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Abstract: The Kirsten rat sarcoma viral oncogene homolog (RAS)/v-raf-1 murine leukemia viral
oncogene homolog 1 (RAF)/mitogen-activated protein kinase 1 (MAPK) signaling cascade is the most
important oncogenic pathway in human cancers. Tumors leading mutations in the gene encoding
for v-raf murine sarcoma viral oncogene homolog B (BRAF) serine-threonine kinase are reliant on
the MAPK signaling pathway for their growth and survival. Indeed, the constitutive activation of
MAPK pathway results in continuous stimulation of cell proliferation, enhancement of the apoptotic
threshold and induction of a migratory and metastatic phenotype. In a clinical perspective, this
scenario opens to the possibility of targeting BRAF pathway for therapy. Thyroid carcinomas (TCs)
bearing BRAF mutations represent approximately 29-83% of human thyroid malignancies and,
differently from melanomas, are less sensitive to BRAF inhibitors and develop primary or acquired
resistance due to mutational events or activation of alternative signaling pathways able to reactivate
ERK signaling. In this review, we provide an overview on the current knowledge concerning the
mechanisms leading to resistance to BRAF inhibitors in human thyroid carcinomas and discuss the
potential therapeutic strategies, including combinations of BRAF inhibitors with other targeted agents,
which might be employed to overcome drug resistance and potentiate the activity of single agent
BRAF inhibitors.
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1. Introduction: Epidemiology, Classification and Molecular Features of Thyroid Cancer

Thyroid cancer (TC) is the most common endocrine malignancy, representing approximately 2.1%
of all newly diagnosed tumors in the world. In the last decades, the annual incidence has almost
tripled and the same trend can be observed in prevalence rates. TC occurs at any age, with higher
incidence in individuals aged 25-60 years; however, women have a fourfold higher incidence than
men. The survival rate is very high, with a five-year survival rate exceeding 90% for differentiated
tumor subtypes [1].

The vast majority of TCs (95% of cases) derives from thyroid follicular epithelial cells, whereas the
remaining 3-5% originates from parafollicular C cells [2]. TCs of follicular origin can be histologically
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classified into different histotypes [3]: (i) papillary thyroid carcinoma (PTC), the most common type
of TC (75% of cases), frequently asymptomatic and characterized by a good prognosis; (ii) follicular
thyroid carcinoma (FTC) (15% of cases), the second most common histotype with a worse prognosis and
a greater incidence in geographic areas with an inadequate iodine dietary intake; (iii) anaplastic thyroid
carcinoma (ATC), an undifferentiated form of TC, with an incidence lower than 1% and characterized
by aggressiveness and rapid metastatization. Medullary thyroid cancer (MTC), originating with
parafollicular C cells, is a neuroendocrine tumor that secretes high levels of calcitonin, generally
sporadic, even though 20-30% of cases are familial due to autosomal dominant germline mutations in
Rearranged during Transfection (RET) proto-oncogene [4].

Follicular-derived thyroid cancers can be further classified depending on cell differentiation, where
the term “differentiation” refers to the maintenance of cellular functions that are typical of normal
thyroid follicular cells, first of all the thyroid stimulating hormone (TSH) dependency, which increases
the probability of a beneficial response to radioiodine (RAI) therapy. Well-differentiated thyroid
cancers (WDTCs) are the most prevalent type of TC (85-90% of all cases) and include papillary and
follicular tumors. WDTCs have an asymptomatic clinical evolution and an excellent prognosis with low
morbidity and mortality [5]. ATCs are characterized by lack of cell markers of thyroid differentiation
and this is due to the de novo appearance of aggressive tumors devoid of typical thyroid traits or to
the progressive dedifferentiation of initially well-differentiated tumors. During the dedifferentiation
process, ATCs lose the TSH dependency and the ability to express the sodium-iodide symporter upon
TSH stimulation, causing the loss of response to RAI therapy. Among all TCs, anaplastic subtypes
show the most aggressive clinical behavior and the poorest prognosis [6]. Poorly-differentiated thyroid
carcinomas (PDTCs) represent the bridge between WDTCs and ATCs. Recognized in 2004 by the
World Health Organization Classification of Endocrine Tumors as a distinct entity [7], PDTCs are
characterized by a singular histologic architecture and the absence of the conventional nuclear patterns
of papillary thyroid carcinomas (PTCs), beyond some distinctive features, such as convoluted nuclei,
mitotic activity or necrosis [8]. Due to their poor differentiation and greater aggressiveness, generally
PDTCs exhibit increased local growth and distant metastatization and a worse overall survival (OS)
with respect to WDTCs [8].

In a molecular perspective, it is known that genetic anomalies of specific signaling pathways
are key factors in thyroid tumorigenesis [9-12]. Indeed, the constitutive activation of MAPK
and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PI3K)/v-akt murine
thymoma viral oncogene homolog 1 (AKT) signaling cascades due to mutational events represents
crucial molecular steps in thyroid carcinogenesis. In particular two main mechanisms, mutually
exclusive, are involved in the hyperactivation of MAPK and PI3K/AKT pathways: (i) activating
mutations/rearrangements in proto-oncogenes, such as rat sarcoma viral oncogene homolog (RAS),
v-raf murine sarcoma viral oncogene homolog B1 (BRAF) or RET/PTC; (ii) recessive mutations in
tumor suppressor genes, which cause loss of function [10,11]. Indeed, the abnormal activation of the
MAPK cascade, due to mutations and/or rearrangements in RET, RAS and BRAF genes, characterizes
approximately 70% of PTC cases [9], and, among these, the rearrangements of the RET gene that lead
to the formation of a constitutively active fusion protein occur in 10-20% of cases [11].

Numerous research projects have demonstrated that RAS mutations represent an early event in
the adenoma stage and may drive malignant transformation. Additionally, evidences suggest that RAS
mutations may sustain WDTC dedifferentiation into PDTC and ATC [13]. However, the prognostic
value of RAS mutations in predicting aggressiveness, recurrence and response to therapies is still
a matter of debate. The RET/PTC rearrangement causes the fusion of the 3’ portion of the RET gene,
which encodes for a tyrosine kinase receptor highly expressed in C parafollicular cells, with the 5
portion of histone 4 (H4) or nuclear receptor coactivator 4 (NCOA4) genes. RET/PTC rearrangements
are common in radiation-induced and sporadic young tumors, where the aberrant expression of the
RET/PTC fusion gene constitutively activates RAS/RAF/ERK pathway, promoting follicular malignant
transformation [14]. BRAF mutations occur in approximately 29-83% human TCs and the V600E
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mutation is the most frequent [15]. Generally, these mutations are responsible for an aggressive
biological and clinical behavior, loss of thyroid differentiation with reduced response to RAI therapy
and poorer OS [16]. In recent years, several specific BRAF inhibitors (BRAFi) were developed and
entered in clinical practice [17], mostly in melanoma. In the context of TCs, the clinical activity of
these targeted agents has been object of intense investigation with conflicting evidences. While Food
and Drug Administration (FDA) and European Medical Agency (EMA) approved these agents in
BRAF-mutated TCs, drug resistance represents a major issue for their clinical use and a limitation for
patient outcome. This review will discuss the molecular mechanisms responsible for resistance to
BRAFi in TCs and the therapeutic strategies with combination of BRAFi with other targeted agents to
overcome drug resistance.

