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Abstract
Introduction—Thyroid cancer is an emerging public health concern. In the U.S., its incidence
has doubled in the past decade, making it the 8th most commonly diagnosed neoplasm in 2010.
Despite this alarming increase, most thyroid cancer patients benefit from conventional approaches
(surgery, radioiodine, radiotherapy, TSH suppression with levothyroxine) and are often cured.
Nevertheless, a minority have aggressive tumors resistant to cytotoxic and other historical
therapies; these patients sorely need new treatment options.

Areas covered—Herein the biology and molecular characteristics of the common histological
types of thyroid cancer are reviewed to provide context for subsequent discussion of recent
developments and emerging therapeutics for advanced thyroid cancers.

Expert opinion—Several kinase inhibitors, especially those targeting VEGFR and/or RET, have
already demonstrated promising activity in differentiated and medullary thyroid cancers (DTC,
MTC). Although of minimal benefit in DTC and MTC, cytotoxic chemotherapy with anti-
microtubule agents and/or anthracyclines in combination with intensity modulated radiation
therapy appears to extend survival for patients with locoregionally-confined anaplastic thyroid
cancer (ATC), but to have only modest benefit in metastatic ATC. Further discovery and
development of novel agents and combinations of agents will be critical to further progress in
treating advanced thyroid cancers of all histotypes.
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1.0 INTRODUCTION
Despite a modest decline in the overall occurrence of cancer in the U.S., the incidence of
thyroid cancer has more than doubled in the past decade. It is now the 8th most diagnosed
cancer overall and the 5th most incident cancer in women in the U.S., making thyroid cancer
an emerging public health concern.1–5 Furthermore, recent increases in thyroid cancer do not
appear to be confined to the U.S.; for example, thyroid cancer is now the second most
incident cancer in women in Saudi Arabia.6
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Although historical therapeutic approaches have proven effective in treating most patients
with early-stage thyroid cancers, those afflicted with radioiodine-refractory metastatic
differentiated thyroid cancer (DTC), advanced medullary thyroid cancer (MTC) or
anaplastic cancer (ATC) have, until recently, had few treatment options. Cytotoxic
chemotherapy is largely ineffective for most patients with advanced disease. However, over
the last decade, progress in better understanding the genetics and biology of thyroid cancers
has created opportunities for new therapeutic approaches. Pharmaceutical companies have in
parallel designed and synthesized a wide range of targeted agents. In this review, we discuss
the characteristics of the three major histological sub-types of thyroid cancer (DTC, MTC
and ATC) and data related to new and investigational agents with demonstrated efficacy or
therapeutic promise in these cancers. Despite laudable progress in thyroid cancer
therapeutics, many patients still die from advanced thyroid cancer, highlighting the
imperative to discover and develop yet additional novel drugs and to critically evaluate them
in rationally designed clinical trials.

2.0 BACKGROUND: THYROID CANCER ORIGINS, HISTOLOGIES AND
CLASSIFICATION

Although malignancies can arise within any thyroid gland cells, this review focuses only
upon those cancers that are derived from organ-specific thyroid cells (Figure 1), specifically
excluding discussion of thyroid lymphomas, sarcomas and squamous cell carcinomas.

Thyroid malignancies arise from follicular thyroid cells, which produce thyroglobulin (Tg)
and express high levels of the sodium iodine transporter, NIS; or from parafollicular C-cells,
which produce calcitonin and, when neoplastically transformed, carcinoembryonic antigen
(CEA, Figure 1). Follicular cell-derived malignancies, collectively called “differentiated
thyroid cancers” (DTCs), represent more than 90% of all thyroid neoplasms. DTCs are sub-
classified as either papillary of follicular. Papillary thyroid cancer (PTC) is the most
frequent, while follicular thyroid cancer (FTC) is less common but more aggressive. Hürthle
cell thyroid cancer (HCC) is an uncommon but distinct and generally more aggressive type
of thyroid cancer; The World Health Organization (WHO) now classifies it as a subtype of
follicular cancer. In addition to HCC, other uncommon follicular cell-derived cancers
associated with worse prognoses include “tall cell,” “insular,” “follicular variant PTC,” and
“poorly differentiated”. It is unclear whether these uncommon tumors should be managed
differently than other tumors in their class and they are, therefore, not elaborated upon here,
saving to say that initial therapy for these variants also includes use of radioactive iodine.

Risk factors for DTC include prior exposure to ionizing radiation, either from radiotherapy
used to treat acne, lymphomas or enlarged tonsils or thymus glands; exposure to fallout from
nuclear reactors, i.e. such as from the Chernobyl radiation accident; and accidental exposure
to radionuclides such as radioiodine; or exposure to radiation from other environmental
sources. Autoimmune thyroiditis and/or chronic thyroid inflammation may also increase the
risk for DTC. DTC is not commonly heritable; however, kindreds of “familial non-
medullary thyroid cancer” have been described.

Early-stage DTCs, like the normal follicular thyroid cells from which they arise, usually
express NIS and concentrate iodine; thus, early DTCs can be imaged and frequently also
treated effectively with radioiodine (RAI). NIS expression and/or function is commonly lost
in later stage DTCs, resulting in attenuated ability to concentrate RAI and RAI-resistance.
Additionally, DTCs share with normal follicular cells the ability to produce thyroglobulin
(Tg), a useful tumor biomarker in most patients, unless blocking (anti-Tg) antibodies
develop.
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Parafollicular-cell derived malignancies, classified as medullary thyroid cancers (MTCs),
represent 5–8% of all thyroid cancers. It is critical to appreciate that neither parafollicular
cells nor medullary thyroid cancer cells express NIS or have the ability to accumulate
iodine. MTCs secrete calcitonin and CEA (and not Tg) and both are therefore potentially
useful tumor markers in following extent of disease within individual patients.

Medullary thyroid cancers are more often heritable than DTCs, but the majority are
sporadic. Hereditary MTCs, including those associated with Familial Medullary Thyroid
Cancer Syndrome (FMTC) or with Multiple Endocrine Neoplasia 2 (MEN 2), harbor
activating germ line mutations in the RET proto-oncogene - while the more common
sporadic MTCs characteristically harbor tumor-specific activating RET mutations. The high
frequency of RET mutations in MTC supports the currently accepted belief that RET
activation is strongly implicated in MTC pathogenesis. Because of this biology, there has
been great interest in assessing the clinical efficacy of new agents which target RET; indeed
some believe that agents which target RET have ushered in a therapeutic revolution in the
application of small molecule kinase inhibitors to treat thyroid cancers.

Rarely, normal follicular cells or differentiated thyroid cancers give rise to the third and
most infrequent but most aggressive type of thyroid cancer, anaplastic thyroid cancer
(ATC). ATC accounts for only 1–2% of thyroid cancers; however median overall survival is
only about 5 months from the time of diagnosis.7, 8 Consequently, all anaplastic thyroid
cancers are considered to be stage 4, distinguished only as stage 4A, 4B (locoregionally
confined) or 4C (metastatic). ATC is rarely heritable.

3.0 GENETIC ALTERATIONS AND SIGNALING PATHWAYS IN THYROID
CANCERS

To provide a framework for understanding the development of therapeutics for thyroid
cancers, it is useful to examine both genetic changes and dysregulated signaling pathways.
Genetic mutations common in thyroid cancers are summarized in Table 1, whereas primary
interactions between pathways are depicted in Figure 2.9–12 Mutations in thyroid cancers are
common, heterogeneous, and vary by histotype. Most mutations in thyroid cancers are
sporadic, but germ line mutations are frequent in hereditary cancers. Examples of germ line
mutations include the PTEN mutation seen in Cowden’s syndrome-related follicular thyroid
cancers, and the RET protoconcogene mutations seen in MEN2-associated MTCs and in
FMTCs. Other mutations, deletions, and changes in gene expression are frequent in the three
major thyroid cancer sub-types. Some of these are more histotype-specific (e.g.
BRAFV600E mutation occurring most commonly in PTC) while others, such as activating
mutations in epidermal growth factor receptor (EGF-R) and RAS, occur across histotypes.

In parallel with the discovery of genetic mutations in thyroid cancers, much has been learned
about aberrations in classical signal transduction that occur largely independent of known
mutations. Examples of deregulated pathways are the VEGF/VEGF-R, PI3K/mTOR, B-
catenin, aurora kinase, somatostatin and IGF-R pathways. Recent evidence suggests that
tumorigenic stem cells may initiate follicular, papillary and anaplastic thyroid
cancers.13Consequently, embryonic signal transduction pathways may also be important in
thyroid cancers; thus, re-expression and up-regulation of non-classical/developmental
signaling pathways may additionally contribute to thyroid cancer pathogenesis. Some
mutations or dysregulated and aberrant signal transduction pathways appear to have a
pathogenic role in neoplastic transformation, while others appear to occur after neoplastic
transformation and therefore likely, instead, contribute primarily to cancer progression.
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4.0 THERAPEUTIC APPROACHES TARGETING “UNIQUE” ENDOGENOUS
FOLICULAR THYROID CELL SIGNALING PATHWAYS

In DTC not amenable to surgical cure, two endogenous follicular thyroid cell signaling
pathways can be often readily exploited to therapeutic advantage. These pathways, the TSH
pathway and the NIS pathway, deserve special attention because they are targets for the
treatment of both early stage and advanced differentiated thyroid cancers. Thyrotropin, also
known as TSH (thyroid stimulating hormone), often stimulates follicular cell proliferation in
early DTC. To offset this effect, administration of levothyroxine, at high enough doses to
suppress TSH levels below <0.1 mIU/L, has become standard-of-care initial treatment for
patients with metastatic DTC. Therapies which target the TSH pathway by mechanisms
other than inducing TSH suppression with levothyroxine have not yet been brought to the
clinic, yet may hold promise. For example, loss of the TSH receptor (TSH-R loss) has been
associated with a more aggressive DTC phenotype - and TSH-R reconstitution has been
shown to slow DTC cell line growth in vitro and in vivo,14 thereby providing preliminary
preclinical evidence supporting the future clinical translation of this approach.

