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Abstract

The spectrum of thyroid cancers ranges from one of the most indolent to one of the most
aggressive solid tumors identified. Conventional therapies for thyroid cancers are based on the
histologic type of thyroid cancers such as papillary or follicular thyroid cancer (differentiated
thyroid cancer (DTC)), medullary thyroid cancer (MTC), or anaplastic thyroid cancer (ATC). While
surgery is one of the key treatments for all such types of thyroid cancers, additional therapies vary.
Effective targeted therapy for DTC is a decades-old practice with systemic therapies of thyroid
stimulating hormone suppression and radioactive iodine therapy. However, for the iodine-
refractory DTC, MTC, and ATC there is no effective systemic standard of care treatment. Recent
advances in understanding pathogenesis of DTC and development of molecular targeted therapy
have dramatically transformed the field of clinical research in thyroid cancer. Over the last five
years, incredible progress has been made and phases I-lll clinical trials have been conducted in
various types of thyroid cancers with some remarkable results that has made an impact on lives of
patients with thyroid cancer. Such history-making events have boosted enthusiasm and interest
among researchers, clinicians, patients, and sponsors and we anticipate ongoing efforts to

develop more effective and safe therapies for thyroid cancer.
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Background

Thyroid cancer is the most common malignancy of the
endocrine system, and a disease whose incidence has
been increasing over the past 20 years (Davies
& Welch 2006). This heterogeneous disease is classi-
fied into differentiated thyroid carcinoma (DTC),
undifferentiated (anaplastic) thyroid carcinoma
(ATC), poorly DTC, and medullary thyroid carcinoma
(MTC). DTC:s are by far the most common, and include
the major subtypes of papillary and follicular as well as
rare tumors derived from these subtypes. Most DTCs
are indolent tumors, and, when identified at an early
stage, are almost always cured through surgery and/or
radioactive iodine therapy ('*'I). However, 5-year
disease-specific survival of patients with DTC with
distant metastases is <50% (Shaha et al. 1997,
Hundahl ez al. 1998). Current guidelines for treatment
of progressive DTC include optimization of thyroid
stimulating hormone (TSH) suppression, '*'I, resection
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of selected metastases, and bisphosphonates for bony
metastases. While doxorubicin is the only cytotoxic
chemotherapy currently approved through the Food
and Drug Administration (FDA) of the USA, due to
low short-lasting response rates and high toxicity
profile, it is not routinely used in the management of
thyroid cancers (Gottlieb & Hill 1974, Shimaoka et al.
1985, Williams et al. 1986, De Besi et al. 1991, Argiris
et al. 2008).

Unlike DTC, MTC is derived from parafollicular
C cells of the thyroid and can occur as part of the
inherited syndromes such as multiple endocrine
neoplasia (MEN)-2. Surgery is the only effective
therapy, however, at the time of diagnosis 50-80% of
patients have metastatic disease. Like DTC, patients
with metastatic disease do poorly, with a 5 year
survival of <50% (Hundahl et al. 1998). ATC are
almost always aggressive and often not diagnosed until
advanced stages (Kebebew et al. 2005). For ATC,
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multimodality treatment including surgery, radiation,
and chemotherapy is the standard of care. However,
median survival of this group of patients is <1 year.

Novel insights in the pathogenesis of
thyroid cancer

Cancer therapy has been revolutionized by the advent
of therapies that selectively target cancer cells while
sparing normal cells. Initial interest in this field grew
with the successful development of the tyrosine kinase
inhibitor imatinib for chronic myelogenous leukemia
(Druker et al. 2001). Since this time, numerous small
molecule tyrosine kinase inhibitors have been
developed and tested in a variety of tumor types. The
success of these inhibitors hinges on the discovery of
appropriate targets so integral in tumorigenesis that
their disruption is catastrophic for the tumor. The
phenomenon called ‘oncogene addiction’, where the
growth and survival of tumor can often be impaired by
the inactivation of a single oncogene, has been
described in a variety of tumors (Weinstein 2002,
Weinstein & Joe 2008). In thyroid cancer, the
targets that have been best described include the
RET/papillary thyroid carcinoma (PTC), RAS, and
BRAF. Non-overlapping rearrangement of RET/PTC,
and mutations of RAS, BRAF, and neurotrophic
tyrosine kinase receptor 1 (NTRK1) have been found
in ~70% of PTC (Xing 2005).

With the juxtaposition of various genes to the RET
gene, a chimeric protein, RET/PTC, is produced,
whose constitutive expression has been implicated in
the development of PTC (Viglietto et al. 1995, Jhiang
et al. 1996). Similarly, germline mutations of RET are
hallmark of the MEN-2 (Santoro et al. 1990), and these
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mutations are seen in 26-48% of sporadic MTC (Shan
et al. 1998, Uchino et al. 1999, Dvorakova et al. 2008,
Elisei et al. 2008). Activating mutations of RAS occur
in ~30% of follicular thyroid carcinoma (FTC).
In 2002, Davies et al. (2002) reported a breakthrough
discovery of activating mutations in BRAF gene in
human cancer. Soon after discovery of BRAF as an
oncogene for variety of human cancers, BRAF was
found to be mutated (BRAFY°F) in 28-69% of PTC
(Cohen et al. 2003, Fukushima et al. 2003, Kimura
et al. 2003, Namba et al. 2003, Nikiforova et al. 2003,
Soares et al. 2003, Xu et al. 2003, Trovisco et al. 2004,
Xing et al. 2004). BRAF is a non-receptor serine
threonine kinase involved in the RAS/RAF/MAPK/
ERK signaling cascade (Fig. 1). Targeted expression
of BRAFY®® in thyroid cells of transgenic mice
induces goiter and invasive PTC, which transforms
into poorly differentiated carcinomas (Knauf et al.
2005). Furthermore, a small inhibitory RNA construct
targeting the expression of both wild-type BRAF and
BRAFYF induced a comparable reduction of cancer
cell viability. In addition to PTC, BRAF mutations also
have been observed in 10-25% of ATC (Nikiforova
et al. 2003, Santarpia et al. 2008). Like the RET/PTC,
mutations in BRAF are thought to occur early in
tumorigenesis (Nikiforova et al. 2003) and have been
seen in aggressive thyroid cancers making this an
attractive target for molecular therapies as well.
Metalloproteinases (MMP) were shown to be induced
by BRAF, particularly MMP3, MMP9, and MMP13 in
an experimental model using rat thyroid PCCL3 cells
(Mesa et al. 2006).