2. BRAF Signaling in Cancer

BRAF gene encodes for cytoplasmic protein belonging to the RAF serine/threonine kinase
family [18]. Structurally, BRAF protein is composed of three highly conserved regions: (i) the RAS
binding site, CR1; (ii) the regulatory domain, CR2; (iii) the catalytic domain, CR3 with kinase activity
involved in ATP and substrate protein binding. CR1 and CR2 are located in the N-terminal region,
whereas CR3 is located in the C-terminal region and contains the activation segment and the regulatory
region, fundamental for BRAF activation [19]. There are three RAF isoforms: ARAF, CRAF and BRAF.
Among these, the BRAF kinase has the strongest basal activity and plays a key role in the regulation of
the RAS/RAF/MEK/ERK signaling pathway, which is highly conserved in eukaryotes, is responsible for
nuclear responses to extracellular environmental stimuli [19] and controls essential cellular processes
such as embryogenesis, cell differentiation, proliferation and migration, growth and survival [20,21].

Genetic alterations and/or dysfunctions in regulatory mechanisms of RAS/RAF/MEK/ERK pathway
play important roles in the development of cancer [22]. Several studies showed that the main
activating mutations of RAS/RAF/MEK/ERK transduction pathway occur in the following genes:
(i) V-Ki-ras2 Kirsten RAS (KRAS); (ii) neuroblastoma RAS (NRAS); (iii) Harvey RAS (HRAS) and
(iv) BRAF proto-oncogenes.

More than 40 different mutations in BRAF gene have been identified in human tumors, mainly
localized in the CR3 region. BRAF mutations have a very high frequency in hairy cell leukemia
(80-100%) [23], melanoma (30-70%) [24], papillary thyroid tumors (36-83%) [16], type I ovarian
(30%) [25] and colorectal cancer (10%) [26]. Instead, a low prevalence of BRAF mutations was found in
non-small cell lung tumors (<5%) [27].

Ninety percent of BRAF mutations consist of a nucleotide substitution of a thymine with an adenine
at position 1799 in exon 15. This missense mutation causes the replacement of a valine (V) with
a glutamic acid (E) at amino acid residue 600 (BRAFV®YE) [28]. Other BRAF point mutations [28],
as well as deletions and gene fusions [29,30], have been extensively described by several studies,
even though their prognostic/predictive role is still matter of debate [29-32]. Instead, the BRAFY600F
mutation is the most clinically relevant, because of its involvement in prompting aberrant cellular
processes such as growth, proliferation, survival, migration and loss of tissue-specific differentiation
traits. Functionally, the V600E mutation in the BRAF gene causes an increase in BRAF kinase activity,
compared to the wild type form, and constitutively triggers the downstream MEK/ERK pathway
independently from extracellular stimuli [22,33]. Nevertheless, the biological impact of BRAFY600E
mutation is contingent on cancer type in which the genetic alteration occurs.

3. Role of BRAFV®E Mutation in Thyroid Cancer

In the context of TCs, the BRAFV®E genotype occurs in about 29-83% of cases [15], being
more frequent in PTCs and anaplastic/poorly differentiated PTC-derived tumors compared to other
histological subtypes, such as FTC and MTC. It should be noted that both activating mutations in RAS
and BRAF genes and RET/PTC rearrangements are mutually exclusive in PTCs, this suggesting that
each one might be sufficient for the malignant transformation of thyroid cells. In a clinical perspective,



Cancers 2019, 11, 1388 4 of 14

the BRAFYE genotype in PTCs is generally associated with aggressive clinical phenotypes [34,35],
higher rates of disease recurrence [36] and shorter disease-free and OS [37], compared to BRAF
wild-type TCs. Nevertheless, this evidence is still matter of debate since more recent studies evidenced
that BRAF mutation cannot be considered as independent poor-outcome prognostic factor [38,39],
but it should be evaluated in association with other prognostic variables. Likely, these conflicting
results may depend on some limitations in experimental study design, such as the methodology for
prognostic value of BRAFY®E mutation, enrolling criteria and group size, time of the follow-up,
statistical analysis methods, techniques for BRAFVYE detection and result validation. The prognostic

significance of BRAFV600E

in poorly differentiated/anaplastic TCs harboring this mutation (20-50% of
cases) is still unclear [40], probably due to the complexity of genomic alterations in ATCs [41].

The biological impact of the BRAFV®'E mutation in thyroid tumorigenesis is well characterized.
As known, BRAFV6OOE—positive PTCs show the constitutive activated RAF/ERK pathway with
downstream repression of many thyroid-specific genes, leading to cell de-differentiation, tumor
progression and acquisition of more aggressive phenotypes. Among genes down-regulated by
the constitutive activation of BRAF pathway, there are several tumor suppressor genes involved
in numerous cellular processes, such as metallopeptidase inhibitor 3 (TIMP3), sodium-coupled
monocarboxylate transporter 1 (SLC5A8), death-associated protein kinase (DAPK), b2 retinoic acid
receptor (RARD2) and their silencing by promoter hypermethylation represents an important molecular
mechanism in tumor progression [42]. Moreover, the BRAFYOE mutation has been significantly
correlated with the over-expression of matrix-metalloproteases (MMPs), such as MMP-2, MMP-3,
MMP-9 and MMP-13 involved in extracellular-matrix degradation and thus tumor invasiveness [43].

A notable consequence of the effect played by the BRAFY®'E mutation on TC differentiation is the
severe alteration in iodine absorption and accumulation by cancer cells. Under physiological conditions,
iodine is transported into thyrocytes by the sodium-iodide symporter (NIS) and incorporated in thyroid
hormones [44]. In particular, the first step of thyroid hormone synthesis is the pendrin-mediated efflux
of iodide across the apical membrane. Once into the follicle, iodide is oxidized and organified by thyroid
peroxidase (TPO) and finally incorporated into thyroglobulin (Tg) [44]. The gain-of-function BRAFY600E
mutation has a direct control on the expression of NIS gene (SLC5A5) and several other genes involved
in iodine metabolism, namely pendrin (AIT), TPO, Tg and thyroid-stimulating receptor (TSHR) [45,46].
Indeed, the BRAFV0"E_activated ERK pathway regulates histone deacetylation at NIS promoter by
controlling histone deacetylase (HDAC) activity and epigenetically silences NIS expression [47]. Other
studies demonstrated that the promoter methylation of several other iodine-metabolizing genes plays
arole in the dysregulation of iodine metabolism in BRAF-mutated PTCs [42]. Clinically, the impairment
in iodine metabolism is the main cause of the poor response of BRAFV®E TCs to RAI therapy.
Consistently with poor response to standard therapies, a strong correlation was observed between
the presence of the BRAFY®"E mutation and traits of tumor aggressiveness, such as as extrathyroid
extension, advanced tumor stage at diagnosis, lymph nodes or distant metastases and poor outcome
for patients [48-50].