As noted, most DTCs, at least initially also express the sodium iodide symporter, NIS, a
thyroid follicular cell-specific transporter that results in intracellular accumulation of iodine.
As a result, radioiodine (RAI) has also become a standard-of-care initial therapy in advanced
DTC. After multiple recurrences, however, DTCs commonly become RAI-resistant,
necessitating consideration of alternative approaches as reviewed below. MTCs and ATCs
are neither regulated by TSH nor express functional NIS, making potential TSH suppressive
and RAI therapy irrelevant. An effort to induce NIS expression in MTC, however, using
appropriately engineered viral therapeutics, appears promising. Pre-clinical studies with a
NIS-expressing adenovirus have shown that re-induction of NIS expression is possible.
Proof of principle was demonstrated in vitro and in vivo; xenografts of RAI-refractory MTC
cells were virally transfected and subsequently treated with RAI - with anti-tumor effects
demonstrated.15 Several viral therapies which target increasing NIS are now also in clinical
trials in non-thyroid cancers.16,17 Consequently, there is ongoing interest in the future
translation of this approach to both MTC and in RAI-resistant DTC.

5.0 KINASE INHIBITORS AS THYROID CANCER THERAPEUTICS
Advances in the understanding of molecular events contributory to the pathogenesis and
progression of thyroid cancers, as summarized above, have led to the hypothesis that
inhibition of several different kinases may have therapeutic utility in these cancers. Whereas
inhibition of some kinases such as vascular endothelial growth factor receptors 1–3 (VEGF-
R1-3) might be predicted to be helpful in treating multiple histologies, inhibition of others
(e.g. RET, BRAF) would seem instead perhaps to have more histotype/mutation-specific
effects.

Table 2 lists, in alphabetical order, tyrosine and other kinase inhibitors which are currently
or will soon be in clinical trials; data about these agents are presented in the table and
discussed in the text. These agents each inhibit multiple kinases in pre-clinical models, as
indicated in Table 2, but are active against fewer kinases when given to humans at
clinically-relevant/achievable dosages, as described in the text. The toxicity profiles of these
inhibitors, like the kinases which they inhibit, overlap considerably. Most of these agents
cause fatigue, hypertension, nausea/vomiting, skin rash and/or hand-foot syndrome; they can
also cause elevations of transaminases, pancreatic enzymes and thyroid stimulating hormone
(TSH). Nonetheless, because each uniquely inhibits kinases, treatment-emergent adverse
events vary by agent. Moreover, host-related factors also seem to contribute to differences in
inter-patient tolerability. In the text which follows, emphasis is placed upon those TKIs
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which the authors believe to have the most compelling preliminary data in support of
therapeutic promise in thyroid cancers.

5.1 Axitinib (AG-01376, Pfizer) is an inhibitor of VEGF-R-1-3. A non-randomized phase 2
trial in patients with advanced thyroid cancers demonstrated activity and reasonable
tolerability.18 Response rates in patients with differentiated thyroid cancer (papillary thyroid
cancer, n=30; follicular cancer, n=15) and medullary thyroid cancer (n=11) were 31% and
18% respectively. One of two patients with anaplastic thyroid cancer also had a response.
The stable disease rates were 42% in DTC and 27% in MTC. Common adverse events were
fatigue (50%), diarrhea (48%), nausea (33%), hypertension (28%), mucositis (25%), weight
loss (25%), vomiting (13%), and hand-foot syndrome (15%); toxicities were primarily grade
1–2.

5.2 AZD 6244 (ARRY-142886, selumetnib, Astra-Zeneca) is the first MEK (mitogen-
activator protein kinase) 1/2 inhibitor to be tested in thyroid cancer. In a phase 2 trial in
patients with RAI-resistant PTC (n=32,) overall response rate was 3% and stable disease
was documented in 66%; median progression free survival (PFS) was 13.4 months,19

comparing favorably with PFS achieved in response to inhibitors of VEGFRs. Adverse
events included rash (69%), fatigue (49%), diarrhea (49%), and peripheral edema (36%),
some of which were grade 3–4. In phase 1 evaluation, transient blurred vision was
additionally noted at higher doses.19, 20, 21

5.3 Motesanib (AMG 706, Amgen/Takeva) inhibits VEGFR1-3 and platelet-derived growth
factor receptors alpha/beta (PDGF-Rα/β) apparently exclusively at relevant clinical doses. In
a phase 2 trial in patients with advanced or metastatic progressive RAI-resistant
differentiated thyroid cancer (57 papillary, 15 follicular, 17 Hürthle, 4 other), the overall
response rate was 14% and the stable disease rate was 67%.22 In a phase 2 trial in advanced
or metastatic progressive medullary thyroid cancer, the overall response rate was only 2%,
but the stable disease rate was 81%; median PFS was 12 months.23 Toxicities included
diarrhea (59%), hypertension (56%), fatigue (46%), weight loss (40%), abdominal pain
(30%), nausea (28%) and hemorrhage (14%); grade 3–4 events were hypertension (25%)
and diarrhea (13%).

5.4 Pazopanib (GW786034, Votrient, GlaxoSmithKline) predominantly inhibits VEGF-
R1-3, PDGF-Rα/β and cKit. A phase 2 trial in RAI-resistant differentiated medullary and
anaplastic thyroid cancers is ongoing. Results from a cohort of patients with differentiated
thyroid cancer were recently published;24 pazopanib administration resulted in a 49%
overall response rate (73%, 33% and 45% in FTC, PTC and HCC, respectively, albeit
response by histological subtype was not a pre-specified end point). A positive correlation
between higher plasma pazopanib levels in cycle 1 and response was also observed; this
finding will likely lead to another trial in which pazopanib doses will be individualized
according to plasma PK levels (personal communication, Dr. Keith Bible). Commonly
observed adverse events were fatigue, diarrhea, hypertension, and transaminase elevations.
Profound treatment-emergent hypopigmentation, presumably a reflection of dual cKit and
PDGF-R/PDGF pathway inhibition, was observed in some patients.25 Unpublished data,
from an interim analysis, showed that pazopanib also exibited clinical activity in MTC, but
produced only transient clinical benefit in ATC (Keith Bible, personal communication).

5.5 PLX4032 (RO5185426, Roche, Plexicon) inhibits both wildtype and V600-mutated
BRAF, the latter with greater potency in humans. In a phase 1 dose escalation study which
included 3 patients with PTC and 49 patients with melanoma, all 3 PTC patients responded.
Progression-free survival was eight or more months in the patients with PTC. Frequent
grade 2 and 3 adverse events were arthralgia, fatigue and rash.26
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5.6 Sorafenib (Nexavar, BAY43-9006, Bayer-Onyx) inhibits VEGFR2-3, RET, c-Kit,
fibroblast growth factor receptor 1 (FGF-R1) and p38 in humans at relevant doses. Although
the clinical effects of sorafenib on BRAF inhibition were initially believed to be prominent,
this is now uncertain. Its broad-spectrum anti-kinase activity has nevertheless spurned
multiple phase 2 clinical trials. In 3 phase 2 trials in patients with metastatic RAI-resistant
thyroid cancer, overall response rates seemed to vary by histologic subtype, as in the case of
pazopanib.27,28, 29 Responses were seen in 15–22% of patients with PTC and in 31–49% of
patients with FTC. In one trial, 6 of 41 patients with PTC (15%) attained a PR and 23 (56%)
had stable disease lasting >6 months; patients with other histotypes of thyroid cancer did not
have responses. In DTC, mean thyroglobulin levels decreased by >25%. Paired tumor
biopsies were obtained in ten patients with this histology; 4 (40%) demonstrated reductions
in VEGF-R and ERK phosphorylation as well as in VEGF expression. Most adverse events
were grade 1–2; grade 3 adverse events included hand-foot syndrome, musculoskeletal pain,
and fatigue.27

Two small trials also demonstrated sorafenib efficacy in medullary thyroid cancer. In the
first, 15 patients with sporadic and 9 with hereditary MTC were evaluable;30 1 patient with
sporadic and 2 patients with hereditary MTCs experienced PRs. 88% of patients with
sporadic medullary cancer and 80% of patients with hereditary medullary cancer had stable
disease; overall progression-free survival was an encouraging 17.9 months. In the second
pilot trial, 2 of 5 MTC patients had responses.31