The phosphatidylinositol 3-kinase (PI3K)/Akt sig-
naling pathway is an important regulator of many
cellular events, including apoptosis, proliferation, and
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Figure 1 The RAS-RAF-MAP kinase signaling pathway. Reprinted by permission from Macmillan Publishers Ltd: Pollock PM &

Meltzer PS 2002 Nature 417(6892) 906—-907, copyright (2002).
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motility. Aberrant activation of this pathway can occur
through several mechanisms, such as inactivation of its
negative regulator, phosphatase and tensin homolog
deleted on chromosome 10, and activating mutations
and gene amplification of the gene encoding the
catalytic subunit of PI3K. These genetic abnormalities
have been particularly associated with follicular
adenoma, FTC, and ATC (Hou et al. 2007, Liu et al.
2008, Paes & Ringel 2008).

Another receptor tyrosine kinase that has gained
interest in thyroid cancer in addition to other
malignancies is c-Met, a proto-oncogene that is the
high-affinity receptor for hepatocyte growth factor and
is important for regulation of cell migration, prolifer-
ation, differentiation, and angiogenesis (Jiang et al.
1999). In PTC, overexpression of c-Met has been found
in 70% of patients (Di Renzo et al. 1992), and ATC is
associated with constitutively active c-Met as well
(Bergstrom et al. 1999). In PTC, high levels of c-Met
expression correlate inversely with the presence of
distant metastasis (Belfiore et al. 1997). It has also
been shown that the epidermal growth factor receptor
(EGFR) is important in the regulation of c-Met
(Bergstrom et al. 2000), and that RAS and RET
upregulate c-Met (Ivan er al. 1997), identifying all as
potential therapeutic targets.
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The EGF and its receptor are attractive molecular
targets for cancer therapy. EGF has shown to
stimulate thyroid follicular cell proliferation (van
der Laan et al. 1995) and increase the proliferation
and invasion of DTC cells in culture and in nude
mice (Hoelting ez al. 1994).

Although it has been known for decades that
angiogenesis is central to tumor development,
we consider it relevant to mention its role in
thyroid cancer pathogenesis (Lennard er al. 2001,
Lewy-Trenda & Wierzchniewska-Lawska 2002,
Tanaka et al. 2002, Bauer et al. 2003, Lin et al.
2003) due to recent availability of potent and specific
inhibitors of angiogenesis in the clinic. In order for
tumors to grow and metastasize, they must acquire
angiogenic capability (Gullino 1978) to provide their
own blood supply. Vascular endothelial growth factor
(VEGF) and platelet-derived growth factor (PDGF)
are among the potent angiogenic factors that are
implicated in pathogenesis of a variety of cancers
including thyroid cancers (Fig. 2). VEGF binds to a
family of membrane-bound receptor tyrosine kinases,
VEGF receptors (VEGFRs) 1-4, resulting in sub-
sequent down-stream signaling and release of
angiogenic factors with subsequent new blood vessel
formation.
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Figure 2 Tumor angiogenesis. Reprinted by permission from Macmillan Publishers Ltd: Cristofanilli M, Charnsangavej C &
Hortobagyi GN 2002 Nature Reviews. Drug Discovery 1 415-426, copyright (2002).
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Preclinical studies
Sorafenib (BAY 43-9006)

Sorafenib, a multi-kinase inhibitor targeting BRAF,
VEGFR, PDGFR, and RET, was shown to suppress
BRAF signaling and cell/tumor growth when tested
in vitro and in xenograft models (Salvatore et al. 2006).
Knockdown of BRAF by small inhibitory duplex RNA
inhibited the MAP kinase signaling and the growth of
ATC cells. Similar inhibition was achieved with
sorafenib at half-maximal inhibitory concentrations
(IC50) of 0.5-1 mmol/l in thyroid carcinoma cells but
not in normal thyrocytes. ATC xenografts were
significantly smaller in nude mice treated with
sorafenib than in control mice. This inhibition was
associated with suppression of phospho-MAP kinase
levels. Subsequently, RET kinase was reported to be a
target in multi-kinase inhibitor spectrum of sorafenib
based on its testing in pre-clinical models of RET
mutated PTC and MTC (Carlomagno er al. 20006).
Sorafenib inhibited oncogenic RET kinase activity at
IC5o of <50nM in oncogenic RET-transfected
NIH3T3 cells. It also arrested the growth of NIH3T3
and RAT1 fibroblasts transformed by oncogenic RET
and of thyroid carcinoma cells, human TPC1 (PTC cell
line), and TT (MTC cell line), that harbor spontaneous
oncogenic RET alleles. After 3 weeks of treatment
with oral sorafenib, the volume of TT cell xenografts
was reduced from 72 to 44 mm?> , whereas in vehicle-
treated mice, mean tumor volume increased to
408 mm> (P=0.02). This inhibition paralleled a
decrease in RET phosphorylation. Another study
targeting the BRAF expression using a small inhibitory
RNA construct in thyroid cancer cell lines induced a
comparable reduction of viability in both wild-type
BRAF and BRAFY®%F mutant cancer cells (Mitsiades
et al. 2007). Furthermore, AAL881, BRAF kinase
inhibitors, inhibited MEK and ERK phosphorylation,
and induced apoptosis preferentially in BRAFY0E.
harboring cells over wild-type cells.

Vandetanib (ZD 6474)

Vandetanib is an anilinoquinazoline multi-tyrosine
kinase inhibitor targeting VEGFR and EGFR signal-
ing. Like sorafenib, this drug also inhibits the RET
oncoprotein making it an interesting targeted therapy
for both PTC and MTC. It has been shown that
vandetanib blocks the enzymatic activity of RET-
derived oncoproteins at ICsq of 100 nM (Carlomagno
et al. 2002). Vandetanib also blocked in vivo
phosphorylation and signaling of the RET/PTC3 and
RET/MEN2B oncoproteins and of an EGF-activated
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EGFR/RET chimeric receptor. Furthermore, vandetanib
prevented the growth of two human PTC cell lines that
carry spontaneous RET/PTCI rearrangements
and blocked the formation of tumors after injection
of NIH-RET/PTC3 cells into nude mice.