4. BRAF Inhibitors in Thyroid Cancer Treatment and Mechanisms of Resistance

Early stage TCs are treated with total thyroidectomy and RAI adjuvant treatment, in order to
eliminate the remaining thyroid tissue and/or residual neoplastic cells after surgery [51]. Instead,
RAI treatment represents the most important therapeutic option for patients with metastatic disease,
with a relevant impact on OS [51]. As previously discussed, patients with BRAFV®E TCs are
poor responders or refractory to RAI therapy, because this gain-of-function mutation modulates
iodine metabolism [42,44,47], this resulting in decreased ability of neoplastic cells to uptake and
incorporate radioiodine.

Until a few years ago, the guidelines identified conventional therapies, such as external beam
radiotherapy and chemotherapy, as unique alternative treatments for patients with RAlI-resistant
advanced thyroid cancer. Nevertheless, these approaches showed poor effectiveness playing a mainly
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palliative rather than therapeutic role. Thus, novel therapeutic strategies for RAl-resistant advanced
TCs represent an urgent clinical need.

In light of recent evidence showing a clinical activity of BRAFi in treatment of BRAFV600E

melanoma
patients, over the last years, BRAFi-based therapies have been proposed for the management of this
setting of TCs patients. The first targeted agents approved from the FDA and EMA were sorafenib
(Nexavar) and lenvatinib (Lenvima), due to their efficacy in first-line setting for locally advanced or
metastatic differentiated thyroid cancer resistant to RAI or other treatments. It is important to note that
both sorafenib or lenvatinib are multi-kinase inhibitors, with an inhibitory activity respect to BRAF
tyrosine kinase. Indeed, sorafenib blocks several signaling pathways, such as RAS/BRAF/MEK/ERK,
vascular endothelial growth factor receptors (VEGFRs), RET/PET and platelet derived growth factor
receptor 3 (PDGFR) [52], are all implicated in the pathogenesis of thyroid cancer. As a multi-kinase
inhibitor, sorafenib potentially inhibits tumor growth, progression, metastasis and angiogenesis, as well
as suppressing anti-apoptotic mechanisms of tumor cells. Its inhibitory activity was demonstrated on
both wild-type and BRAFY®E-mutant TCs with a significantly longer progression-free survival in
patients harboring the BRAFV6%E mutation [53]. Despite the significant improvement of progression
free survival (PFS), in treated patients over placebo, advantages in terms of OS between the study
groups were not highlighted. Thus, based on its poor specificity, sorafenib is considered a first
generation BRAFV®YE inhibitor. Lenvatinib is another multi-targeted tyrosine kinase inhibitor (TKI),
initially developed to inhibit VEFGRs (VEGFR 1, 2 and 3), Fibroblast Growth Factor Receptors 14
(FGFR 1-4), PDGFRa, RET and v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT)
proto-oncogenes [54]. Additionally, it demonstrated a satisfying efficacy in patients affected by RAS-
or BRAF-mutant thyroid cancer [54]. Clinical trials demonstrated benefit more in terms of PFS than
in OS, and in 2015, the FDA and EMA approved lenvatinib for the treatment of RAlI-refractory DTC
(differentiated thyroid cancer) because of its better safety and efficacy [55] compared to other therapies
in use. Thus, at present, sorafenib and lenvatinib are two established therapeutic options in this setting,
even though the lack of specificity and the toxicity profile still represent relevant clinical issues.

In the perspective to improve personalized therapies and precision medicine in BRAF-mutated
TCs, the next step has been the clinical development of small inhibitors that specifically target
BRAFV6"E_mutated kinase. Recently, the FDA approved two small BRAF-specific inhibitors:
vemurafenib (Zelboraf) for BRAFY'E-positive advanced RAI-refractory thyroid cancer and dabrafenib
(Tafinlar) for BRAFY®E_mutated metastatic PTC. Vemurafenib blocks downstream processes of MAPK
signaling activation, competing with ATP for the binding domain of BRAFY*"E-mutated monomer,
with a lack of activity against wild-type BRAF kinase [56,57]. Similarly, dabrafenib is a reversible
and potent ATP-competitive molecule that selectively inhibits the activity of BRAFV6%E- as well as
BRAFV®K_mutated monomers [58]. Noteworthy, preclinical evidence suggest that BRAF inhibitory
agents restore RAI uptake in BRAFY®?E jodine-refractory thyroid cancer cells, probably reactivating
the expression of thyroid-specific genes involved in iodine metabolism [59].

Clinical trials evaluated both vemurafenib and dabrafenib as single agents in recurrent or metastatic
PTCs refractory to radioactive iodine and positive for the BRAFVE myutation [60,61]. The clinical
benefit of vemurafenib was highlighted by a long PFS (18.2 months) and the achievement of stable
disease for at least six months in 35% of patients [60]. Dabrafenib achieved partial responses and
stable disease in, respectively, 29% and 45% of patients; the median PFS was 11.3 months and 50%
of cases showed a lack of progression for the entire study duration [61]. Compared to vemurafenib,
dabrafenib exhibited a better toxicity profile; its lowered toxicity prevented dose reduction [62], even in
long-term therapy, and increased the life quality during treatment, a crucial factor in the management
of patients with poor clinical outcome. However, the EMA approval of vemurafenib and dabrafenib is
still restricted to BRAFV®E-mutated melanoma, since their clinical benefit in thyroid cancer patients
was not considered reasonable compared to the toxicity profile [60]. Taking advantage of the potential
benefit of the differentiating activity of BRAF targeting agents and their potential synergism with
RAI treatment, dabrafenib was tested as boost therapy before thyrotropin «-stimulated iodine-131
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whole body scan in 10 patients with BRAF V600E-mutant iodine-refractory PTC. Of note, dabrafenib
reversed the insensitivity to RAI treatment in DTC patients, re-inducing new radioiodine uptake in six
patients (60%); two patients achieved partial responses and four patients stable disease on standard
radiographic restaging at three months [63].

Although BRAFV6E jnhibitors demonstrated promising clinical results for RAlI-refractory and
metastatic or recurrent thyroid cancer, a major limitation of this study is the limited number of patients
enrolled and the lack of comparison with other more established therapies. Furthermore, lack of or poor
clinical response is a frequent event, due to primary or acquired drug resistance. The clinical response to

an exclusive BRAFV600E

-inhibitor-based therapy is frequently transient because paradoxically multiple
mechanisms are able to trigger RAS-ERK signaling, leading to the reactivation of cell proliferation.
In such a context, primary or intrinsic resistance is defined by lack of clinical benefit after treatment
administration, whereas secondary or acquired resistance by the occurrence of progressive disease
after an initial clinical response.