Despite promising results in DTC and MTC results, sorafenib, like pazopanib, has been
disappointing in ATC. In that population, 13% attained PRs and 27% had stable disease.
Adverse events included significant cardiovascular toxicity,27 grade 3–4 lymphopenia, rash,
weight loss, chest pain and dyspnea.32

Sorafenib in combination and tipifarnib, a farnesyl transferase inhibitor, has also been
evaluated in patients with differentiated and medullary thyroid cancer,33,34 but results will
not be presented in this paper as further clinical development of tipifarnib is unlikely.35

Treatment-emergent keratoacanthosis and cutaneous squamous cell carcinoma have been
documented in patients who have received sorafenib. There is uncertainty about whether this
may be due to primary treatment effect (e.g. BRAF or other kinase inhibition); improved
detection due to heightened surveillance; induced skin pigmentation changes with
photosensitization or perhaps a combination of these factors.36, 37 These adverse events have
also been observed in patients who have received Exelixis’s XL-281, a specific inhibitor of
wild-type and mutant BRAF. Keratocanthosis and squamous cell carcinoma of the skin have
also occurred in patients treated with other TKIs which do not inhibit BRAF.

5.7 Sunitinib (Sutent, SU011248, Pfizer) inhibits VEGF-R1-3, c-Kit and PDGF-Rα/βat
doses administered in humans. It has been evaluated in phase 2 trials in patients with
progressive refractory DTC and MTC, with overall response rates of 14% and 35% and
stable disease rates of 68% and 57%, respectively.38, 39 In a small trial of sunitinib in 12
patients with progressive PTC or MTC33,40 responses were also seen. Common adverse
events were fatigue, diarrhea, hand-foot syndrome, neutropenia and hypertension (which
was often severe).38

5.8 Vandetanib (Zactima, ZD6474, AstraZeneca) inhibits VEGF-R1-3, RET and EGF-R at
clinically relevant doses. In a phase 2 trial in advanced MTC with RET germ line mutations
(MEN2A or MEN2B, n=30), overall response rate was 20% and stable disease rate was
53%.41 In another phase 2 trial, the overall response rate was 16%, but the stable disease
rate was 32%.42, 43 In a phase 3 registration trial, 231 patients with MTC were randomized
to receive vandetanib or placebo; overall response rate in vandetanib-treated patients was
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45%, with progression-free survival dramatically improved in patients in comparison to
placebo-treated patients.44, Severe toxicities included QTc prolongation, rash and diarrhea;
less severe, but more common, toxicities included fatigue, nausea, hypertension, and low-
grade rash or diarrhea.42 On the basis of these results, vandetanib has recently been
approved by the U.S. FDA for use in advanced, progressive and symptomatic MTC.

5.9 XL184 (Carbozantinib, Exelixis) inhibits VEGF-R2, RET and MET in humans at
relevant doses. A phase 1 dose-finding study enrolling patients with various cancers
included an expansion cohort of 37 patients with MTC. Almost all patients in the expansion
cohort had some tumor shrinkage, with 29% attaining a partial response.45

6.0 OTHER AGENTS WITH ACTIVITY IN THYROID CANCER
In addition to tyrosine kinase inhibitors, several additional classes of pharmaceuticals have
demonstrated efficacy in thyroid cancers, while others seem rationale candidates for future
clinical development. Many of the latter are now being evaluated in clinical trials. In Table
3, we provide a list of these classes and subclasses, enumerating important drug(s) in each
class and supplying basic information about them; further data about selected agents are
presented additionally in the text below. We focus on angiogenesis inhibitors, histone
deacetylase inhibitors, nuclear receptor agonists (i.e. PPARγ receptor and retinoid receptor
agonists,) mitosis inhibitors and novel tumor vasculature inhibitors.

6.1 Angiogenesis Inhibitors (Other Than TKIs)
Multiple angiogenesis inhibitors have been evaluated in thyroid cancers, with several trials
involving thalidomide or lenalidomide. Thalidomide (Celgene) was reported to have anti-
angiogenic properties in 1994;46 it blocks vascular endothelial factor, modulates tumor
necrosis factor alpha, inhibits the actions of basic fibroblast growth factor and alters
cytokine production and activity. Although its actions in cancer are believed to relate to its
inhibition of angiogenesis, some mechanisms underlying its antineoplastic activity are
incompletely defined. Thalidomide was evaluated in a phase 2 trial of 28 patients with
advanced or metastatic RAI-unresponsive DTC, MTC, and a few uncommon histological
subtypes of thyroid cancer; the overall response rate was 19%, and stable disease was
attained in 32%. Common adverse events were, in descending order of frequency, fatigue,
hypersomnolence, peripheral neuropathy, constipation, dizziness and vasovagal episodes.47

Lenalidomide (Celgene), a less neurotoxic derivative of thalidomide, was also evaluated in
patients with metastatic, progressive RAI-unresponsive thyroid cancer;48 22% of patients
had a tumor response and 44% had tumor stabilization. The adverse event profile included
grade 3–4 thrombocytopenia, neutropenia and pulmonary emboli.

6.2 Epigenetic Modulating Agents
Epigenetic changes are frequent in thyroid cancers, providing a rationale for testing histone
deacetylase inhibitors and hypomethylating agents in these malignancies. Histone
deacetylase inhibitors (HDACIs) alter the chromatin acetylation state, modulating
transcription of the ~2% of the human genome regulating growth, differentiation and
apoptosis.33 Hypomethylating agents can lead to re-expression of previously methylated/
repressed genes in thyroid cancers, potentially thereby altering thyroid cancer pathogenesis
and progression.

6.2.1 Histone Deacetylase Inhibitors—The HDACIs valproic acid, vorinostat and,
more recently, romidepsin, have been evaluated in thyroid cancers. Valproic acid, an anti-
epileptic and mood-stabilizing drug, was tested in thyroid cancer cell lines in the mid-2000’s
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and found to modulate cell growth.49, 50 More recently, it was shown to inhibit tubulin
acetylation and potentiate the activity of paclitaxel in an anaplastic thyroid cell line.51

Vorinostat (Merck), which inhibits all histone deacetylase sub-types, was evaluated in a
phase 2 trial in metastatic, RAI-refractory DTC. Although there was a 71% stable disease
rate, there were no objective responses. Drug-related adverse events included fatigue,
dehydration, ataxia, thrombosis and thrombocytopenia. Further clinical trials with
Vorinostat monotherapy are deemed unlikely.52

Romidepsin (Celgene,) a cyclic peptide HDACI, selectively inhibits 4 histone deacetylase
sub-types, induces cellular differentiation, causes cell cycle arrest, depletes heat shock
protein-90-dependent oncoproteins and is anti-angiogenic. In a phase 1 trial, 6 of 9 patients
with RAI-refractory thyroid cancer had disease stabilization, but none responded and none
had evidence of treatment-induced enhancement of RAI-uptake. Adverse events were
primarily hematologic, but nausea and vomiting were also frequent.53 In a phase 2 trial, 10
of 20 patients with progressive metastatic DTC had tumor stabilization but no responses
were observed. Overall survival, however, was 36 months. Significant cardiac toxicity and
thromboembolism were observed, including one grade 4 pulmonary embolism.54

Panobinostat (LBH-589, Novartis) is a newer histone deaceylase inhibitor55 which has the
unique additional property of upregulating the Notch pathway.56 Notch is an interesting
candidate molecular target in MTC, as it is downregulated in MTC, with antiproliferative
effects noted when its expression is restored.57 In a phase 1 trial in advanced solid tumors, 6
of 13 patients had stable disease, but no responses were seen. Increased acetylation was
observed even at the lowest dose tested, indicating that the intended target had been affected
despite low clinical activity. Adverse events included prolonged grade 2 thrombocytopenia,
grade 3 neutropenia, anemia and hypoglycemia.58 Collectively, results from HDAC
inhibitor monotherapy in thyroid cancers have, unfortunately, been disappointing.

6.2.2 Hypomethlyating Agents—The hypomethylating agents azacytidine and
decitabine have also been evaluated in thyroid cancers. In some cell lines, 5-azacytidine
(Celgene) reversed NIS methylation, caused re-expression of NIS and increased radioiodine
uptake.59 A phase 1 trial of 5-azacytidine in patients with RAI-unresponsive thyroid cancer
was conducted, but the results were never presented in manuscript form. Clinical trials of
decitabine (SuperGen), a less toxic and more potent hypomethylating agent than azacytidine,
are ongoing.

6.3 Nuclear Receptor Agonists
Two types of nuclear receptor agonists, peroxisome proliferator-activated receptor gamma
(PPARγ) agonists and retinoid receptor agonists have generated interest among thyroid
cancer researchers.

