low-risk to intermediate-risk papillary thyroid cancer in whom the
decision about PCND might otherwise not be straightforward. PCND might also be
considered, in appropriate clinical settings, for patients who are BRAF-mutation-positive and
who meet the present recommendations for completion thyroidectomy. Currently
insufficient data supports routine PCND on the basis of BRAF mutation status alone for very
low-risk papillary thyroid cancer, such as very small (<5 mm) unifocal papillary thyroid
cancer without other risk factors.

The high NPV of BRAF mutation for recurrence of papillary thyroid cancer®® is confirmed
in conventionally low-risk patients.>® Thus, a negative preoperative BRAF mutation test
would support the decision not to recommend PCND for conventionally low-risk patients
for whom lobectomy should be sufficient. This negative BRAF mutation-based conservative
approach could perhaps be applied to cancers even beyond micro-papillary thyroid cancer,
such as papillary thyroid cancer of 1.0-2:0 cm, in the absence of conventional high
clinicopathological risk factors.

BRAF mutation in medical management of papillary thyroid cancer

Potential adverse effects, including the risk of second primary cancer, become increasingly a
concern with radioiodine treatment of thyroid cancer.83-86 Moreover, unlike in high-risk
patients, the benefits of radioiodine treatments in low-risk patients for disease recurrence
and mortality are questionable.8-21 Many or most of these low-risk patients might not need
radioiodine. Serum TG testing is most commonly used for thyroid cancer recurrence
surveillance. A retrospective study showed that in most low-risk patients, serum TG dropped
to undetectable concentrations 5-7 years postoperatively in both radioiodine ablation
treatment and non-treatment groups, but the TG clearance rate was significantly higher in
the radioiodine treatment group.2 This finding confirmed the known usefulness of TG
testing in these patients. In view of the strong association of BRAF mutation with recurrence
of papillary thyroid cancer even in low-risk patients,>3:59.60 effective monitoring of disease
recurrence seems important in such conventionally low-risk but BRAF mutation-positive
patients. Thus, clinicians might be advised to treat these patients with radioiodine to enhance
the reliability of TG testing by ablating normal thyroid tissues. By contrast, the high NPV of
BRAF mutation should assure the practice to spare patients who are BRAF-mutation-
negative and conventionally low-risk from radioiodine ablation. For patients who are
conventionally low-risk but are BRAF-mutation-positive, a low activity of 131radioiodine of
1110 MBgq (30 mCi) after stimulation with recombinant human thyroid-stimulating hormone
should be recommended since this activity can ablate normal thyroid tissues in low-risk
patients as effectively as a higher activity of 3700 MBq (100 mCi).93:94 Also, an activity of
1110 MBq radioiodine probably has little, if any, adverse effect. However, prospective
outcome data might be needed to clearly support BRAF-mutation-based radioiodine ablation
for patients with low-risk papillary thyroid cancer.

How BRAF mutation status can affect other aspects of medical management of papillary
thyroid cancer in appropriate clinical settings, such as the thyroid-stimulating-hormone
target, the vigilance of recurrence surveillance, and the threshold of the use of
fluorodeoxyglucose (FDG)-PET scan has been discussed elsewhere>® and needs further
studies to define.
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Molecular-targeted therapy