One of the causes of primary resistance to pharmacologic therapies is genomic instability.
For example, it was demonstrated that BRAFVOE_mutated PTC cells harbor a copy number gain
of myeloid cell leukemia 1, chromosome 1q gene (MCL1) and a loss of the tumor suppressor cyclin-
dependent kinase inhibitor 2A (CDKN2A), which confer intrinsic resistance to vemurafenib treatment
due to impairment of the B-Cell CLL/Lymphoma 2 (BCL2)-regulated apoptotic pathway [64]. Indeed,
these genomic abnormalities favor cancer cell survival and offer the escape from the cell-cycle
arrest induced by BRAFi. Consistently, the combination of obatoclax (BCL2/MCL1 inhibitor) with
vemurafenib enhances BRAFi activity due to the pro-apoptotic effect of the combinatorial inhibition in
vemurafenib-resistant cells [64]. The PIK3CAH1047R activating mutation, common in TC, takes part
in TC dedifferentiation process, promoting PTC progression to ATC. In TCs harboring BRAFY600E
mutation, the mutated form of phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PI3BKCA) paradoxically hyperactivates ERK signaling, thus conferring resistance to BRAFi and
sustaining tumor progression [65].

Several studies reported that a long-term exposure to vemurafenib induces resistance to BRAFV600E
inhibitors, caused by new mutational events or clonal expansion of tumor cells with preexisting
resistance mutations. Under BRAFi pressure, PTCs cells develop the KRAS®?P mutation, leading
to a constitutively active form of this GTPase, insensitive to the regulation of GTPase-activating
proteins [66]. This mutation confers adaptive resistance to vemurafenib because it overcomes
MAPK-signaling inhibition through receptor tyrosine kinase-mediated activation of PI3K/AKT
pathway [66]. In a case report of a patient with RAI-refractory metastatic PTC exposed to a prolonged
treatment with vemurafenib, the genetic analysis revealed an unusual spontaneous mutation in NRAS
gene (NRASQCIK) responsible for acquired resistance to vemurafenib [67]. De novo mutations in the
RBM (RNA-binding motifs) gene family (i.e., RBMX, RBM10) and the consequent amplification of
chromosome 5 are associated with secondary resistance to vemurafenib because of the crucial role of
RBM proteins in cell-cycle checkpoint regulation and chromosomal segregation [68].

Autocrine signals has been found responsible for secondary resistance to BRAFi based on the
evidence that drug-resistant cells may induce autocrine loops to reactivate ERK signaling and overcome
BRAF pharmacological inhibition (Table 1). This scenario opens to combined inhibition of BRAF and
autocrine pathway of drug resistance to improve patients’ outcome.
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Table 1. Novel therapeutic strategies based on the combination of BRAF inhibitors with other targeted agents under pre-clinical and clinical development in

thyroid carcinoma.

Pre-Clinical Stage

Cobimetinib

+ MEK (cobimetinib)

Combined Therapy Thyroid Cancer Subtype Patient Number Experimental Phase Drug Targets Reference
Vemurafenib + Vorinostat BRAFVE_mutated and wild-type TC cell lines n.a. in vitro dual inhibition of BRAFY®0E + histone deacetylases [47]
Vemurafenib + Obatoclax BRAFVﬁOOE—positive PTC cell lines, animal models n.a. in vitro and in vivo dual inhibition of BRAFV6WE  BCL2 [64]

V600E_, it V600E HI047R _
Vemurafenib + Pictilisib BRAFT-positive BRAFT/PIKSCA mutated na. in vitro and in vivo dual inhibition of BRAFV60F 4+ PI3K [65]
ATC cell lines, animal models
Vemurafenib + Palbociclib BRAFVOE_positive TC cell lines na. in vitro dual inhibition of BRAFV®9E + CDK4/6 [68]
Vemurafenib + Lapatinib BRAFV600E -positive TC cell lines, animal models na. in vitro and in vivo dual inhibition of BRAFV60E + HER family receptors [69]
Vemurafenib + PHA665752 BRAFY0E_positive ATC and PTC cell lines, animal models na. in vitro and in vivo dual inhibition of BRAFV60E + c-Met [70]
Vemurafenib + Tocilizumab + VOO0OE — —r: . . - dual inhibition of BRAFY600F 4 L-6 (tocilizumab) or STAT3
HO-3867 BRAF -positive TC cell lines and TC tissues n.a. in vitro (HO-3867) [71]
Vemurafenib + Gefitinib BRAFVOE_positive PTC and ATC cell lines na. in vitro dual inhibition of BRAFV60E + EGFR [72,73]
Vemurafenib + Rapamycin BRAFV00E_positive PTC and ATC cell lines na. in vitro dual inhibition of BRAFV0E + mTOR [74]
Vemurafenib + PD98059 BRAFVOE_positive PTC cell lines na. in vitro dual inhibition of BRAFV6%E + MEK1/2 [75]
Vemurafenib + Selumetinib BRAFVO0E_ positive PTC cell lines, animal models na. in vitro and in vivo dual inhibition of BRAFY60E + MEK1/2 [76]
Vemurafenib + Bortezomib BRAFV0E positive PTC and BRAFW! ATC cell lines na. in vitro dual inhibition of BRAFV®E 4 proteasome [77]
hibit V600E ~ T .
Vemurafenib + Navitoclax BRAFV6OE_positive PTC cell lines na. in vitro dual inhibition of BRAF + BCL- 2/BCL-XL interaction 78]
with BIM protein
Clinical Trials
- - - P V600E -
Dabmfeé‘ézrzlifieumb * BRAFY60E_ and PIK3CAHIO¥R pogitive ATC patient 1 pre-clinical/clinical combined I“hlb““’i; L}fgﬁsemn&ng (trametinib) + [79]
V600E._ . 3 L L V600E
Dabrafenib + Trametinib + RAI RAS/BRAF mutated mgtastatlc RAI-refractory DTC 87 Phase I potentiation of RAI aFt1V}t)-1 ‘by BRAF and MEK NCT03244956
patients inhibition
Dabrafenib + Trametinib + IMRT BRAFV0E_mutated ATC patients 20 Phase I potentiation of IMRT activity by BRAFV600E/MEK inhibition =~ NCT03975231
Vemurafenib + RAI TC patients 12 Pilot study potentiation of RAI activity by BRAFV?F inhibition NCT02145143
V600E _ . . .
Dabrafenib + Lapatinib BRAFTH-mutated patients ith unresectable/metastatic 21 Phase I dual inhibition of BRAFY®%E 1 HER family receptors ~ NCT01947023
Vemurafenib + KTN3379 BRAF-mutant RAI-refractory TC patients 7 Phase I dual inhibition of BRAFV60E + HER3 NCT02456701
. . D V600E . .
Vemurafenib + Atezolizumab + BRAFVO%E_mutated ATC patients 50 Phase IT combined inhibition of BRAF " + PD-L1 (atezolizumab) - nyrg3181100