6.3.1 PPARγ Agonists—Peroxisome proliferator activated receptor (PPAR) is a nuclear
receptor with three isoforms; the PPARγ isoform in particular is known to regulate in
cellular growth and differentiation. PPARγ agonist treatment of thyroid cancer lines has
resulted in growth inhibition and apoptosois,60 and combination with paclitaxel has
demonstrated in vivo efficacy in ATC models.61

Rosiglitazone (GlaxoSmithKline) has been evaluated in 17 patients with metastatic RAI-
resistant DTC. Although none of the patients had a response, the stable disease rate was 46%
with evidence of increased RAI-uptake in several patients.62
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In pre-clinical evaluation, RS5444 (Sankyo) and paclitaxel were synergistic in vivo.61 This
observation led to a phase 1 dose-escalation trial of the combination in patients with ATC.63

One patient, in that trial, had a sustained tumor response. Furthermore, patients who
received the higher doses of the RS5444 and paclitaxel had longer time to tumor progression
(TTP) than did patients who received lower doses. By far, the most common and concerning
drug-related adverse events were fluid retention and edema. These preliminary data suggest
that further clinical trials of PPARγ agonists and taxanes in combination may be warranted
in ATC.

6.3.2 Retinoid Receptor Agonists—Research related to retinoids, specifically retinoic
acid, has highlighted the importance of retinoid signaling in thyroid cancers. Two clinical
trials with retinoic acid showed that it could restore RAI-sensitivity in thyroid tumors. These
trials provided proof of principle that retinoid signaling plays a role in NIS expression and
RAI-uptake. In a study of 53 patients with RAI-insensitive DTC, retinoic acid increased RAI
uptake in 9 (17%).64 In another study, 16 patients whose tumors no longer had RAI-uptake,
as documented by post-RAI treatment scans, were treated with retinoic acid followed by
RAI; 3 patients had tumor responses and another 4 patients had disease stabilization; PFS
was 26.5months.65 In addition to its affect on NIS/RAI-uptake, retinoic acid may decrease
thyroid cell proliferation via another mechanism, attenuation of VEGF secretion.66

In part based on the above observations, nuclear retinoid X receptor (RXR) and nuclear
retinoid receptor A (RAR) agonists have also generated interest as potential thyroid cancer
therapeutic agents. In particular, bexarotene (Targretin, Eisai), a synthetic RXR agonist, was
evaluated in 11 patients with RAI-unresponsive recurrent/metastatic thyroid cancer; there
were no clinical responses. SPECT (single proton emission computed tomography) imaging
demonstrated treatment-induced increases in tumor RAI uptake in 8 patients; the
significance of this, however, is called into question because other imaging techniques failed
to consistently confirm the SPECT imaging findings.67 A phase II trial of bexarotene in
poorly differentiated thyroid cancer is ongoing (clinicaltrials.gov identifier NCT00718770).

6.4 Mitosis/Microtubule Inhibitors
While targeted agents have largely supplanted cytotoxic chemotherapy for treatment of
advanced DTC, cytotoxic chemotherapy is still being evaluated for treatment of ATC and
sometimes MTC. Cisplatin, doxorubicin, etoposide, peplomycin - alone or in combinations,
with or without radiation therapy - have historically demonstrated only modest activity in
advanced ATC. In this section, only agents which inhibit mitosis by inhibition of
microtubule disassembly (paclitaxel and docetaxel) and/or assembly (fosbretabulin) are
discussed, as they have been the focus of most ATC studies to date.

Paclitaxel (Taxol, BMS) monotherapy was assessed in a phase 2 trial in ATC, in which it
produced limited and transient responses in 53% of patients.68 Docetaxel (Sanofi-Aventis)
has also produced occasional limited responses in advanced ATC.69

More recently, a report suggested that docetaxel in combination with radiotherapy may
increase overall survival in patients with locoregionally-confined ATC.70 Another report
showed that a regimen containing both a taxane and an anthracycline administered with
intensity modulated radiotherapy appeared to dramatically increase overall survival, but this
benefit was limited to patients who had loco-regionally confined ATC.71 In a phase 1 trial of
high dose docetaxel in combination with high dose gefitinib, a patient with anaplastic
thyroid cancer attained a partial response which lasted 4 months; this regimen continues to
be tested.72 A randomized phase II trial comparing the effects of paclitaxel ± pazopanib in
combination with intensity modulated radiotherapy in ATC is ongoing (RTOG,
clinicaltrials.gov identifier NCT01236547).
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The dephosphorylated metabolite of fosbretabulin (OXiGENE), a tubulin inhibitor which
disrupts both microtubule assembly and disassembly, appears to selectively inhibit growth
of proliferating endothelial cells in tumors. In a phase 1 trial, a patient with ATC attained a
prolonged response which was maintained for 4 years73 prompting a phase 2 trial in ATC.74

In the phase 2 trial, median overall survival was 4.7 months with 34% of patients alive at 6
months. Adverse events including lymphopenia, headache, tumor pain and QTc
prolongation were frequent but generally not severe. A phase II trial assessing paclitaxel +
carboplatin ± combretastatin A4 phosphate in advanced ATC has also been undertaken
(clinicaltrials.gov identifier NCT00507429) but results have not yet been published.

6.5 PI3 Kinase Pathway Inhibitors
Genetic alterations or mutations of PIK3CA, Ras, and/or PTEN as well as PIK3CA
amplifications are common in aggressive PTC as well as in ATC75–78 making targeting the
PI3K/PTEN/AKT/mTOR also of potential therapeutic relevance in these cancers. Two
mTOR inhibitors, both approved by the US Food and Drug Administration (FDA) for
treatment of some non-thyroid cancers, are now being tested alone and in combination in
patients with thyroid cancers. Temsirolimus (Wyeth), FDA-approved for the treatment of
renal cancer, causes the following adverse events: fatigue, skin rash, stomatitis, anemia,
lymphopenia, hyperglycemia and hypophosphatemia. Everolimus (Novartis), FDA-approved
for the treatment of renal cancer and ependymal giant cell astrocytoma associated with
tuberous sclerosis, causes similar adverse events as temsirolimus but also causes asthenia
and cough. NVP-BEZ235 (Novartis) inhibits both mTOR and PI3 Kinase and is also now in
thyroid cancer clinical trials.

In some thyroid cancer cell lines, a remarkable synergism was observed between vorinostat
and temsirolimus.79 Similarly, synergism has been observed when rapamycin is combined
with MEK inhibition, indicating that combinations of mTOR inhibitors and other targeted
agents may also have promise in thyroid cancers.80

6.6 Cytotoxic Chemotherapy Other than Taxanes
Doxorubicin is the only cytotoxic agent which the U.S. Food and Drug Administration
(FDA) has approved for treatment of thyroid cancer. Unfortunately, the activity of
doxorubicin is modest and limited primarily to ATC. In general, cytotoxics have minimal
efficacy in DTC and should not be administered alone in these cancers. Some
chemotherapeutic regimens, however, have limited activity in MTC. In particular, 2 of 7
patients treated with cyclophosphamide, vincristine and dacarbazine attained durable tumor
regression.81 Other regimens used in neuroendocrine differentiation tumors have also shown
activity in MTC.82 Although an attractive consideration, combining these regimens with
novel agents has proven difficult due to heightened toxicities. For example, a phase 2 trial of
doxorubicin in combination with interferon alpha 2b was stopped early because of severe
toxicity as well as low response rate; nearly three-fourths of patients developed grade 3–4
neutropenia with fatigue, nausea/vomiting, anorexia, mucositis; neurologic symptoms were
also common and severe.83 Significant toxicities have also been encountered in trials
combining TKIs and cytotoxics; a notable exception to this is co-administration of paclitaxel
and pazopanib, which was shown to be tolerable in a phase 1 trial;84 that combination is
now being tested in a phase 2 trial in ATC in combination with radiation therapy
(clinicaltrials.gov identifier NCT01236547).

Irofulven (MGI Pharma) is a natural-product derivative which interacts with DNA in a
unique way to inhibit DNA synthesis. It was evaluated in a phase 1 trial in multiple
neoplasms. A patient with thyroid cancer who participated in the trial had a tumor response,
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raising the question of whether irofulven should be evaluated in thyroid cancer-specific
trials.85

6.7 Tumor Vasculature Inhibitors
Two novel tumor vasculature inhibitors are under investigation in treating thyroid cancers.
NGR-TNF is a fusion product of the tumor homing peptide, CNGRC, which targets tumor
necrosis factor to CD13 expressing cells, and tumor necrosis factor (TNF). In a phase 1 trial,
common toxicities included chills, fever, nausea, constipation, diarrhea, anorexia and
hypotension.86 In another phase 1 trial, NGR-hTNF was combined with doxorubicin; the
combination had an acceptable toxicity profile and 2 of 15 patients attained partial tumor
responses with an additional 9 patients experiencing stable disease.87

Vascular Biogenics-111 (VB-111), is a novel non-replicating adenovirus type 5 construct
targeted to endothelial cells, with expression of FAS ligand (and resulting apoptosis)
induced in response to TNF stimulation; it is intended to trigger endothelial cell death only
in the tumor microenvironment.88 Activity in a patient with PTC was seen in a phase 1 trial
of VBL-111. In that trial, there was evidence of improving TTP when patients were given
repeated doses of the agent. A phase 2 trial in DTC is also now ongoing (JP Morgan
Healthcare Conference, 2010; personal communication, Pamela Harris and Keith Bible).