Radioiodine-refractory thyroid cancer

Radioiodine refractory thyroid cancer is rare, with an estimated incidence of four cases per
million population (5% of patients with clinical cancer).%® It is defined in patients with
advanced disease either by the presence of at least one tumour focus without any uptake of
radioiodine or by progression of the disease during the year after a radioiodine treatment
course; in patients with persistent disease after the administration of a cumulative activity of
22 GBq (600 mCi) radioiodine, the administration of subsequent activities of radioiodine is
based on an assessment of the individual patient, taking into account benefits already
identified and the likelihood of radiosensitivity of the disease. Refractory disease occurs
more frequently in older patients, in those with large metastases or with poorly differentiated
thyroid cancer, and in those with high FDG uptake on PET scan.%:97 Refractory disease is
usually aggressive, with a median survival after the discovery of distant metastases ranging
from 3 to 6 years.% However, metastatic differentiated thyroid cancers can be
asymptomatically stable for long periods of time and in such patients the benefits of novel
therapies might be largely outweighed by drug toxicities. Local treatment techniques, such
as radiofrequency, cryoablation, external radiation therapy, and surgery, might be useful in
patients with few or symptomatic metastatic foci, and serum thyroid-simulation hormone
should be maintained at a low or undetectable concentration. Progression rate can be
assessed by the doubling time of TG,% and should always be confirmed by standardised
imaging that is repeated every 6 months, using Response Evaluation Criteria in Solid
Tumour (RECIST). The main selection criterion for clinical trials in patients with refractory
differentiated thyroid cancers was documented progression in less than 1 year in target
lesions according to RECIST. Patients with a large tumour burden might require systemic
treatment, including cytotoxic chemotherapy or targeted therapy, before assessment of
progression, and the decision to initiate treatment might be based on high FDG uptake on
PET scan and on histological characteristics of the tumour.9%:190 Cytotoxic chemotherapies
had low response (from 0% to 22% with the most frequently used agent, doxorubicin) in
these patients and toxicity was high.191 Other treatment options are therefore needed.

Novel therapy

In most patients with differentiated thyroid cancer, an initiating oncogenic event can be
identified and molecular-targeted therapy can be given with a scientific rationale.13192 Gene
rearrangements (RET-PTC and NTRK) or point mutations of the RASand BRAF genes that
are mutually exclusive in differentiated thyroid cancers are identified in two-thirds of
papillary thyroid cancers, resulting in the activation of the MAPK pathway. RAS mutations
are identified in 40% of follicular thyroid cancers and 25% of poorly differentiated thyroid
cancers.?! Other pathways might also be activated, including the PI3K-AKT pathway in
follicular thyroid cancer and poorly differentiated thyroid cancer.103.104 Activation of these
pathways leads to tumour proliferation, dedifferentiation, invasion, and tumour
angiogenesis. In fact, angiogenesis is activated in thyroid cancers, with an overproduction of
VEGF by cancer cells and an overexpression of VEGF receptors by cancer and endothelial
cells, 105 and probably also by activating other angiogenic factors and pathways. The
overexpression of VEGF receptors is consistent with genetic amplifications of the genes for
VEGF receptors in thyroid cancers.*8 Up to now, drugs used in refractory thyroid cancers
are anti-angiogenic and some also target kinases in the MAPK pathway (figure 1). The
relative role of the inhibition of each target or of their combined inhibition in the effects on
tumours is unknown.

Anti-tumour efficacy of these agents is likely to be greater than that of earlier cytotoxic
chemotherapies, with partial responses identified in phase 2 trials in 0-59% of patients and
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long-term stable disease in at least another third (table 3100.106-116) ‘Even more importantly,
a randomised phase 2 study of 145 patients with vandetanib—a drug that targets the KDR,
RET, and EGFR kinases—versus placebo produced a significant prolongation of median
progression-free survival (11-1 vs 5:9 months, hazard ratio 0-63, p=0-008),1%6 and a
significant prolongation of progression-free survival was also shown in a phase 3 study of
417 patients with sorafenib versus placebo.11® Comparison of the outcomes among these
compounds is at the present time not possible, but the response rates recently reported with
pazopanib, lenvatinib, and cabozantinib (around 50%) seem higher than in previous reports,
and a phase 3 trial of lenvatinib versus placebo is underway (NCT01321554). Most drugs
seem more effective on metastases located in lymph nodes, liver, and lungs than in bones.
Further studies of tumour samples and in experimental models are needed to correlate drug
efficacy with the genetic defects present in the tumour.