Sunitinib

Sunitinib is another multi-tyrosine kinase inhibitor that
targets VEGFR, PDGFR, and c-kit. It has also been
shown to target RET/PTC, both blocking proliferation
of TPC-1 cells that harbor RET/PTCI rearrangement

and causing morphologic reversal of transformed
NIH-RET/PTC3 cells (Kim et al. 2006).

Gefitinib

Gefitinib is a tyrosine kinase inhibitor targeting an
EGFR, which blocks its auto-phosphorylation and
signal transduction. EGFR is overexpressed in ATC
cell lines in vitro and in vivo as well as human ATC
specimens (Schiff er al. 2004). Gefitinib inhibited
cellular proliferation and induced apoptosis in ATC
cell lines and slowed tumor growth in a nude mouse
model of subcutaneous implant of ATC. This has been
confirmed in another preclinical study, where gefitinib
was combined with imatinib, a tyrosine kinase
inhibitor targeting c-abl/PDGF-R (Kurebayashi et al.
2006). In this study, the combination therapy demon-
strated enhanced apoptosis associated with the down-
regulation of antiapoptotic proteins, Bcl-2 and Bcl-xL,
and inhibited the growth of KTC-3 xenografts.

Combretastatin

Combretastatin is a microtubule inhibitor, which has
been shown to destabilize vasculature, making it an
attractive anti-tumor agent. Combretastatin displayed
significant cytotoxicity in eight human ATC cell lines
and in xenograft tumors from four ATC cell lines when
injected in athymic nude mice (Dziba et al. 2002).
Furthermore, it can also significantly enhance tumor
response to both cisplatinum and radiation (Chaplin
et al. 1999). In a nude mouse xenograft model with
ARO and KAT-4 cells, combretastatin and paclitaxel
in combination with manumycin or carboplatin
demonstrated significant antitumor activity (Yeung
et al. 2007). Blebbing/budding of endothelial cells into
capillary lumens and autophagy of tumor cells in
combretastatin-treated xenografts confirms its vascular
disrupting activity. Nelkin & Ball (2001) showed
improvement in doubling time of MTC tumors in nude
mice model from 12 to 29 days when treated with
combretastatin and doxorubicin.

www.endocrinology-journals.org



Bortezomib

In vitro, a proteasome inhibitor bortezomib alone or
in combination with chemotherapy has been shown
to induce apoptosis in MTC and ATC cells by
inhibiting NF-«kB, increasing p53, p21, and jun
expression, and inducing caspase-dependent apopto-
sis (Mitsiades et al. 2006).

17-AAG

17-AAG is a heat shock protein (Hsp) 90 inhibitor that
has been identified as a potential therapeutic agent in
thyroid cancer. Hsp 90 specifically has been found to
be important to the signaling kinases Akt and RAF as
well as formation of the PTC1 protein, which is the
most common RET/PTC chimeric oncoprotein seen in
PTC (Smida et al. 1999). In preclinical studies,
17-AAG was found to reduce RET/PTC1 protein
levels, induce cell death and increase the uptake of
radioactive iodine into thyroid cancer cells (Marsee
et al. 2004). It has also been shown that levels of Hsp
90, rather than histologic subtype, determine the
cytotoxic response to the agent in thyroid cancer cell
lines (Braga-Basaria et al. 2004).

Histone deacetylase inhibitors

Depsipeptide (romidepsin, FK228) has been shown to
increase sodium—iodine symporter expression and
uptake of 1'* (Kitazono et al. 2001, Furuya et al.
2004). In the FTC and ATC cell lines, a very low
concentration of depsipeptide increased histone
acetylation and expression of both thyroglobulin
(Tg) and the Na(+)/I(—) symporter (NIS) mRNAs
(Kitazono et al. 2001).

In preclinical studies using thyroid cancer cell lines,
suberoylanilide hydroxamic acid (SAHA) was found to
induce growth arrest in ATC and MTC cell lines
through p21-mediated inhibition of Rb phosphoryl-
ation (Mitsiades et al. 2005). In these studies, SAHA
was also found to sensitize thyroid cancer cells to
caspase-mediated death-receptor mediated cell death
as well as to augment anti-tumor activity of
doxorubicin.

DNA methylation inhibitors

Decitabine appears to work through inhibition of
DNA methyltransferases, and causes reversible DNA
damage to malignant cells (Palii et al. 2008). In
preclinical studies, decitabine also has been shown
to increase iodine uptake in ATC and poorly DTC
cell lines (Provenzano et al. 2007). Thyroid
carcinoma cell lines DRO and 2-7 had high levels
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of DNA methylation (74 and 80%) compared with
normal thyroid tissue (6%; P <0.05). This finding
correlated with low levels of NIS expression in the
untreated thyroid carcinoma cell lines. Combination
treatment with the epigenetic-modifying agents
5-aza-2'-deoxycytidine and sodium butyrate resulted
in increases in NIS mRNA levels, global histone
acetylation, and 8-to 9-fold increases in I'* uptake
for the DRO and 2-7 cells.

3-Phosphoinositide-dependent kinase-1
inhibitors

OSU-03012 (2-amino-N-{4-[5-(2-phenanthrenyl)-
3-(trifluoromethyl)-1H-pyrazol-1-yl]-phenyl} aceta-
mide) is a derivative of celecoxib, which was
formulated to be a more potent inhibitor of
3-phosphoinositide-dependent kinase (PDK)-1. When
exposed to OSU-03012, prostate cancer cells were
shown to have dephosphorylation of Akt and sub-
sequent apoptosis (Zhu et al. 2004). OSU-03012 was
also found in thyroid cancer cells to directly inhibit
p-21 activated kinases, downstream effectors of
PDK-1, which are important in cell motility and
proliferation (Porchia et al. 2007).

Peroxisome proliferator-activated receptor-
gamma agonist

CS-7017, a thiazolidinedione class peroxisome
proliferator-activated receptor (PPAR) gamma ago-
nist, alone or in combination with paclitaxel inhibited
the proliferation of the human ATC cell line DRO
and inhibited the growth of the DRO in nude rats in a
dose-dependent manner (Copland et al. 2006,
Shimazaki et al. 2008).