6.8 Proteosome Inhibitors
Bortezomib (Velcade, Millennium), an inhibitor of the 26s proteasome that disrupts NF-κB-
mediated cell survival, is FDA-approved for treatment of multiple myeloma and mantle cell
lymphoma and is now in clinical trials in thyroid cancers. Common toxicities are anemia,
leucopenia, thrombocytopenia, nausea, diarrhea, vomiting, peripheral neuropathy, fever
fatigue and dyspnea.

6.9 Heat Shock Protein (HSP) Inhibitors
17-AAG (Tanespimycin, Geldanamycin) is the only HSP inhibitor studied to date in thyroid
cancers. 17-AAG binds to HSP-90 and facilitates its degradation; this, in turn, causes
degradation of client proteins, including mutated p53, BcR-Abl, AKT, RAF-1 and B-RAF.
The sensitivity of thyroid cancer cells to 17-AAG seems dependent on levels of Hsp90
expression rather than on histologic type per se.89 Pre-clinical data also suggest that it
increases RAI uptake by decreasing its efflux.90 The results of the first 17-AAG thyroid
cancer trial will be released soon (personal correspondence Keith Bible).

6.10 Other/Additional Emerging Therapeutics
CEA-131 I-based radioimmunotherapy has undergone preliminary evaluation in patients
with MTC; treated patients have had an apparent improvement in overall survival relative to
historical controls,91 providing incentive for further study of this approach.

Cancer vaccines have also undergone preliminary human testing, primarily in patients with
MTC. Dendritic vaccinations, which result in natural killer cell activation, have been
administered in the absence of substantive toxicity in MTC. In one trial using this approach
in 7 patients with MTC, the overall response rate was 14.3% and the stable disease rate was
57%; in another trial of 10 patients, overall response rate was 30% as was the stable disease
rate.92, 93 RAS peptide vaccination is also being tested.

Several immune modulators, including aldesleukin (recently evaluated in solid tumors
including thyroid cancers, clinicaltrials.gov identifier NCT00019331), GM-CSF and
interferon α-2b have also been preliminarily tested in thyroid cancer with results not yet
reported. Several forms of gene therapy are additionally in development for thyroid
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cancer.94 A favored approach is gene transfer of pro-drug activating enzymes in
combination with administration of pro-drugs, which are subsequently converted into
suicide-inducing drugs.95

In the future, agents that target the Notch, Hedgehog and WNT embryonic signaling
pathways are likely to be tested in thyroid cancer, as they have been implicated as important
in thyroid cancer pathogenesis.13

7.0 EXPERT OPINION
For the first time in decades, progress is being made in treating advanced thyroid cancers.
Some kinase inhibitors, especially those targeting VEGF-R and/or RET, have already
demonstrated preliminary safety and efficacy in advanced differentiated and medullary
thyroid cancers and have begun to change clinical practice. This is illustrated by the recent
U.S. FDA approval of vandetanib for use in progressive, symptomatic, metastatic MTC.
Other investigational agents and regimens have also demonstrated preliminary evidence of
efficacy and safety in thyroid cancers, albeit not yet as dramatically as has been the case for
kinase inhibitors. Much is still uncertain, however, with regard to the precise extents of
benefits and liabilities of these agents. Further, as most patients with advanced DTC and
MTC fair well and have overall good prognoses, issues related to patient selection are of
particular importance in advancing therapies for these cancers.

Kinase Inhibitors
It is important to emphasize that there are no data yet indicating survival benefit from TKI
use in advanced thyroid cancers. Nevertheless, on the basis of encouraging but limited
available data oncologists and endocrinologists are increasingly utilizing TKIs to treat
advanced thyroid cancers. This phenomena is illustrated by the fact that the number one off-
label use of pazopanib is for treatment of thyroid cancer (pazopanib was FDA approved for
renal cancer in 2009). We caution, however, that off-label prescribing of TKIs is very likely
to impede clinical research and progress and should only be considered after patients have
been appropriately encouraged to enroll in high-quality thyroid cancer trials. Indeed, benefit
attained from TKI use in thyroid cancers is most often relatively short-lived (months to a
few years in duration) and TKI monotherapy does not cure thyroid cancer. Clearly, future
clinical trials, and not off-label treatment, are needed to advance our understanding of their
roles in these cancers.

As uniform dosing of TKIs across all patients apparently yields quite disparate plasma levels
(and therefore response rates) in thyroid cancer patients, optimization of tyrosine kinase
monotherapy may additionally be achievable by intra-patient PK-driven dose modification,
as is presently being critically evaluated in the case of pazopanib. Hopefully, thyroid cancer
therapy will be optimized based upon lessons learned from earlier clinical trials. For
example, it appears that responses to some TKIs may be more likely and durable in
follicular thyroid cancers in than in papillary thyroid cancers; in the future, it is therefore
likely that not only histotypes, but subsets of histotypes, will be important considerations in
choosing the most appropriate treatment for individual patients.

Further optimization of monotherapy may ultimately be attained by targeting each patient’s
unique tumor mutational profile, not just by targeting tumor histology or histologic subtype.
For instance many, but not all, patients with PTC have a therapeutically targetable activating
mutation in BRAFV600E; detection of this mutation may therefore help define who is most
likely to benefit from agents which inhibit the BRAFV600E. Such an approach, however,
necessitates performing tumor pre-therapy biopsies (and sometimes multiple tumor
biopsies); these procedures are costly and invasive, can limit enrollment in clinical trials and
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are often impractical to perform in clinical practice. Nonetheless, this approach seems
critical to accomplish the goals of personalized medicine with targeted antineoplastics in the
21st century. Ultimately, performing and analyzing serial biopsies may actually prove not
only helpful to patients in terms of anti-tumor activity, but also cost-effective for patients,
insurers and the health care system as a whole. In particular, the cost of monotherapy with
kinase inhibitors and other novel agents in the United States is currently between $60,000 to
$250,000/year/patient, making it an economic necessity to individualize their use.

Other Investigational Agents and Investigational Regimens
Cytotoxic chemotherapy, which was previously thought to have no role in the treatment of
DTC and only a minimal role in the treatment of MTC and ATC, has recently re-emerged as
of potential therapeutic utility, most especially in combination with intensity modulated
radiation therapy in the initial treatment of Stages 4A and 4B ATC. For example,
preliminary evidence demonstrating that combining anti-microtubule inhibitors,
anthracyclines and intensity modulated radiotherapy appears to substantially improve overall
survival of patients with loco-regional ATC should encourage further clinical trials
involving cytotoxics. Additional trials combining cytotoxic chemotherapy and novel
agent(s) similar to the ongoing RTOG trail examining IMRT + paclitaxel ± pazopanib in
ATC (clinicaltrials.gov identifier NCT01236547) are also needed.

A wide array of other agents, such as nuclear receptor agonists, tumor vasculature inhibitors,
PI3 kinase inhibitors and epigenetic modulating agents have already demonstrated, or are
likely to demonstrate, efficacy in thyroid cancers. Novel combinations of kinase inhibitors
with novel non-TKI inhibitors are currently being explored and are expected to yield
promising results. For example, 5 trials with mTOR inhibitors and other agents are ongoing
- 3 of these combining an mTOR inhibitor with sorafenib.

Summary
Over the past decade, significant progress has been made in the evolution of treatment
options for advanced thyroid cancers. Nonetheless, the sobering reality is that each of these
options has serious limitations. Perhaps the real achievement of recent investigative efforts
lies not only in incremental improvements attained to date, but importantly also in our
realization that progress can be made at all in advancing therapies for patients afflicted with
uncommon and previously neglected advanced thyroid cancers. Investigators around the
world are encouraged to take notice and participate in yet additional endeavors to identify
still better treatment options.

ARTICLE HIGHLIGHTS

• Systemic therapies (e.g. cytotoxic chemotherapy) have, in the past,
demonstrated only limited efficacy in patients with advanced differentiated and
medullary thyroid cancers, prompting studies of novel targeted therapeutics in
these cancers.

• Small molecule inhibitors of RET, a kinase subject to activating mutation in
medullary thyroid cancer, have demonstrated clinical activity in MTC.
Vandetanib is now approved by the U.S. FDA for use in advanced, symptomatic
and progressive MTC.

• Small molecule kinase inhibitors, especially those which inhibit VEGF-Rs have
emerged as agents with both preclinical and also promising clinical activity in
differentiated and medullary thyroid cancers.
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• Therapeutics targeting inhibition of microtubule function (especially taxanes) or
topoisomerase II (especially doxorubicin) have demonstrated preliminary
efficacy in anaplastic thyroid cancer and may, either alone or in combination
with radiotherapy and/or novel targeted therapeutics, have an expanding role in
ATC management.