Another potential way of treating these patients is to restore the ability of radioiodine uptake
in tumour cells, and then to treat with radioiodine after preparation with thyroid-stimulating
hormone stimulation. This treatment strategy is strongly implicated and supported by
previous in-vitro studies’>117 in which targeting of BRAF, MEK, or AKT in the MAPK and
PI3K-AKT pathways could restore thyroid gene expression and radioiodine uptake, which
was enhanced by thyroid-stimulating hormone in thyroid cancer cells. These findings are
supported by a later in-vivo study.”2 Clinical data with the MEK inhibitor selumetinib are
promising, particularly in RAS mutated tumours: radioiodine (}241) uptake was increased in
12 of 20 evaluable patients and was high enough to permit radioiodine treatment in eight,
among whom five had a partial response.118

Toxic effects of kinase inhibitors included fatigue, diarrhoea, hypertension, and skin
toxicities, and the dose of I-thyroxine treatment had to be increased in most patients, but no
unexpected toxic effects were reported. Toxic effects were significant and led to dose
reduction in 11-73% of patients and to drug withdrawal in 7-25%. This finding suggests
that these treatments should be initiated only in patients with significant tumour burden and
with documented progressive disease and they should be managed by experienced teams.
Duration of treatment is not yet validated and, for this reason, treatment is usually given as
long as toxic effects remain manageable and no tumour progression occurs.

Future therapy developments

Kinase inhibitors should be used as first-line treatment in patients with refractory
differentiated thyroid cancers in whom progression has been documented. No drug is
currently approved for these patients, who should preferably be included in prospective
trials. Even phase 1 trials that test the newest therapies should be considered for these
patients, because these protocols might allow early identification of possibly effective
drugs.119 In view of the commercial availability of sorafenib and sunitinib, these agents
have entered into clinical use for patients with progressive refractory disease who are not
suitable candidates for clinical trials. Tumour responses were identified in only a few
patients and most were partial and transient.120 This finding shows the emergence of a new
unmet need to treat patients who do not respond or respond but then progress so that they
can maintain good performance status.

In cases of tumour progression or toxic effects with one drug, patients might benefit from
another anti-angiogenic drug, but benefits of further treatments with other anti-angiogenic
drugs are questionable.120 Future studies should test cross-resistance between drugs and use
drugs targeted at abnormalities that are present in the tumour tissue. Combination or
sequential treatments might also be sought and a report of a phase 2 trial combining
temsirolimus and sorafenib is encouraging.?! Predictive biomarkers aim to allow improved
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selection of patients for any treatment method and should permit an early assessment of
tumour response to the drug.

The search for oncogenic events that have been described in thyroid cancers has been done
in several studies, either to select patients for treatment (such as BRAF mutation in
refractory papillary thyroid cancer for treatment with the BRAF inhibitor vemurafenib, as in
melanomal22) or for targeting of other pathways such as the PI3K-AKT pathway,23.124 or
to identify other relevant targets. Results are still too preliminary to show any correlation
between mutated BRAF and response to sorafenib.197-110 Other studies have shown that
response to lenvatinib is more frequently identified in patients with a RASmutation and that
the increase in radioiodine uptake induced by selumitinib treatment is more frequently
recorded in RASand BRAF mutated cancers.118 However, larger series of patients are
needed to define the importance of mutation screening in these patients. Many of these data
have been obtained with thyroid tumour tissues that were resected long before treatment and
analysis of the metastatic tumour tissue at the time of treatment would probably be more
informative. This approach was suggested by one study showing that BRAF or RAS
mutations found in the primary tumour were also present in the metastases, and that
additional mutations (PIK3CA or AKT1) might also be present in the metastatic tissue.*6

A few other biochemical markers have been studied. In patients treated with motesanib,
change from base line in serum placental growth factor after 1 week of treatment correlated
with best tumour response, and a decrease in soluble KDR after 3 weeks of treatment
separated responders from non-responders.12> Lower baseline VEGF concentrations were
associated with longer progression-free survival.125126 Basal concentrations of other
cytokine or angiogenic factors or changes in their serum concentration at 1-2 weeks have
been associated with tumour response. These studies have shown the promise of using
biomarkers to predict drug efficacy, which needs to be refined before they can be used in
clinical practice. Comparison of FDG uptake on PET-CT at 1-2 weeks with baseline FDG
uptake has produced inconsistent results and the relevance of repeated FDG-PET/CT in the
management of patients with differentiated thyroid cancer during treatment with these new
drugs is still unclear. During treatment with sunitinib, a decrease in FDG uptake was
associated with subsequent tumour response, and an increase with subsequent tumour
progression.190 However, in other studies no such relation was identified.106:109

Cytotoxic chemotherapy with new drugs should be tested since they seem to be effective in
some patients.127.128 Trials done in networks of referral centres have shown that inclusion of
the number of patients with thyroid cancer needed to reach statistically significant
conclusions is possible in a limited period of time (about 18 months), and this finding should
encourage clinicians to enrol patients in prospective trials.