Chemotherapeutic agents

Capecitabine is a tumor-activated fluoropyrimidine
carbamate which is converted to 5-FU in target tissues
by thymidine phosphorylase, causing high drug levels
inside tumors while sparing normal tissues. 5-FU
interferes with DNA synthesis by blocking thymidylate
synthetase, and is inactivated by dihydropyrimidine
dehydrogenase. Because of its mechanism of action,
it is suspected that high levels of thymidine phos-
phorylase and low thymidylate synthetase and dihy-
dropyrimidine dehydrogenase would predict response
to capecitabine. In one study looking at immunohisto-
chemistry of thyroid tumors, 43% of PTC and 25% of
FTC had favorable characteristics (Patel et al. 2004).
Irinotecan, a topoisomerase I inhibitor, prevents the
relaxation of DNA supercoiling during DNA replication
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Table 1 Phases of clinical trials®

Phase of

clinical trial Definition and goals of clinical trial

Phase | The first of four phases of clinical trials, phase | studies are designed to establish the effects of a new drug in
humans. These studies are usually conducted on small populations of healthy humans to specifically determine
a drug’s toxicity, absorption, distribution, metabolism, and maximum tolerated dose of the new drug

Phase Il After the successful completion of phase | trials, a drug is then tested for safety and efficacy in a slightly larger
population of individuals who are afflicted with the disease or condition for which the drug was developed

Phase Il The third and last pre-approval round of testing of a drug is conducted on large populations of afflicted patients.
Phase Il studies usually test the new drug in comparison with the standard therapy currently being used for
the disease in question. The results of these trials usually provide the information that is included in the
package insert and labeling

Phase IV After a drug has been approved by the FDA, phase IV studies are conducted to compare the drug to a

competitor, explore additional patient populations, or to further study any adverse events

#Modified from the table in the website: http://www.centerwatch.com/

(Garcia-Carbonero & Supko 2002). A preclinical
study in a mouse model of ATC showed that the
combination of irinotecan and cetuximab, a chimeric
monoclonal antibody to EGFR, inhibited tumor
growth, invasion, and angiogenesis (Kim et al.
2006). In the same study, at the end of a 3 week
treatment period, this combination decreased mean
tumor volume by 97%, while doxorubicin decreased
tumor volume by 7% (Kim et al. 2006). In a study
using a mouse model of MTC, irinotecan was found to
be highly effective (Strock et al. 2006).

Clinical trials in DTC

Clinical trials are studies designed to find new and
better ways to treat patients with cancer. Through
clinical trials, scientists and clinicians break new
ground in the development of anti-cancer treatment.
The definitions of phases of clinical trials and key

Table 2 Response evaluation criteria in solid tumors

points in response criteria in solid tumors (RECIST)
are described in Tables 1 and 2. In the last 5 years,
dramatic advances have occurred in development of
clinical trials for thyroid cancer (Table 3). Table 4
outlines summary of results of published phase II trials
of kinase inhibitors, however, caution must be taken in
comparing these results, as patient population tested
was variable among these trials.

Sorafenib

Sorafenib has been approved through the FDA for
patients with metastatic renal cell carcinoma and
hepatocellular carcinoma, and is the first compound
of its class to show promising anti-tumor activity in
patients with advanced DTC (Kloos et al. 2005, 2008).
Our group conducted a National Cancer Institute
(NCI)-sponsored phase II trial of sorafenib that
enrolled 58 patients with advanced non-MTCs (Kloos
et al. 2005, 2008, Gupta-Abramson et al. 2008).

Category Definition per RECIST

Measurable lesions

Measurable lesions are defined as those that can be accurately measured in at least one dimension

(longest diameter to be recorded) as >20 mm with conventional techniques (CT, MRI, X-ray) or as

>10 mm with spiral CT scan
Target lesions

All measurable lesions up to a maximum of five lesions per organ and ten lesions in total, representative

of all involved organs, are identified as target lesions and recorded and measured at baseline

Measurement of the
target lesions
Response categories

A sum of the longest diameter (LD) for all target lesions is calculated and reported as the baseline sum
LD. The baseline sum LD is used as the reference to characterize the objective tumor response
Complete response (CR): disappearance of all target lesions

Partial response (PR): at least a 30% decrease in the sum of the longest diameter (LD) of target lesions,
taking as reference the baseline sum LD

Progressive disease (PD): at least a 20% increase in the sum of the LD of target lesions, taking as
reference the smallest sum LD recorded since the treatment started or the appearance of one or more

new lesions

Stable disease (SD): neither sufficient shrinkage to qualify for PR nor sufficient increase to qualify for PD,
taking as reference the smallest sum LD since the treatment started
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Table 3 Clinical trials for advanced differentiated thyroid cancer®
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Class of therapy

Putative targets
of the therapy

Name of drugs

Status of phase Il
clinical trials

Anti-angiogenic drugs
(oral kinase inhibitors)

Signaling pathway inhibitors

Signaling pathway inhibitors
Histone deacetylase inhibitors

Demethylating agents

Cyclo-oxygenase (COX)
inhibitor

Immunomodulation

Ansamycin antibiotic
Proteasome inhibitor
Cytotoxic chemotherapy

VEGF-receptors,
PDGF-receptors

RAS-RAF-MEK signaling
pathway

EGFR signaling pathway

Histone deacetylation

Methylation
COX-2

Inflammation, angiogenesis
Heat shock protein 90

Proteasome
DNA alkylating or

Sorafenib (BAY 43-9006)
Axitinib (AG-013736)
Motesanib (AMG-706)
Pazopanib (GW786034)

Sunitinib (SU011248)
Vandetanib (ZD6474)

Sorafenib (BAY 43-9006)
AZD 6244

Gefitinib

Vorinostat (SAHA)
Romidepsin (Depsipeptide)

Decitabine
Celecoxib

Thalidomide
Lenalidomide

17-AAG
Bortezomib (PS-341)
Irofulven and capecitabine

Completed, results published

Completed, results published

Completed, results published

Accrual ongoing, results
pending

Accrual ongoing, results
pending

Accrual ongoing, results
pending

Completed, results published

Accrual ongoing

Completed, results published

Completed, results published

Accrual completed, results
pending

Accrual ongoing

Completed, results published

Completed, results published

Accrual completed, results
pending

Accrual ongoing

Accrual ongoing

Completed, results presented

antimetabolite

in abstract

80ngoing trials in MTC include single agent sorafenib, sunitinib, pazopanib, and 17-AAG. Ongoing trials in ATC include sorafenib,
combretastatin and CS-7017. Please see www.clinicaltrials.gov for status update.