n.a., not applicable.
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In undifferentiated TC cells treated with vemurafenib, it was observed an autocrine secretion
of neuregulin-1 (NRG1), with consequent induction of human epidermal growth factor receptor 3
(HERB)-ligand-dependent activation of HER2/HER3 signaling pathway [69]. Under MAPK signaling
suppression, the delocalization of C-terminal-binding proteins (CtBPs) from the HER3 gene promoter
is frequently observed, leading to HER3 over-expression and phosphorylation. In order to block this
mechanism of drug resistance, the combined treatment with lapatinib, an HER receptor inhibitor able
to prevent ERK phosphorylation and BRAF (vemurafenib) or MEK (AZD6244) inhibitors has been
proposed. The synergistic effect of the combined HER and BRAF blockade increases the sensitivity of
TC cells to the single treatment, as confirmed by the inhibition of mitotic cell rates and the significant
reduction of thyroid volume in BRAFV®"%E-mutated mice [69]. Similarly, Byeon et al., suggested
another autocrine loop involved in re-activation of MAPK and PI3K/AKT pathways in ATC and PTC
cell lines under BRAFY®E pharmacological inhibition. BRAFi cause overexpression and autocrine
activation of c-Met receptor, which sustains ERK signaling cascade rebound. The combination of
vemurafenib with the c-Met inhibitor PHA665752 resulted in the suppression of both AKT and ERK
phosphorylation and enhanced therapeutic activity [70]. Moreover, BRAFi-resistant TC cell lines are
able to upregulate and secrete interleukine 6 (IL6) under conditions of MAPK pathway inhibition.
IL6 is an activator of STAT3/JAK signaling and its autocrine release might support resistance to MAPK
pathway inhibition [80]. Indeed, STAT3 pathway is upregulated in response to vemurafenib in vitro,
with maximal induction after short-term treatments. The simultaneous blockade of STAT3 and BRAF
is able to enhance the sensitivity of TC cells to BRAFY®%E inhibitor as well as the combined exposure
to tocilizumab (humanized anti-human IL6 receptor antibody) and vemurafenib increases the activity
of BRAFi single agent [71], confirming the crucial role of IL6/STAT3 axis in modulating the sensitivity
of TC cells to BRAFi.

The feedback activation of the EGFR signaling pathway is a mechanism responsible for the
attenuation of the response to vemurafenib as a single agent in TC cells and in other BRAF-mutated
human malignancies. Indeed, EGFR is commonly overexpressed in TCs, especially in PDTCs [81];
however, the response of TC cells to the EGFR inhibitor, gefitinb, is negligible. Recent evidence
suggests that BRAFV6%F inhibition stimulates EGFR phosphorylation and consequently ERK- and
AKT-signaling reactivation. Our group recently demonstrated that the simultaneous inhibition of
EGEFR and BRAF pathways may represent a strategy to potentiate BRAFi single agent [72]. Noteworthy,
this observation is consistent with other reports suggesting that EGFR signaling rebound activation is
likely a mechanism responsible for resistance to vemurafenib in cancer cell models characterized by
high EGFR expression, such as colorectal cancer cells. By contrast, the rebound activation of EGFR
signaling is absent in melanoma cells that are characterized by poor EGFR expression [82].

A recent study evaluated the role of the mTOR (mammalian target of rapamycin) pathway in
resistance to vemurafenib in thyroid cancer. It was observed that the combined administration of
vemurafenib and mTOR inhibitors, such as metformin and rapamycin, decreased cell viability and
increased cell death in thyroid cancer cell lines harboring the BRAFY'E mutation [74].

Due to the promising results obtained by synergistic inhibition of different pathways in preclinical
models, at present, the research is focused on combination therapies in order to prevent or by-pass
resistance mechanisms. In 2018, the FDA approved the first combination treatment with the BRAFY600F
inhibitor dabrafenib and the MEK inhibitor trametinib (Mekinist) for the management of unresectable
or metastatic BRAFV®E_positive ATC. Even if the number of patients with eligibility criteria of the
multicenter nonrandomized trial was small, the drug combination efficacy was clearly demonstrated:
57% of patients achieved a partial response and 4% a complete response. Among responding patients,
64% showed stable disease for at least six months [40]. However, recently, it was demonstrated that
the clinical activity of the combined BRAF/MEK inhibition is partially impaired by KRAS acquired
mutations which by-pass the dual-blockade [83].

In order to overcome both primary and/or acquired resistance in unresectable and/or metastatic
RAl-refractory thyroid cancer and potentiate the therapeutic activity of BRAFV®YE targeted therapy,
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other anti-cancer drugs or clinical treatments are under investigation as potentially synergic with
BRAFV®YE inhibitors. Beyond the above-mentioned combined pharmacological strategies, other
studies with combination of BRAFY600E
though they are still in pre-clinical phase (Table 1). The aim of drug combinations in patients harboring
BRAF mutations is to hinder tumor growth by using agents able to block specific pathways involved in
acquired BRAFV®E inhibitor resistance. Vemurafenib and dabrafenib were tested in association with
inhibitors of MEK/ERK cascade [75,76], EGFR signaling [73], the pro-survival pathway NF-kB [77],
PIBK/mTOR pathways [79] and BCL-2 [78] (Table 1).

Intriguingly, the importance of synergistic approaches is confirmed by six clinical trials, actually

inhibitors and anti-cancer agents are under evaluation, even

enrolling, where vemurafenib and dabrafenib are administered in combination with other treatments
for BRAF-mutated thyroid cancer (Table 1). Three trials (NCT03244956, NCT03975231, NCT02145143)
are focused on the synergistic anti-tumor effect of BRAFV6%E inhibitors and radiotherapy treatments
(RAI and IMRT—Intensity-Modulated Radiation Therapy). Two other studies (NCT01947023,
NCT02456701) involved molecular-targeted agents: BRAFi in combination with the EGFR tyrosine
kinase inhibitor lapatinib, which blocks the downstream mTOR signaling (NCT01947023), or the
anti-HER3 monoclonal antibody KTN3379, which efficiently inhibits HER3 activity, suppressing
PIBK/AKT pathway (NCT02456701). Finally, one trial (NCT03181100) examined the potentiality
of BRAFV®YE inhibitor vemurafenib as a single agent or in combination with the MEK inhibitor
cobimetinib, and the immune checkpoint inhibitor atezolizumab, which activates the anti-tumor T-cell
mediated immune response blocking the interaction between programmed death-ligand 1 (PD-L1) and
programmed cell death protein 1 (PD-1) or CD80 receptors (B7-1Rs). Thus, the promising preclinical
results of combined therapy with BRAFY®'E kinase inhibitors and the numerousness of other targeted
agents reinforces the argument of personalized approaches to treatment in TCs.