Conclusions

On the basis of recently identified diagnostic and prognostic molecular markers and
therapeutic targets, novel effective management strategies have been (or are being) rapidly
developed for thyroid cancer. With these unprecedented achieve ments, we have now
entered an exciting modern era of molecular thyroid cancer medicine.
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Search strategy and selection criteria

We searched PubMed with the key words “thyroid nodule”, “thyroid cancer”, “thyroid
nodule markers”, “thyroid cancer prognostic markers”, and “molecular-targeted novel
therapy of thyroid cancer” for related publications from the past 25 years, weighted
toward those from the past 5-10 years, and publications in English. The last search was
done on Jan 15, 2013. We also included relevant studies cited in reports identified by this

search strategy and relevant work from our own scientific literature collection.
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Figure 1. MAPK and PI3K-AKT-MTOR pathways—genetic alterations and therapeutic tar gets
in thyroid cancer

Right side shows the MAPK pathway; left side shows the PI3K-AKT-MTOR pathway. The
two classic signalling pathways are coupled to the receptor thyrosine kinase (RTK) at the
cell membrane which transduces extracellular growth signals into intracellular signalling
downstream of the two pathways. RAS can couple the signalling from RTK to both
pathways. PTEN terminates the PI3K signalling. Genetic RTK amplifications are common.
Common activating mutations in the MAPK pathway include RET-PTC rearrangement, RAS
mutation, and BRAF mutation. Common genetic alterations in the PI3K pathway include
RAS mutation, PTEN mutation or deletion, PIK3CA mutation or amplification, and AKT1
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mutation. The two pathways, driven by these genetic alterations, have a fundamental role in

thyroid tumorigenesis. Amplifications of RTK genes are also common. *Denotes therapeutic
targets in the two pathways that are currently being actively tested clinically.
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Figure 2. Sensitivity, specificity, PPV, and NPV
Histopathology diagnosis is the reference (ie, gold standard). PPV=positive predictive value.
NPV=negative predictive value.
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Figure 3. Algorithm for management of thyroid nodules on the basis of FNAB and molecular
marker tests

Depending on the cytology categories, molecular tests with high sensitivity and NPV (eg,
gene expression classifier) or high specificity and PPV (eg, BRAF mutation) are chosen.
Extent of surgery should be decided on the basis of the combined assessment of clinical,
imaging, cytological, and molecular marker data. FNAB=fine needle aspiration biopsy.
AUS/FLUS=atypia of undetermined significance/follicular lesion of undetermined
significance. FN/SFN=follicular neoplasm/suspicious for follicular neoplasm.
PTC=papillary thyroid cancer. NPV=negative predictive value. PP\V=positive predictive
value. Tx=total/near total thyroidectomy. LND=lymph node dissection.
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Table 2

Comparison of different molecular diagnostic approaches to FNAB with indeterminate cytology

Advantages Disadvantages

Nodule specimens

Protein (IHC/ICC)

Genetic

Gene expression mRNA,
microRNA

Done on existing material Visualisation of cells of Semi-quantitative Can be subjective ICC staining can be
interest (representative) Relatively inexpensive variable

DNA stability High specificity and PPV 30-40% of cancers do not have mutations (lower
sensitivity) Additional biopsy required Representative of
lesion? Expensive

Simultaneous measure of many mRNAs or RNA instability Additional biopsy required
microRNAs (expression fingerprint of the nodule) Representative of lesion? Expensive

Peripheral blood

MRNA

No need to sample nodule Variable RNA recovery from blood

FNAB-=fine needle aspiration biopsy. IHC=immunohistochemistry. ICC=immunocytochemistry. PP\V=positive predictive value.
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