Sorafenib was administered at an initial dose of
400 mg orally twice each day, and was dose-reduced
in 52% of patients. Of 33 cytotoxic chemonaive PTC
patients, 5 patients had partial responses (PRs; 15%;
95% confidence interval (CI) 5-32) and 19 patients had
stable disease (SD) lasting >6 months (57%). The
Kaplan—-Meier estimate of median progression free
survival (PFS) was 16 months (95% CI, 8-27.5).
Objective response was seen even in the eight patients
who had previously received cytotoxic chemotherapy,
with 13% PR and 50% SD > 6 months duration. While
no PRs were noted, SD > 6 months was noted in 54 and
25% of patients in FTC/hurthle (n=11) or ATC (n=4)
respectively. We noted dramatic sustained decreases in
serum Tg levels in some patients with PRs and SDs,
however, neither baseline Tg nor Tg response consist-
ently correlated with degree or duration of objective
response. Common (>10%) grade 3 adverse event
(AE)s included hand—foot skin reaction, musculoske-
letal pain, and fatigue. Rare events of keratoacanthoma,
bowel perforation, and bleeding (hemoptysis in patients
with central chest tumor lesions) were also observed.
BRAF mutation (BRAFY®F or BRAFXO!E) wag
detected in 17 of 22 (77%) patients with PTC. Four of

www.endocrinology-journals.org

ten paired tumor biopsies from PTC patients performed
pre-treatment and at 8§ weeks on treatment showed a
reduction in levels of pVEGFR, pERK and increase
VEGF expression in response to sorafenib. Tumor
perfusion was decreased with sorafenib as evaluated by
dynamic contrast enhanced magnetic resonance
imaging in 10 of 14 evaluable PTC patients. While
decreases in SUV ., and metabolic volume had been
observed in index lesions with sorafenib, no clear
correlation was noted between fluorodeoxyglucose
positron emission tomography (PET) response and
objective response.

In a single center phase II study of sorafenib in 30
patients with advanced thyroid cancer, Gupta-
Abramson et al. (2008) reported 7 (23%) PRs and 16
(53%) SDs and a median PFS of 19.7 months.
A majority of these patients were PET scan positive
(93%) and had either PTC (n=18) or FTC/Hurthle
cell variant (n=9). Only 5 of 30 patients (17%) had
received prior chemo- or investigational-therapy.
While sorafenib was delivered at 400 mg orally twice
daily in this study as well, dose reduction was
required in 47% of the patients. Common treatment-
related AEs included palmar-plantar erythema, rash,
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Table 4 Results of phase |l trials of kinase inhibitors in advanced thyroid cancer

Name of agent Sorafenib Sorafenib Motesanib Axitinib
Reference Kloos et al. (2008) Gupta-Abramson Sherman et al. Cohen et al.
et al. (2008) (2008) (2008b)
Sites of phase Il trial Ohio State University of Multicenter, Multicenter, USA
University Pennsylvania International
Number of patients 56 30 93 60
Age (years) 61 (median) 63 (mean) 62 (median) 59 (median)
Histology (%)
Papillary 70 60 61 50
Follicular/Hurthle cell 24 30 34 25
Medullary 0 3 0 18
Anaplastic 6 7 0 3
Other 0 0 4 3
Extent of disease (%)
Locally advanced/recurrent 0 NR 1 50
Metastatic 100 NR 99 50
Performance status (%)
ECOG 0-1 100 100 90 100
ECOG 2 0 0 10 0
Prior treatment (%)
Surgery 100 100 100 87
Radioactive iodine 92 93 97 72
External beam radiation 46 37 57 82
Chemotherapy 19 10 17 15
Other 29 7 NR 25
Obijective response (%)
Intent to treat analysis Yes Yes Yes Yes
Assessable pts (%) 85 83 88 75
Complete response 0 0 0 0
Partial response 11 23 14 30
Stable disease 62 53 67 38
Stable disease >6 months 53 NR 35 NR
Median duration of partial 9 4.5-21 (range) 8 Not yet reached
response (months)
Median progression-free 15 (PTC pts); 4.5 21 (DTC pts); 10 18.1
survival (months) (non-PTC pts) 19.7 (all pts)
Serum thyroglobulin response 49% (11/23) PTC pts  70% median decrease 45% (34/75) pts with NR
compared with baseline with >50% in 17 of 19 pts >50% decrease
decrease
Discontinuation due to 25 20 13 13

adverse events (%)

NR, not reported.

musculoskeletal pain, pruritus, hypertension, diarrhea,
fatigue, weight loss, stomatitis/mucositis, alopecia,
abdominal bloating, and mood changes.

Objective response rates and median PFS in the
above studies of sorafenib vary despite similar dosing
schedule. While there is no clear explanation for such
differences, it may be due to differences in patient
characteristics such as prior therapy, overall tumor
burden, and rate of progressive disease at the study
entry, as well as tumor characteristics including BRAF
mutation and tumor vascularity. Based on the
promising data noted in these phase II studies, the
authors recommend the use of sorafenib 400 mg orally
twice daily under proper supervision in high-risk
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patients with metastatic PTC who have progressed
despite standard surgery and "*'I and do not have the
option to participate in clinical trials. In 2008, The
National Comprehensive Cancer Network (NCCN;
http://www.nccn.org/professionals/physician_gls/
PDF/thyroid.pdf) also endorsed the use of sorafenib in
the management of clinically progressive or sympto-
matic iodine-refractory PTC.