5. Conclusions

BRAFY®YE js the most common molecular abnormality in thyroid cancer. This mutation is
frequently associated with tumor aggressiveness and poor prognosis because of the constitutive
activation of downstream MAPK pathway, which drives cellular dedifferentiation and cancer
progression. Clinically, BRAFV®E-mutated thyroid cancer cells exhibit primary resistance or poor
response to RAI therapy due to the inhibition of radioidine uptake and/or remodeling of metabolic
pathways mediated by hyperactive BRAFV®'F kinase. Thus, the advent of molecular and genetic
screening opened the door to molecular/prognostic characterization of TCs and led the researchers to
focus on identification of small molecules, which target BRAF-mutated monomers in a very specific
manner. In the recent years, some BRAFV'F_targeting agents were approved for the treatment of
RAI-resistant BRAF-mutated locally advance or metastatic thyroid cancer.

However, even though these achievements represent major breakthroughs in this setting of
patients, several issues are still unsolved and the clinical use of BRAF targeting agents in these patients
needs to be further corroborated by new evidence. It should be noted that clinical data, which allowed
the approval of BRAFi in TC, were obtained mostly in phase 2 trials based on a limited numbers
of patients, which represents a major limit for the wide use of these agents. Furthermore, besides
the achievement of interesting rates of objective responses upon vemurafenib or dabrafenib single
agent therapy, numerous thyroid cancer patients display rapid disease progression due to primary or
acquired drug resistance.

Drug resistance might occur due to either the expansion of existing resistant clones, harboring
intrinsic mutations or the occurrence of new genetic or epigenetic alterations, which often involve
signaling molecules up/downstream the pathway targeted by the anticancer agent. In both cases,
tumor cells become able to survive in the new microenvironment generated by the anticancer agent.
As extensively described above, a number of different mechanisms has been identified at the bottom
of BRAFi resistance in thyroid tumor cells, which induce alternative pathways with the final effect
to reactivate MAPK cascade. This preclinical evidence opened the scenario to drug-combination
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approaches as novel strategies to overcome the single agent-induced clonal selection of resistant tumor
cells, as well as to stimulate the immune response. However, it should be emphasized that combinations
of vemurafenib with other anti-cancer molecules were tested mostly in preclinical models and the only
therapeutic combination that was tested clinically is the dual inhibition of BRAF (dabrafenib) and
MEK (trametinib), which was evaluated in a phase 2 enrolling 16 BRAF V600E-mutated anaplastic
thyroid carcinomas [40]. While this is an interesting result achieved in an orphan disease, these data
need to be further validated in the wider setting of BRAF-mutated PTC. Additionally, the possibility
of combining BRAFi with other anti-cancer agents is under evaluation in several clinical trials that
will eventually achieve two major objectives: (i) to obtain synergistic effects and enhance patients’
sensitivity to BRAFi agents and (ii) to reduce doses of anticancer drugs to limit AEs and improve the
quality of life of thyroid cancer patients. In such a context, the possibility to restore sensitivity to RAI
therapy upon BRAF inhibition represents an exciting perspective for these patients due to the high
efficacy of RAI in DTCs and its favorable toxicity profile. However, data on efficacy and tolerability of
these new therapeutic strategies need to be awaited before drawing any conclusions.

Author Contributions: Conceptualization, FC., TN., M.L.,, EM., AS. and G.S.; writing—original draft preparation,
FC., TN. and FM.; writing—review and editing, EC., TN., M.P,, G.L,, AS,, G.S.,, M.L. and EM.

Funding: This research was funded by current research funds from the Italian Ministry of Health to IRCCS CROB.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bikas, A.; Burman, K.D. Epidemiology of thyroid cancer. In The Thyroid and Its Diseases; Luster, M., Duntas, L.,
Wartofsky, L., Eds.; Springer: Cham, Switzerland, 2019; pp. 541-547.

2. Kondo, T.; Ezzat, S.; Asa, S.L. Pathogenetic mechanisms in thyroid follicular-cell neoplasia. Nat. Rev. Cancer
2006, 6, 292-306. [CrossRef] [PubMed]

3.  Asa, S.L. The current histologic classification of thyroid cancer. Endocrinol. Metab. Clin. N. Am. 2019, 48,
1-22. [CrossRef] [PubMed]

4. Leboulleux, S.; Baudin, E.; Travagli, ].-P.; Schlumberger, M. Medullary thyroid carcinoma. Clin. Endocrinol.
2004, 61, 299-310. [CrossRef] [PubMed]

5. Yeung, M.].; Pasieka, J.L. Well-differentiated thyroid carcinomas: Management of the central lymph node
compartment and emerging biochemical markers. J. Oncol. 2011, 2011, 1-6. [CrossRef] [PubMed]

6.  Saini, S.; Tulla, K.; Maker, A.V,; Burman, K.D.; Prabhakar, B.S. Therapeutic advances in anaplastic thyroid
cancer: A current perspective. Mol. Cancer 2018, 17, 1-14. [CrossRef] [PubMed]

7. DelLellis, R.A. World Health Organization; International Agency for Research on Cancer Poorly differentiated
carcinoma. In Pathology and Genetics of Tumours of Endocrine Organs; IARC Press: Lyon, France, 2004; pp. 73-76.

8.  Volante, M.; Landolfi, S.; Chiusa, L.; Palestini, N.; Motta, M.; Codegone, A.; Torchio, B.; Papotti, M.G. Poorly
differentiated carcinomas of the thyroid with trabecular, insular, and solid patterns: A clinicopathologic
study of 183 patients. Cancer 2004, 100, 950-957. [CrossRef] [PubMed]

9.  Espinosa, A.V,; Porchia, L. Targeting BRAF in thyroid cancer. Br. J. Cancer 2007, 96, 16-20. [CrossRef]

10. Xing, M. Molecular pathogenesis and mechanisms of thyroid cancer. Nat. Rev. Cancer 2013, 13, 184-199.
[CrossRef]

11.  Pozdeyev, N.; Lund, G.; McDermott, M.T. Molecular pathogenesis of thyroid cancer and oncogenes in
thyroid cancer. In Thyroid Cancer; Wartofsky, L., Van Nostrand, D., Eds.; Springer: New York, NY, USA, 2016;
pp- 17-30.