Abbreviation List

ATC anaplastic thyroid cancer

DTC differentiated thyroid cancer

MTC medullary thyroid cancer

PTC papillary thyroid cancer

FTC follicular thyroid cancer

FDA Food and Drug Administration

TSH thyrotropin/thyroid stimulating hormone

VEGF-R vascular endothelial growth factor receptor

RET rearranged during transfection (gene or protein)

Tg thyroglobulin

CEA carcinoembryonic antigen

WHO World Health Organization

NIS sodium iodine symporter

FMTC familial medullary thyroid cancer

MEN multiple endocrine neoplasia

RAI radioiodine

TSH-R thyroid stimulating hormone receptor

PTEN phosphatase and tensin

BRAF v-raf murine sarcoma viral oncogene homolog B1 (gene or associated
protein)

MEK mitogen-activator protein kinase ½

PFS progression free survival

PDGFR platelet-derived growth factor receptor

HCC Hürthle cell carcinoma

PK protein kinase

PR progression rate

ERK extracellular signal-regulated kinase

TKI tyrosine kinase inhibitor

PPAR peroxisome proliferator activated receptor

HDACI histone deacetylase inhibitors

RAR retinoic acid receptor
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RXR retinoid X receptor

SPECT single photon emission commuted tomography

PIK3CA phosphoinositide-3-kinase, catalytic, alpha polypeptide

Ras retrovirus associated sequence (gene or protein)

mTOR mammalian target of rapamycin

AKT v-akt murine thymoma viral oncogene homolog 1 (gene or associated
protein)

PI3 phosphoinositide-3 (gene or protein)

DNA deoxyribonucleic acid

NGR-TNF NGR-tumor necrosis factor

NGR peptide GNGRAHA, targeting aminopeptidase N (CD13) and the integrin
αvβ3 (CD51/CD61)

CD13 aminopeptidase N (APN)

TNF tumor necrosis factor

TTP thrombotic thrombocytopenic purpura

HSP heat shock protein
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Figure 1.
Histological derivation of thyroid cancers.
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Figure 2.
Predominant signaling pathways in normal thyroid cells and in thyroid cancers.

Harris and Bible Page 22

Expert Opin Investig Drugs. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Harris and Bible Page 23

TA
B

LE
 1

En
do

ge
no

us
 D

iff
er

en
tia

te
d 

Th
yr

oi
d 

Ca
nc

er
-S

pe
ci

fic
 S

ig
na

lin
g 

Pa
th

wa
ys

Pa
th

w
ay

H
is

to
ty

pe
s

C
el

lu
la

r E
ffe

ct
s

Th
er

ap
eu

tic
 a

pp
ro

ac
h

So
di

um
 io

di
de

 sy
m

po
rte

r (
N

IS
)

D
TC

↑ 
Pr

ol
ife

ra
tio

n
R

ad
io

io
di

ne

Th
yr

ot
ro

pi
n/

Th
yr

oi
d 

St
im

ul
at

in
g 

H
or

m
on

e 
(T

SH
)

D
TC

↑ 
Pr

ol
ife

ra
tio

n
Su

pp
re

ss
iv

e 
do

sa
ge

 le
vo

th
yr

ox
in

e

M
ut

at
io

ns
 in

 T
hy

ro
id

 C
an

ce
rs

Pa
th

w
ay

Ac
tiv

at
in

g/
In

ac
tiv

at
in

g
H

is
to

ty
pe

s
Pr

ev
al

en
ce

C
el

lu
la

r E
ffe

ct
s

Ta
rg

et
ed

 a
ge

nt
s

R
ET

, R
ET

/P
TC

A
ct

iv
at

in
g

M
TC

PT
C

>6
0%

25
%

↑P
ro

lif
er

at
io

n
V

an
de

ta
ni

b

B
R

A
FV

60
0E

A
ct

iv
at

in
g

PT
C

A
TC

45
%

26
%

↑ 
Pr

ol
ife

ra
tio

n
A

ZD
62

44
, G

SK
11

20
21

2,
 G

SK
21

18
43

6

PA
X

8/
PP

A
R
γ

D
is

pu
te

d 
(a

ct
iv

at
in

g 
or

 in
ac

tiv
at

in
g)

FT
C

45
%

(c
om

pl
ex

)
R

os
ig

lit
az

on
e.

 R
S5

44
4

P5
3

In
ac

tiv
at

in
g

A
TC

55
–7

0%
↑ 

Pr
ol

ife
ra

tio
n

rA
d-

p5
3

R
A

S
A

ct
iv

at
in

g
PT

C
FT

C
A

TC

10
%

45
%

22
–5

5%

↑ 
Pr

ol
ife

ra
tio

n

PT
EN

In
ac

tiv
at

in
g

A
TC

12
%

↑ 
Pr

ol
ife

ra
tio

n

EG
F-

R
A

ct
iv

at
in

g
PT

C
M

TC
A

TC

15
%

35
%

 (m
et

s)
80

%

↑ 
Pr

ol
ife

ra
tio

n
C

et
ux

im
ab

, e
rlo

tin
ib

, g
ef

iti
ni

b,
 p

an
itu

m
um

ab

PI
3K

A
ct

iv
at

in
g

A
TC

17
%

↑ 
Pr

ol
ife

ra
tio

n
N

V
P-

B
EZ

23
5

A
xi

n-
1

In
ac

tiv
at

in
g

A
TC

82
%

↑ 
Pr

ol
ife

ra
tio

n

A
PC

In
ac

tiv
at

in
g

A
TC

9%
↑ 

Pr
ol

ife
ra

tio
n

Ad
di

tio
na

l A
lte

re
d 

Si
gn

al
in

g 
Pa

th
wa

ys
 in

 T
hy

ro
id

 C
an

ce
rs

Pa
th

w
ay

Al
te

ra
tio

n
H

is
to

ty
pe

s
C

el
lu

la
r E

ffe
ct

s
Ta

rg
et

ed
 a

ge
nt

s

V
EG

F/
V

EG
F-

R
U

p
PT

C
, F

TC
, M

TC
, A

TC
↑ 

Pr
ol

ife
ra

tio
n

Su
ni

tin
ib

, s
or

af
en

ib
, p

az
op

an
ib

m
TO

R
U

p
↑ 

Pr
ol

ife
ra

tio
n

Ev
er

ol
im

us
, T

em
si

ro
lim

us

β-
C

at
en

in
U

p
A

TC
↑ 

Pr
ol

ife
ra

tio
n

A
ur

or
a 

A
, B

U
p

A
TC

↑ 
Pr

ol
ife

ra
tio

n
M

LN
82

37

R
A

R
, R

X
R

PT
C

, F
TC

↑ 
Pr

ol
ife

ra
tio

n
A

ci
tre

tin
, B

ex
ar

ot
en

e,
 re

tin
oi

c 
ac

id

So
m

at
os

ta
tin

U
p

M
TC

, P
TC

↓ 
Pr

ol
ife

ra
tio

n
O

ct
re

ot
id

e/
La

nr
eo

tid
e 

an
d 

ra
di

ot
he

ra
pe

ut
ic

 c
on

ju
ga

te
s

IG
F-

R
U

p
↑ 

Pr
ol

ife
ra

tio
n

A
G

38
A

, A
G

10
24

, f
ig

itu
m

um
ab

, N
V

P-
A

EW
54

1

Expert Opin Investig Drugs. Author manuscript; available in PMC 2012 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Harris and Bible Page 24

TA
B

LE
 2

K
in

as
e 

In
hi

bi
to

rs
: I

nv
es

tig
at

io
na

l A
ge

nt
s a

nd
 R

es
ul

ts
 o

f C
lin

ic
al

 T
ria

ls

A
ge

nt
M

an
uf

ac
tu

re
r

T
ar

ge
ts

O
R

R
 (%

)
SD

R
 (%

)
PF

S/
O

S
(m

os
)

R
ef

er
en

ce
s

A
xi

tin
ib

 (A
G

-0
13

73
6)

Pf
iz

er
V

EG
F-

R
1-

3,
 P

D
G

F-
R
β,

 c
-K

it

ph
as

e 
2 

ad
va

nc
ed

 (n
=3

0 
PT

C
, 1

5 
FT

C
, 1

1 
M

TC
, 2

 A
TC

, 2
 o

th
er

)

D
TC

=3
1%

M
TC

=1
8%

A
TC

=5
0%

D
TC

=4
2%

M
TC

=2
7%

A
TC

=0
%

18
.1

/n
a

18

A
ZD

62
44

 (s
el

um
et

in
ib

)
A

st
ra

Ze
ne

ca
M

EK
1/

2

ph
as

e 
2 

R
A

I-
re

si
st

an
t p

ro
gr

es
si

ve
 P

TC
 (n

=3
2)

O
ve

ra
ll=

3%
O

ve
ra

ll=
66

%
13

.4
/n

a
19

C
ed

ira
ni

b 
(R

ec
en

tin
, A

ZD
21

71
)

A
st

ra
Ze

ne
ca

V
EG

F-
R

1-
3,

 P
D

G
F-

R
α/
β 

c-
K

it

C
EP

-7
51

C
ep

ha
lo

n
R

ET
, F

LT
3,

 T
rk

A
-C

E7
08

0
Ei

sa
i

V
EG

F-
R

1-
3,

 P
D

G
F-

R
β,

 c
-K

it,
 F

G
F-

R
,

SC
F-

R

ph
as

e 
1 

in
cl

. T
C

 (p
re

lim
in

ar
y)

(n
=?