Axitinib (AG-013736)

Like sorafenib, axitinib is an oral multi-targeted
tyrosine kinase inhibitor, but with a selectivity and
potency against VEGFRs. Clinical responses have been
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observed in renal cell carcinoma (Rixe et al. 2007).
In a multicenter phase II study of 60 patients with
advanced thyroid cancer using 5 mg daily dosing of
axitinib, 18 (30%) PRs and 23 (38%) SD of >4 months
duration were observed (Cohen et al. 2008b). Median
PES was 18 months (95% CI, 12.1 to not estimable).
Among 30 PTC patients on this study, 8 (27%) achieved
PRs and 12 (40%) experienced SD. While no definitive
conclusions were made in serum Tg response in this
study, significant decreases in mean serum VEGFR-2
and -3 concentrations were noted compared with
baseline. The most common treatment-related AEs
occurring in >20% of patients included fatigue,
diarrhea, nausea, anorexia, hypertension, stomatitis,
weight loss, and headache.

Motesanib (AMG-706)

Motesanib is a multi-targeted tyrosine kinase inhibitor
that targets the VEGFRs, PDGFR, and c-kit (Polverino
et al. 2006). In an open-label multicenter international
phase II trial of motesanib in 93 patients with
radioiodine-resistant, progressive DTC, motesanib
was administered orally at a dose of 125 mg orally
daily (Sherman er al. 2008). Objective response
included 14% PRs, 67% SD and a 35% SD >6
months duration. The Kaplan—Meier estimate of the
median duration of the response was 8 months (95%
CI, 6-not estimable) and median PFS was 10 months
(95% CI, 8-12.5). Among 75 patients in whom Tg
analysis was performed, 81% had decreased serum Tg
concentrations during treatment as compared with
baseline, and significant correlation was noted between
serum Tg response and RECIST response. The most
common (>40%) treatment-related AEs were diar-
rhea, hypertension, fatigue, and weight loss. Grade 3
AESs occurred in 55% of patients that included diarrhea,
hypertension, abdominal pain, anorexia, fatigue and
rare gall bladder toxicity, hemorrhage, and throm-
boembolic events. Of note, hypothyroidism was noted
in 12% of the patients. Of 25 patients with PTC, 10 had
the mutant BRAFY%%°E genotype, and 4 had mutations
in RAS genes.

Sunitinib (SU 011248)

Sunitinib is approved through the FDA for patients
with metastatic renal cell carcinoma or imitanib-
refractory gastrointestinal stromal tumors. In an
NClI-sponsored phase II study of sunitinib in 37
patients with iodine-refractory progressive DTC
(Cohen et al. 2008a), treatment consisted of 6
week cycles of sunitinib malate 50 mg orally each
day on a 4-week-on/2-week off schedule. Of 31
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evaluable DTC patients who completed 12 weeks of
treatment, the best response was PR in 13%, SD in
68%, and progressive disease in 10%, with 13% of
patients not evaluable. The most common (>40%)
drug related AEs included fatigue, diarrhea, palmar-
plantar erythrodysesthesia, neutropenia, and hyper-
tension. Results are awaited for other ongoing phase
I trials of sunitinib in patients with iodine-refractory
DTC and metastatic MTC (Goulart er al. 2008,
Ravaud et al. 2008).

Gefitinib

Gefitinib is extensively studied in patients with non-
small cell lung cancer. In a single institution phase II
study in patients with advanced thyroid cancer,
gefitinib was administered orally at dose of 250 mg
daily in a total of 27 patients, 67% of whom had DTC
(Pennell et al. 2008). No objective responses were
observed, and five (18%) patients (2 PTC, 3 FTC) had
SDs associated with minor (> 10%) decrease in serum
Tg compared with the baseline that was maintained for
at least 3 months. Two of these patients had a >50%
decline in the Tg levels. However, median PFS on the
study was 4 months suggesting only limited potential
benefit from the drug.

Vorinostat

Our group conducted NCI-sponsored phase II study to
assess objective response to vorinostat (SAHA) in
patients with advanced thyroid cancer (Woyach et al.
2008). Of the total of 19 patients, 16 had DTC that had
progressed after standard therapy. Patients received
oral vorinostat at a starting dose of 200 mg twice daily
with dose adjustments allowed as necessary for
toxicity. Patients were treated for 2 weeks followed
by 1 week off therapy (3-week cycle) until disease
progression or study withdrawal. No patient achieved a
PR or CR. Grade 3 AEs consisted of fatigue, dehy-
dration, ataxia, pneumonia, bruises, and deep vein
thrombosis. Grade 3—4 thrombocytopenia was seen in
seven patients and was associated with minor bleeding
or bruises. This study shows that vorinostat at this dose/
schedule is not an effective treatment for advanced
thyroid cancer. Our study did not examine potential
effect of vorinostat on re-expression of NIS gene.

Romidepsin

In a phase II clinical trial of romidepsin in patients with
iodine-refractory, progressive, measurable DTC,
romidepsin was administered at a dose of 13 mg/m?
IV on day 1, 8, and 15, every 28 days (Su et al. 2006).
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In preliminary report, 14 DTC patients out of a target
accrual of 21 were enrolled. One grade 5 AE of sudden
death was noted. Grade 3 AEs included fatigue,
dysphagia, and dyspnea. No PR or CR was observed.
Clinically, significant restoration of ''I avidity was
observed in one PTC patient who subsequently was
given treatment-dose '*'I with a dramatic '*'T avidity
by post-therapy whole body scan. Although this
restoration of '*'T avidity is promising, the noted
serious AE raises the question of safety of this drug.

A phase I trial of romidepsin using an alternate
dosing schedule where romidepsin was administered
on days 1, 3, and 5 was performed with a goal of
enhancing gene expression and evaluating "*'I uptake
in patients with '*'I-refractory DTC (Pierkarz er al.
2008). Twenty-six patients with solid tumors on this
phase I study received doses ranging from 1 to 9
mg/m?. Nine of 26 patients on this study had thyroid
cancers and received a median of eight cycles (range
1-24). Hypoxia, nausea, and vomiting were considered
as dose-limiting toxicities. Grade 3 AEs included
cytopenias, anorexia, nausea, and vomiting. Six of nine
patients with thyroid cancer had SDs for a median of
3 months. None of the four DTC patients who
underwent the follow-up '*'I scans had increased "'
uptake. Evaluation of histone acetylation in peripheral
blood mononuclear cells (PBMCs) demonstrated a
>2-fold increase.