12.  Tavares, C.; Melo, M.; Cameselle-Teijeiro, ].M.; Soares, P.; Sobrinho-Simdes, M. Genetic predictors of thyroid
cancer outcome. Eur. . Endocrinol. 2016, 174, R117-R126. [CrossRef]

13. Motoi, N.; Sakamoto, A.; Yamochi, T.; Horiuchi, H.; Motoi, T.; Machinami, R. Role of ras mutation in the
progression of thyroid carcinoma of follicular epithelial origin. Pathol. Res. Pract. 2000, 196, 1-7. [CrossRef]

14. Santoro, M.; Melillo, R.M.; Fusco, A. RET/PTC activation in papillary thyroid carcinoma: European Journal
of Endocrinology prize lecture. Eur. J. Endocrinol. 2006, 155, 645-653. [CrossRef] [PubMed]

15. Xing, M. BRAF mutation in thyroid cancer. Endocr. Relat. Cancer 2005, 12, 245-262.


http://dx.doi.org/10.1038/nrc1836
http://www.ncbi.nlm.nih.gov/pubmed/16557281
http://dx.doi.org/10.1016/j.ecl.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30717895
http://dx.doi.org/10.1111/j.1365-2265.2004.02037.x
http://www.ncbi.nlm.nih.gov/pubmed/15355445
http://dx.doi.org/10.1155/2011/705305
http://www.ncbi.nlm.nih.gov/pubmed/21969828
http://dx.doi.org/10.1186/s12943-018-0903-0
http://www.ncbi.nlm.nih.gov/pubmed/30352606
http://dx.doi.org/10.1002/cncr.20087
http://www.ncbi.nlm.nih.gov/pubmed/14983490
http://dx.doi.org/10.1038/sj.bjc.6603520
http://dx.doi.org/10.1038/nrc3431
http://dx.doi.org/10.1530/EJE-15-0605
http://dx.doi.org/10.1016/S0344-0338(00)80015-1
http://dx.doi.org/10.1530/eje.1.02289
http://www.ncbi.nlm.nih.gov/pubmed/17062879

Cancers 2019, 11, 1388 11 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Rusinek, D.; Chmielik, E.; Krajewska, J.; Jarzab, M.; Oczko-Wojciechowska, M.; Czarniecka, A.; Jarzab, B.
Current advances in thyroid cancer management. Are we ready for the epidemic rise of diagnoses? Int. J.
Mol. Sci. 2017, 18, 1817. [CrossRef] [PubMed]

Hertzman Johansson, C.; Egyhazi Brage, S. BRAF inhibitors in cancer therapy. Pharmacol. Ther. 2014, 142,
176-182. [CrossRef]

Hussain, M.R.M.; Baig, M.; Mohamoud, H.S.A.; Ulhaq, Z.; Hoessli, D.C.; Khogeer, G.S.; Al-Sayed, R.R.;
Al-Aama, J.Y. BRAF gene: From human cancers to developmental syndromes. Saudi J. Biol. Sci. 2015, 22,
359-373. [CrossRef]

Chong, H.; Lee, J.; Guan, K.L. Positive and negative regulation of Raf kinase activity and function by
phosphorylation. EMBO J. 2001, 20, 3716-3727. [CrossRef]

Chang, F,; Steelman, L.S.; Lee, ].T.; Shelton, ].G.; Navolanic, PM.; Blalock, W.L.; Franklin, R.A.; McCubrey, ].A.
Signal transduction mediated by the Ras/Raf/MEK/ERK pathway from cytokine receptors to transcription
factors: Potential targeting for therapeutic intervention. Leukemia 2003, 17, 1263-1293. [CrossRef]

Stefan, E.; Bister, K. MYC and RAF: Key effectors in cellular signaling and major drivers in human cancer.
Curr. Top. Microbiol. Immunol. 2017, 407, 117-151.

Dhillon, A.S.; Hagan, S.; Rath, O.; Kolch, W. MAP kinase signalling pathways in cancer. Oncogene 2007, 26,
3279-3290. [CrossRef]

Delrieu, V.; Springael, C.; Wu, K.L.; Verhoef, G.; Janssens, A. BHS guidelines for the diagnosis and the
treatment of hairy cell leukaemia. Belg. J. Hematol. 2017, 8, 222-228.

Flaherty, K.T.; McArthur, G. BRAF, a target in melanoma: Implications for solid tumor drug development.
Cancer 2010, 116, 4902—-4913. [CrossRef] [PubMed]

Sadtecki, P.; Walentowicz-Sadtecka, M.; Grabiec, M. Molecular diagnosis in type I epithelial ovarian cancer.
Ginekol. Pol. 2018, 88, 692—-697. [CrossRef] [PubMed]

Clarke, C.N.; Kopetz, E.S. BRAF mutant colorectal cancer as a distinct subset of colorectal cancer: Clinical
characteristics, clinical behavior, and response to targeted therapies. J. Gastrointest. Oncol. 2015, 6, 660-667.
[PubMed]

Pao, W.; Girard, N. New driver mutations in non-small-cell lung cancer. Lancet Oncol. 2011, 12, 175-180.
[CrossRef]

Davies, H.; Bignell, G.R; Cox, C.; Stephens, P; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.].;
Bottomley, W.; et al. Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949-954. [CrossRef]
Ross, J.S.; Wang, K.; Chmielecki, J.; Gay, L.; Johnson, A.; Chudnovsky, J.; Yelensky, R.; Lipson, D.; Ali, SM.;
Elvin, J.A,; et al. The distribution of BRAF gene fusions in solid tumors and response to targeted therapy.
Int. J. Cancer 2016, 138, 881-890. [CrossRef] [PubMed]

Johnson, D.B.; Childress, M.A.; Chalmers, Z.R.; Frampton, G.M.; Ali, S.M.; Rubinstein, S.M.; Fabrizio, D.;
Ross, ].S.; Balasubramanian, S.; Miller, V.A.; et al. BRAF internal deletions and resistance to BRAF/MEK
inhibitor therapy. Pigment Cell Melanoma Res. 2018, 31, 432-436. [CrossRef]

Chen, S.H.; Zhang, Y.; van Horn, R.D.; Yin, T.; Buchanan, S.; Yadav, V.; Mochalkin, I.; Wong, S.S.; Yue, Y.G.;
Huber, L.; et al. Oncogenic BRAF deletions that function as homodimers and are sensitive to inhibition by
RAF dimer inhibitor LY3009120. Cancer Discov. 2016, 6, 300-315. [CrossRef]

Kulkarni, A.; Al-Hraishawi, H.; Simhadri, S.; Hirshfield, KM.; Chen, S.; Pine, S.; Jeyamohan, C.; Sokol, L.;
Ali, S;; Teo, M.L.; et al. BRAF fusion as a novel mechanism of acquired resistance to vemurafenib in
BRAFV600E mutant melanoma. Clin. Cancer Res. 2017, 23, 5631-5638. [CrossRef]

Leicht, D.T; Balan, V.; Kaplun, A.; Singh-Gupta, V.; Kaplun, L.; Dobson, M.; Tzivion, G. Raf kinases: Function,
regulation and role in human cancer. Biochim. Biophys. Acta Mol. Cell Res. 2007, 1773, 1196-1212. [CrossRef]
Trovisco, V.; Soares, P.; Sobrinho-Simoes, M. B-RAF mutations in the etiopathogenesis, diagnosis, and
prognosis of thyroid carcinomas. Hum. Pathol. 2006, 37, 781-786. [CrossRef] [PubMed]

Kim, S.J.; Lee, J.; Soh, E.Y. The Clinical Significance of the BRAF Mutation in Patients with Papillary Thyroid
Cancer. J. Endocr. Surg. 2017, 17, 175-183. [CrossRef]

Czarniecka, A.; Oczko-Wojciechowska, M.; Barczynski, M. BRAF V600E mutation in prognostication of
papillary thyroid cancer (PTC) recurrence. Gland Surg. 2016, 5, 495-505. [CrossRef] [PubMed]