)
3 

PR
s

28

G
ef

iti
ni

b 
(I

re
ss

a,
 A

ZD
18

39
)

A
st

ra
Ze

ne
ca

EG
F-

R

ph
as

e 
2,

 a
dv

an
ce

d,
 R

A
I f

ai
lu

re
 (n

=1
1 

PT
C

, 6
 F

TC
, 4

 M
TC

, 5
 A

TC
, 1

 H
TC

)
O

ve
ra

ll=
0%

O
ve

ra
ll=

48
%

3.
7/

 1
7.

5
4

Im
at

in
ib

 (G
le

ev
ec

, S
TI

57
1)

N
ov

ar
tis

R
ET

, B
cr

-a
bl

, c
-K

it,
 P

D
G

F-
R
β

ph
as

e 
2 

m
et

as
ta

tic
 M

TC
 (n

=5
)

M
TC

=0
%

M
TC

=8
0%

5

ph
as

e 
2 

m
et

as
ta

tic
 p

ro
gr

es
si

ve
 M

TC
 (n

=8
)

M
TC

=0
%

M
TC

=8
8%

6/
na

6

Le
st

au
rti

ni
b 

(C
EP

-7
01

)
C

ep
ha

lo
n

R
ET

, F
LT

3,
 JA

K
2,

 T
rk

A
-C

M
ot

es
an

ib
 (A

M
G

 7
06

)
A

m
ge

n/
Ta

ke
ba

V
EG

F-
R

1-
3,

 R
ET

, P
D

G
F-

R
β,

 c
-K

it,
FL

T3
, J

A
K

2,
 T

rk
A

-C

ph
as

e 
1 

(n
=2

 P
TC

, 1
 F

TC
, 1

 M
TC

, 1
 A

TC
, 1

 H
TC

, 1
 F

/P
TC

)

PT
C

=5
0%

FT
C

=1
00

%
M

TC
=1

00
%

(o
th

er
s=

0%
)

H
TC

=1
00

%
FT

C
=1

00
%

ot
he

rs
=0

%
7

ph
as

e 
2 

ad
va

nc
ed

, p
ro

gr
es

si
ve

, R
A

I-
re

si
st

an
t D

TC
; 5

7 
PT

C
, 1

5 
FT

C
, 1

7 
H

TC
, 4

 o
th

er

O
ve

ra
ll=

14
%

PT
C

=1
2%

FT
C

=1
7%

D
TC

=6
7%

10
/n

a
22

ph
as

e 
2 

ad
va

nc
ed

, p
ro

gr
es

si
ve

, R
A

I-
re

si
st

an
t M

TC
; 9

1 
ev

al
 p

ts
O

ve
ra

ll=
2%

O
ve

ra
ll=

81
%

12
/n

a
23

Pa
zo

pa
ni

b 
(V

ot
rie

nt
, G

W
78

60
34

)
G

la
xo

Sm
ith

K
lin

e
V

EG
F-

R
1-

3,
 P

D
G

F-
R
α/
β,

 c
-K

it

ph
as

e 
2 

pr
og

re
ss

iv
e,

 R
A

I-
re

si
st

an
t D

TC
, M

TC
, A

TC
 (n

=3
7 

D
TC

)

O
ve

ra
ll=

49
%

FT
C

=7
3%

PT
C

=3
3%

H
TC

=4
5%

11
.7

/n
a

24

Expert Opin Investig Drugs. Author manuscript; available in PMC 2012 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Harris and Bible Page 25

A
ge

nt
M

an
uf

ac
tu

re
r

T
ar

ge
ts

O
R

R
 (%

)
SD

R
 (%

)
PF

S/
O

S
(m

os
)

R
ef

er
en

ce
s

PL
X

40
32

 (R
O

51
85

42
6)

R
oc

he
/P

le
xx

ik
on

B
R

A
F 

(V
60

0E
 m

ut
 >

 w
t)

ph
as

e 
1 

so
lid

 tu
m

or
; 3

 P
TC

 w
/B

R
A

F 
m

ut
 (p

re
lim

in
ar

y)
PT

C
=3

3%
PT

C
=6

7%
8+

 m
on

th
s

26

PP
1,

 P
P2

 (p
yr

az
ol

o-
py

rim
id

in
es

)

TK
I: 

Sr
c 

fa
m

ily
 k

in
as

es
 (L

C
K

, C
SK

,
p3

8,
 p

38
β2

, C
K

1δ
), 

m
ut

an
t R

ET
(C

63
4R

, C
63

4R
/V

80
4G

) >
 R

ET

R
PI

-1
C

el
l T

he
ra

pe
ut

ic
s

R
ET

, c
-M

et

Se
m

ax
an

ib
 (S

U
54

16
)

Ph
ar

m
ac

ia
 / 

SU
G

EN
V

EG
F-

R
2,

 c
-K

it,
 c

-K
it 

m
ut

an
ts

 (D
81

4Y
,

D
81

4V
, D

81
8Y

)

So
ra

fe
ni

b 
(N

ex
av

ar
, B

A
Y

43
-9

00
6)

B
ay

er
/O

ny
x

V
EG

F-
R

2-
3,

 R
ET

, P
D

G
F-

R
β,

 B
R

A
F

(w
t a

nd
 V

59
9E

 m
ut

), 
c-

K
it,

 F
G

F-
R

1,
p3

8

ph
as

e 
2 

m
et

as
ta

tic
, R

A
I-

re
si

st
an

t (
n=

41
 P

TC
, 1

1 
FT

C
/H

TC
, 4

 A
TC

)

PT
C

=1
5%

FT
C

/H
TC

=0
%

A
TC

=0
%

PT
C

=6
1%

FT
C

=8
2%

A
TC

=2
5%

PT
C

=1
0-

16
/n

a 
FT

C
=4

.5
/n

a

27
, 2

8,
 2

9

ph
as

e 
2 

m
et

as
ta

tic
 o

r a
dv

an
ce

d 
M

TC
 (n

=1
5 

sp
or

ad
ic

, 5
 h

er
ed

ita
ry

)
M

TC
(s

po
ra

di
c)

=6
%

M
TC

(h
er

ed
ita

ry
)=

20
%

sp
or

ad
ic

=8
8%

he
re

di
ta

ry
=8

0%
17

.9
/n

a
30

ph
as

e 
2 

pr
og

re
ss

iv
e 

po
st

-R
A

I, 
m

et
as

ta
tic

 D
TC

 (n
=1

3 
PT

C
, 1

5 
FT

C
, 4

 o
th

er
)

O
ve

ra
ll=

25
%

PT
C

=2
2%

FT
C

=4
9%

ot
he

r=
67

%

O
ve

ra
ll=

34
%

PT
C

=6
7%

FT
C

=3
6%

ot
he

r=
0%

14
.5

/n
a

pi
lo

t m
et

as
ta

tic
 M

TC
 (n

=5
)

M
TC

=4
0%

M
TC

=6
0%

31

ph
as

e 
2 

A
TC

 p
os

t-c
he

m
oT

x 
(n

=1
5)

A
TC

=1
3%

A
TC

=2
7%

5.
1/

na
27

, 3
2

ph
as

e 
2 

m
et

as
ta

tic
, p

ro
gr

es
si

ve
, R

A
I-

re
si

st
an

t (
n=

18
 P

TC
, 9

 F
TC

/H
TC

, 1
 M

TC
, 2

A
TC

)

O
ve

ra
ll=

23
%

PT
C

=2
2%

FT
C

=3
3%

M
TC

=0
%

A
TC

=0
%

O
ve

ra
ll=

53
%

PT
C

=6
1%

FT
C

=4
4%

M
TC

=1
00

%
A

TC
=0

%
17

.9
/n

a

ph
as

e 
1 

+ 
tip

ifa
rn

ib
 in

 so
lid

 tu
m

or
s i

nc
l. 

M
TC

 (n
=6

) (
pr

el
im

in
ar

y)
O

ve
ra

ll=
50

%
?