Decitabine

Decitabine (5-aza-2'-deoxycytidine) is a demethylat-
ing agent that is approved through the FDA for
myelodysplastic syndrome (MDS). An NCI-sponsored
multi-institutional phase II study of decitabine is
currently examining whether DNA demethylation can
induce re-expression of the NIS, and thus 131 avidity,
in thyroid cancer. The study was designed in patients
with iodine-refractory DTC whose tumor lesions were
<1 cm, and iodine avidity is measured by diagnostic
iodine scan after two cycles of decitabine. Twelve
patients in the first stage of the two-arm study have
been enrolled and currently results are being analyzed.

Celecoxib

Our group led a NCCN-sponsored two-center phase II
trial of single agent celecoxib, a selective COX-2
inhibitor, in patients with progressive metastatic DTC
(Mrozek et al. 2006). Patients were treated with
celecoxib 400 mg orally twice a day for 12 months.
The primary endpoint was PFS at 12 months using
RECIST and/or serum Tg response. Twenty-three of
32 patients experienced progressive disease or stopped
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therapy due to toxicity, thus fulfilling the intent-to-treat
study endpoint for celecoxib failure. One patient
achieved PR, and one patient completed 12 months of
therapy progression-free. The study was terminated
early due to lack of efficacy and new data regarding
cardiotoxicity. Celecoxib failed to halt progressive
metastatic DTC in most patients. COX-2 protein
expression studies were performed in tumor tissue
obtained from two responders and three randomly
selected non-responder PTC patients. High COX-2
expression was observed in both responders with
overall scores of + 3. In two of the three non-responders
examined, COX-2 expression was largely negative with
overall scores of + 1. However, the third non-responder
patient had an overall score of +2 to +3.

Thalidomide and lenalidomide

Thalidomide and its analogue lenalidomide are potent
anti-inflammatory, anti-angiogenic, and immunomo-
dulatory drugs, successfully used for the treatment of
multiple myeloma. Ain ef al. (2007) studied the activity
of both of these agents in a single institution phase II
trials in patients with radioiodine-unresponsive pro-
gressive (tumor volumes increasing >30% per year
before entry assessed by radiographic studies) thyroid
cancer. A phase II study to assess efficacy of
thalidomide enrolled 29 patients with DTC and 7
patients with MTC. Daily thalidomide was adminis-
tered at 200 mg, increasing over 6 weeks to 800 mg or
maximum tolerated dose. Among 28 evaluable patients,
five PRs (18%; 95% CI: 6-37) and nine SD (32%; 95%
CI: 12-42) were observed. Median PR duration was
4 months (range, 2-6), and SD duration was 6 months
(range, 2-14). Median survival was 23.5 months
for responders (PR+SD) and 11 months for non-
responders. Half of the patients with objective response
discontinued thalidomide due to toxicity. Common AEs
included fatigue, somnolence, peripheral neuropathy,
constipation, dizziness, and infection. Pericardial
effusion and pulmonary embolus were also seen as
rare, but serious AEs.

An open-label phase II trial of single agent lenalido-
mide enrolled 21 patients with I'*'-unresponsive DTC
(Ain et al. 2008). Lenalidomide was administered orally
at a dose of 25 mg daily. Preliminary results show 22%
PRs and 44% SDs in 18 evaluable patients. Treatment
was well tolerated with myelosuppression responding
to dose reduction being the most commonly reported
AE. Of note, response criteria were based on tumor
volume and not standard RECIST and response rate
analysis was not done as intent-to-treat analysis in either
of these studies.
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Bortezomib (PS-341)

In an NCI-sponsored multicenter phase II trial of the
bortezomib in patients with metastatic '*'I-refractory
DTC, the drug was administered at a dose of 1.3 mg/m?
i.v.on days 1,4, 8, and 11 in a 3-week cycle (Brierley
et al. 2006). At the time of preliminary report, ten
patients had been enrolled. Among six evaluable
patients, four (67%) patients had SDs as best response
with one of these responses lasting more than 12
months. However, serum Tg levels increased in all four
patients with SD by a median of 506%. Grade 3—4 AEs
included pulmonary embolism (r=1) and motor
neuropathy (n=1).

Cytotoxic chemotherapy

Irofulven, a novel DNA binding agent of the
acylfulvene class, demonstrated anti-tumor activity in
a variety of chemoresistant tumors. A phase I trial of an
irofulven in combination with capecitabine conducted
based on positive preclinical data in solid tumors
showed PRs in two thyroid cancer patients (Alexandre
et al. 2003). Subsequently, an international multicenter
2-stage, phase II trial was conducted to evaluate the
objective response rate of combination cytotoxic
chemotherapy in patients with advanced thyroid cancer
(Droz et al. 2006). Patients were treated with irofulven
at a dose of 0.4 mg/kg given over 30 min as an i.v.
infusion on days 1 and 15 and capecitabine orally
2000 mg/m? daily from day 1 to 15 every 28 days. At
the time of preliminary report, 23 patients (14 DTC, 5
MTC, and 4 ATC) had been treated. No objective
responses were observed and SD was seen in 11 (79%)
of DTC patients with a median duration of 4.8 months.
Two of these patients had 14 and 19% decreases in
tumor size respectively. The main AEs reported were
thrombocytopenia, neutropenia, nausea, and asthenia.

Clinical trials in MTC
Vandetanib

A multicenter phase II trial of vandetanib was
performed which included patients with unresectable,
measurable, locally advanced, or metastatic heredi-
tary MTC harboring a RET germline mutation (Wells
et al. 2007). Thirty patients received initial treatment
with vandetanib 300 mg orally daily and at the time
of preliminary report, the median duration of
treatment was 6 months. Six of 30 patients (20%)
experienced a PR with duration of response ranging
from 1.9 to 8.6 months and 9 patients (30%) had SD
disease >6 months duration. In 19 patients, plasma
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calcitonin levels showed a >50% decrease from
baseline that was maintained for at least 6 weeks.
Common AEs (>50%) included rash, diarrhea,
fatigue, and nausea. QTc prolongation was uncom-
mon (16%) and asymptomatic.

Another phase II clinical trial evaluated efficacy of
vandetanib in patients with hereditary MTC when
administered at 100 mg orally daily (Haddad et al.
2008). Patients were allowed to increase the dose to
300 mg orally daily at time of progression. Among 19
patients, 2 (10%) PRs and 6 (42%) SD >6 months
have been noted.