33
, 3

4

ph
as

e 
2 

+ 
tip

ifa
rn

ib
; a

dv
an

ce
d 

TC
, m

et
as

ta
tic

 D
TC

 (n
=2

2 
D

TC
, 1

3 
M

TC
)

D
TC

=4
.5

%
M

TC
=3

8%
D

TC
=3

6%
M

TC
=3

1%
18

/n
a

33
, 3

4

Su
ni

tin
ib

 (S
ut

en
t, 

SU
01

12
48

)
Pf

iz
er

V
EG

F-
R

1-
3,

 P
D

G
F-

R
, c

-K
it,

 R
ET

,
FL

T3
, C

SF
-1

R

ph
as

e 
2 

pr
og

re
ss

iv
e/

re
fr

ac
to

ry
 p

os
t c

he
m

oT
x,

 su
rg

er
y,

 o
r R

A
I (

n=
31

 D
TC

, 2
3 

M
TC

)
D

TC
=1

4%
M

TC
=3

5%
D

TC
=6

8%
M

TC
=5

7%
38

, 3
9

ph
as

e 
2 

pr
og

re
ss

iv
e/

re
fr

ac
to

ry
 p

os
t-R

A
I (

n=
12

 P
TC

, 8
 M

TC
)

PT
C

=8
%

M
TC

=1
2%

PT
C

=6
7%

M
TC

=8
8%

33
, 4

0

ph
as

e 
1 

so
lid

 tu
m

or
, (

n=
1 

PT
C

 [p
os

t-R
A

I]
, 1

 F
TC

 [R
A

I-
re

s.]
, b

ot
h 

pr
og

re
ss

iv
e,

m
et

as
ta

tic
)

PT
C

=1
00

%
FT

C
=0

%
PT

C
=0

%
FT

C
=1

00
%

Expert Opin Investig Drugs. Author manuscript; available in PMC 2012 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Harris and Bible Page 26

A
ge

nt
M

an
uf

ac
tu

re
r

T
ar

ge
ts

O
R

R
 (%

)
SD

R
 (%

)
PF

S/
O

S
(m

os
)

R
ef

er
en

ce
s

V
an

de
ta

ni
b 

(Z
ac

tim
a,

 Z
D

64
74

)
A

st
ra

Ze
ne

ca
V

EG
F-

R
1-

3,
 R

ET
, E

G
F-

R

ph
as

e 
2 

ad
va

nc
ed

 h
er

ed
ita

ry
 M

TC
 (w

/ R
ET

 g
er

m
lin

e 
m

ut
) (

n=
30

)
M

TC
=2

0%
M

TC
=5

3%
27

.9
/n

a
41

ph
as

e 
2 

ad
va

nc
ed

 h
er

ed
ita

ry
 M

TC
 (R

ET
 g

er
m

lin
e 

m
ut

) (
n=

19
)

M
TC

=1
6%

M
TC

=3
2%

42
, 4

3

ph
as

e 
3 

ad
va

nc
ed

 M
TC

, h
er

ed
ita

ry
 o

r s
po

ra
di

c 
(n

=2
31

)
M

TC
=4

5%
20

.5
 m

on
th

s
44

V
at

al
an

ib
 (P

TK
78

7,
 Z

K
22

25
84

)
B

ay
er

 S
ch

er
in

g/
N

ov
ar

tis
V

EG
F-

R
1-

3,
 P

D
G

F-
R
β,

 c
-K

it,
 c

FM
S

X
L1

84
 (c

ab
oz

an
tin

ib
)

Ex
el

ix
is

V
EG

F-
R

2,
 R

ET
, M

ET

ph
as

e 
1 

ad
va

nc
ed

 M
TC

 (n
=3

7)
M

TC
=2

9%
M

TC
=5

1%
45

X
L2

81
Ex

el
ix

is
B

R
A

F 
(w

t a
nd

 V
60

0E
 m

ut
)

ph
as

e 
1 

FT
C

 (n
=1

0)
 (p

re
lim

in
ar

y)
FT

C
=0

%
FT

C
=2

0%
27

K
EY

:
na

 =
 n

ot
 a

ss
es

se
d

O
R

R
 =

 O
ve

ra
ll 

R
es

po
ns

e 
R

at
e

SD
R

 =
 S

ta
bl

e 
D

is
ea

se
 R

at
e

PF
S/

O
S 

= 
Pr

og
re

ss
io

n-
fr

ee
 S

ur
vi

va
l/O

ve
ra

ll 
Su

rv
iv

al

Expert Opin Investig Drugs. Author manuscript; available in PMC 2012 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Harris and Bible Page 27

Table 3

Other Investigational Agents: Results of Clinical Trials

Class Agent Manufacturer Mechanisms/Targets

Angiogenesis Inhibitors

Thalidomide1,3,4 (Thalomid) Celgene induces apoptosis; angiogenesis
inhibitor (VEGF, βFGF);
inhibits IL-6 expression

*Lenalidomide1,3,4 (Revlimid) Celgene induces apoptosis; inhibits
angiogenesis; inhibits IL-6
expression

Epigenetic Modulating
Agents: Histone Deacetylase
Inhibitors

Romidepsin1,3,4 (depsipeptide) Celgene HDAC inhibitor

Valproic acid1,3,4 (divalproex, depakote) (generic/various) HDAC inhibitor

Vorinostat1,3 (Zolinza, SAHA) Merck/Patheon HDAC inhibitor

LBH-5894 (Panobinostat) Novartis HDAC inhibitor, Notch inducer

Epigenetic Modulating
Agents: Hypomethylating
Agents

Azacytidine1,3 (5-azacytidine, Vidaza) Celgene hypomethylating agent

Decitabine 1,4 (Dacogen) Eisai hypomethylating agent

Nuclear Receptor Agonists:
PPARγ

Rosiglitazone1,4 (Avandia) GSK PPARγ agonist

RS54443 Sankyo PPARγ agonist

Nuclear Receptor Agonists:
Retinoid

Bexarotene1,4 (Targretin) Eisai binds retinoid X receptors
(RXRs), induces apoptosis

Mitosis Inhibitors: Inhibitors
of Disassembly

*Paclitaxel1,3,4 (Taxol) Bristol-Myers stabilizes tubulin polymers,
inhibiting disassembly; binds
Bcl-2 and promotes apoptosis

*Docetaxel1,3,4 (Taxotere) Sanofi-Aventis disrupts microtubule assembly,
inhibits disassembly

Mitosis Inhibitors: Inhibitors
of Assembly

Fosbretabulin3,4 (combretastatin A-4-P) Oxygene disengages VE-cadherin,
depolymerizes tubulin

AKT Pathway Inhibitors:
PI3K and mTOR Inhibitors

NVP-BEZ2355 Novartis dual PI3K/mTOR inhibitor

AKT Pathway Inhibitors:
mTOR.TORC1 Inhibitors

Temsirolimus1,4 (Torisel, CCI-779) Wyeth/Pfizer mTOR inhibitor

Everolimus1,4 (Afinitor, Certican, Zortress) Novartis mTOR inhibitor

Alkylating Agents

*Carboplatin1,3,4 (Carboplatin Hexal, paraplat, paraplatin) (generic) alkylating agent

*Cisplatin1,3,4 (generic) alkylating agent

Antimetabolites

Capecitabine1,3,4 (Xeloda) Roche prevents pyrimidine biosynthesis

Pemetrexed1,4 (Alimta) Eli Lilly folate antimetabolite, inhibits
purine/pyrimidine biosynthesis

Topoisomerase Inhibitors

*Doxorubicin1,2,3,4 (Adriamycin, hydroxydaunorubicin) (generic/ various) topoisomerase II inhibitor and
DNA intercalator

Irinotecan1,3 (Camptosar, CPT-111) (generic) topoisomerase I

Unique Irofulven3 (MGI-114, HMAF, 6-hydroxymethylacylfulvene) MGI Pharma Selective inducer of apoptosis

Tumor Vasculature Inhibitors

VB-1114 Vascular Biogenics targets endothelial cells in tumor
vasculature

NGR-TNF4 MolMed Tumor homing peptide directed
against CD13 on tumor blood
vessels fused with tumor
necrosis factor (TNF); increases
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Class Agent Manufacturer Mechanisms/Targets
vascular permeability, disrupts
endothelial adhesion

Proteosome Inhibitors

Bortezomib1,4 (Velcade, PS-341) Millennium/Takeda inhibits 26S proteasome, which
in turn disrupts NF-kB-mediated
cell survival

Heat Shock Protein
Inhibitors

17-AAG3 (Tanespimycin, 17-allylamino-17-demethoxygeldanamycin) Kosan HSP90 inhibitor

Monoclonal Antibodies

Yttrium Y 90 Monoclonal Antibody MN-14 (90Y-MN-14)3 antibody against tumor-
associated carcinoembryonic
antigen (CEA)

Radioimmunotherapy

CEA-131I-based radioimmunotherapy3 antibody against tumor-
associated carcinoembryonic
antigen (CEA) labeled with
iodine-131

Cancer Vaccines

Dendritic cell vaccine3,4 Natural Killer (NK) cell
activator

Ras peptide vaccine3 ras mutant peptide-directed
inhibitor

Immune Modulators aldesleukin3 (Proleukin, recombinant IL-2) Prometheus Cytokine immune activator

Sargramostim1,4 (GM-CSF, Leukine) Bayer improves function of antigen
presenting cells by activation/
recruitment of dendritic cells,
macrophages, monocytes

Interferon α-2b1, 3 (Intron A) (various) Cytokine immune activator

*
In general clinical use for thyroid cancer (off-label or on-label)

1)
FDA-approved for use in non-thyroid cancer(s) or benign condition(s)

2)
FDA-approved for use in thyroid cancer

3)
Completed single agent phase 1b or phase 2 testing in thyroid cancer

4)
In ongoing clinical trials in thyroid cancer

5)
Not yet in clinical trials in thyroid cancer/preclinical data available
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