Based on promising preliminary results of these
small size phase II trials in hereditary MTC, an
international phase III trial of vandetanib in sporadic
and hereditary MTC was recently completed and the
results are eagerly awaited.

Motesanib (AMG 706)

Motesanib is an oral multi-tyrosine kinase inhibitor
targeting VEGF-R, PDGF-R, and c-kit, which has been
studied in patients with DTC as well as MTC. In a
multicenter international open label phase II trial of
motesanib in MTC, patients with locally advanced or
metastatic, progressive or symptomatic MTC received
motesanib diphosphate 125 mg daily for up to 12
months or until unacceptable toxicity or disease
progression (Schlumberger et al. 2007). Among 91
patients, 2 patients (2%) achieved PRs (95% CI,
0.3-7.7), and 43 (47%) had SDs of >6 months
duration. The Kaplan—Meier estimate of median PFS
was 12 months (95% CI, 10.7-14). The most common
treatment-related AEs were diarrhea (41%), fatigue
(41%), hypertension (27%), anorexia (27%), and
nausea (26%). Interestingly, plasma motesanib trough
concentrations were reduced compared with previous
monotherapy studies at the same dose level, which may
impact efficacy.

XL-184

XL-184 is an oral multi-kinase inhibitor targeting RET,
MET and VEGFR2. In a phase I clinical trial of
XL-184, 14 patients with MTC were enrolled (Salgia
et al. 2008). Three PRs were noted among ten
evaluable MTC patients, and 56-96% reductions in
serum calcitonin and 5-80% reductions in serum CEA
were noted in all ten evaluable MTC patients. Based on
promising anti-tumor activity of XL-184 in MTC, this
pilot trial was expanded to MTC cohort using a specific
phase II dose of XL-184. An international phase 3
study of XL-184 versus placebo in patients with
advanced MTC has recently begun.
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Imatinib (STI-571)

Based on in vitro inhibition of RET receptor tyrosine
kinase by imatinib, phase II open label trials using
imatinib in metastatic MTC were conducted by two
groups. In the first study, among nine MTC patients
(one hereditary, eight sporadic) with unresectable,
measurable, and progressive metastases, imatinib was
administered at a dose of 600 mg orally daily
(Frank-Raue et al. 2007). Best response was SD >6
months in five patients and > 12 months in one patient.
The median PFS was 6 months. Common AEs included
mild—-moderate nausea, edema, diarrhea, and skin rash.
In another phase II study of imatinib using same dosing
for up to 12 months, 4 of 15 metastatic MTC patients
showed SD >2 years duration (de Groot et al. 2007).
Serious AEs included hypothyroidism (n=9) and
laryngeal edema in patients with history of recurrent
laryngeal nerve palsy (n=2). Other AEs were fatigue,
malaise, nausea, and skin rash. The absence of
objective response and potential for serious toxicities
possibly associated with imatinib do not justify its
further use in patients with MTC.

Radioimmunotherapy

In radioimmunotherapy, a radionuclide is targeted to
tumor sites using an antibody or antibody fragment.
For less radiosensitive tumors, tumor tissue uptake can
be enhanced by ‘pretargeting’, a two-step approach
where the immune recognition of the tumor site and
delivery of the therapeutic radionuclide occur sequen-
tially. This approach has been studied in MTC in an
attempt to take advantage of the CEA-positive nature
of this type of tumor (Chatal er al. 2006, Martins et al.
2006). In a French Endocrine Oncology Group study,
29 patients with advanced, progressive MTC (serum
calcitonin doubling times of <5 years) received an
anti-CEA/anti-diethylenetriamine pentaacetic acid-
indium bispecific monoclonal antibody, followed
4 days later by a '*'I-labeled bivalent hapten. When
compared with 39 matched controls, overall survival
was significantly longer in high risk treated patients
than in untreated patients (110 vs 61 months;
P<0.030). Toxicity was mainly hematologic and
related to bone/bone-marrow tumor metastasis. Five
(17%) patients had grade 4 thrombocytopenia, four
(15%) experienced grade 4 neutropenia and one
patient (3%) developed MDS. While a significant
difference in overall survival is noted, this study is
limited by the use of historic controls as a comparison
group. Furthermore, prolonged duration of myelosup-
pression and occurrence of MDS make this treatment
less attractive in patients with MTC.

726

Clinical trials in ATC

Conducting clinical trials in ATC poses several
challenges due to the following factors: rare incidence;
extremely aggressive clinical course in a vast majority
of patients resulting in poor performance status and/or
organ dysfunction; poor prognosis and short life
expectancy; lack of knowledge about oncogenic
targets; and lack of multi-disciplinary teams for care
of ATC patients at most cancer centers. While these
challenges have limited clinical trials in ATC in the
past, the current era is very exciting due to the initiation
of phase I-1II clinical trials.

Combretastatin

Based on anti-tumor activity of combretastatin against
ATC in pre-clinical studies and safety noted in a phase
I trial, a phase II trial was conducted in 18 patients who
had metastatic ATC, good performance status, and no
prior therapy for disseminated disease (Cooney et al.
2006). Combretastatin at a dose of 45 mg/m” was
administered as 10-min i.v. infusion on days 1, 8, and
15 every 28 days until progressive disease was noted.
While therapy was well tolerated, no objective
responses were seen. Six patients had SDs while rest
of the patients progressed. Median PFS was 1.8 months
(range, 0.5-21); with 28% of patients progression free
>3 months. Median survival was ~5 months. Based
on these results, an international phase III study of
paclitaxel and carboplatin with or without combretas-
tatin is ongoing.

Conclusions

With the development of targeted small molecule
kinase inhibitors, the treatment of advanced thyroid
cancer is changing dramatically. No longer is
supportive care the standard, as there are clinical trials
underway, which have the potential to revolutionize
the field. Because of the well-described pathogenetic
targets such as RET, RET/PTC, RAS, BRAF, c-Met,
and VEGFR, this field will likely continue to see an
explosion of new targeted agents. Besides these known
targets, there still remains the opportunity to discover
novel pathways important in the development of
thyroid carcinoma. It also remains to be seen whether
combinations of targeted therapies with other small
molecular therapies, with chemo- or radio-therapy will
improve response rates. The results of the clinical trials
presented, as well as new agents in development, will
likely greatly improve the lives of patients with
advanced thyroid carcinoma.
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