Elisei, R.; Ugolini, C.; Viola, D.; Lupi, C.; Biagini, A.; Giannini, R.; Romei, C.; Miccoli, P.; Pinchera, A.;
Basolo, F. BRAF(V600E) mutation and outcome of patients with papillary thyroid carcinoma: A 15-year
median follow-up study. J. Clin. Endocrinol. Metab. 2008, 93, 3943-3949. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/ijms18081817
http://www.ncbi.nlm.nih.gov/pubmed/28829399
http://dx.doi.org/10.1016/j.pharmthera.2013.11.011
http://dx.doi.org/10.1016/j.sjbs.2014.10.002
http://dx.doi.org/10.1093/emboj/20.14.3716
http://dx.doi.org/10.1038/sj.leu.2402945
http://dx.doi.org/10.1038/sj.onc.1210421
http://dx.doi.org/10.1002/cncr.25261
http://www.ncbi.nlm.nih.gov/pubmed/20629085
http://dx.doi.org/10.5603/GP.a2017.0123
http://www.ncbi.nlm.nih.gov/pubmed/29303228
http://www.ncbi.nlm.nih.gov/pubmed/26697199
http://dx.doi.org/10.1016/S1470-2045(10)70087-5
http://dx.doi.org/10.1038/nature00766
http://dx.doi.org/10.1002/ijc.29825
http://www.ncbi.nlm.nih.gov/pubmed/26314551
http://dx.doi.org/10.1111/pcmr.12674
http://dx.doi.org/10.1158/2159-8290.CD-15-0896
http://dx.doi.org/10.1158/1078-0432.CCR-16-0758
http://dx.doi.org/10.1016/j.bbamcr.2007.05.001
http://dx.doi.org/10.1016/j.humpath.2006.03.013
http://www.ncbi.nlm.nih.gov/pubmed/16784975
http://dx.doi.org/10.16956/jes.2017.17.4.175
http://dx.doi.org/10.21037/gs.2016.09.09
http://www.ncbi.nlm.nih.gov/pubmed/27867864
http://dx.doi.org/10.1210/jc.2008-0607
http://www.ncbi.nlm.nih.gov/pubmed/18682506

Cancers 2019, 11, 1388 12 of 14

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Niederer-Wiist, S.M.; Jochum, W.; Forbs, D.; Briandle, M.; Bilz, S.; Clerici, T.; Oettli, R.; Miiller, J.; Haile, S.R.;
Ess, S.; et al. Impact of clinical risk scores and BRAF V600E mutation status on outcome in papillary thyroid
cancer. Surgery 2016, 157, 119-125. [CrossRef]

Damiani, L.; Lupo, S.; Rossi, R.; Bruni, S.; Bartolomei, M.; Panareo, S.; Franceschetti, P.; Carcoforo, P.;
Lanza, G.; Pelucchi, S.; et al. Evaluation of the Role of BRAFV600E Somatic Mutation on Papillary Thyroid
Cancer Disease Persistence: A Prospective Study. Eur. Thyroid. ]. 2018, 7, 251-257. [CrossRef]

Subbiah, V.; Cabanillas, M.E.; Kreitman, R.J.; Wainberg, Z.A.; Cho, ].Y.; Keam, B.; Schellens, ].H.M.; Soria, J.C.;
Wen, PY.; Zielinski, C.; et al. Dabrafenib and trametinib treatment in patients with locally advanced or
metastatic BRAF V600-mutant anaplastic thyroid cancer. J. Clin. Oncol. 2018, 36, 7-13. [CrossRef]

Guerra, A.; Di Crescenzo, V.; Garzi, A.; Cinelli, M.; Carlomagno, C.; Tonacchera, M.; Zeppa, P; Vitale, M.
Genetic mutations in the treatment of anaplastic thyroid cancer: A systematic review. BMC Surg. 2013, 13,
S44. [CrossRef]

Hu, S.; Liu, D.; Tufano, R.P,; Carson, K.A.; Rosenbaum, E.; Cohen, Y.; Holt, E.H.; Kiseljak-Vassiliades, K.;
Rhoden, K.J.; Tolaney, S.; et al. Association of aberrant methylation of tumor suppressor genes with tumor
aggressiveness and BRAF mutation in papillary thyroid cancer. Int. . Cancer 2006, 119, 2322-2329. [CrossRef]
Tang, K.T,; Lee, C.H. BRAF mutation in papillary thyroid carcinoma: Pathogenic role and clinical implications.
J. Chin. Med. Assoc. 2010, 73, 113-128. [CrossRef]

Durante, C.; Puxeddu, E.; Ferretti, E.; Morisi, R.; Moretti, S.; Bruno, R.; Barbi, F.; Avenia, N.; Scipioni, A.;
Verrienti, A.; et al. BRAF mutations in papillary thyroid carcinomas inhibit genes involved in iodine
metabolism. |. Clin. Endocrinol. Metab. 2007, 92, 2840-2843. [CrossRef] [PubMed]

Liu, D.; Hu, S.; Hou, P; Jiang, D.; Condouris, S.; Xing, M. Suppression of BRAF/MEK/MAP kinase pathway
restores expression of iodide-metabolizing genes in thyroid cells expressing the V600E BRAF mutant.
Clin. Cancer Res. 2007, 13, 1341-1349. [CrossRef]

Mian, C.; Barollo, S.; Pennelli, G.; Pavan, N.; Rugge, M.; Pelizzo, M.R.; Mazzarotto, R.; Casara, D.;
Nacamulli, D.; Mantero, F.; et al. Molecular characteristics in papillary thyroid cancers (PTCs) with no 1311
uptake. Clin. Endocrinol. 2008, 68, 108-116. [CrossRef] [PubMed]

Cheng, W,; Liu, R.; Zhu, G.; Wang, H.; Xing, M. Robust thyroid gene expression and radioiodine uptake
induced by simultaneous suppression of BRAF V600E and histone deacetylase in thyroid cancer cells. J. Clin.
Endocrinol. Metab. 2016, 101, 962-971. [CrossRef] [PubMed]

Lupi, C.; Giannini, R.; Ugolini, C.; Proietti, A.; Berti, P.; Minuto, M.; Materazzi, G.; Elisei, R.; Santoro, M.;
Miccoli, P; et al. Extensive clinical experience: Association of BRAF V600E mutation with poor
clinicopathological outcomes in 500 consecutive cases of papillary thyroid carcinoma. J. Clin. Endocrinol. Metab.
2007, 92, 4085-4090. [CrossRef]

Li, C.; Aragon Han, P; Lee, K.C,; Lee, L.C.; Fox, A.C.; Beninato, T.; Thiess, M.; Dy, B.M.; Sebo, T.J.;
Thompson, G.B.; et al. Does BRAF V600e mutation predict aggressive features in papillary thyroid cancer?
Results from four endocrine surgery centers. J. Clin. Endocrinol. Metab. 2013, 98, 3702-3712. [CrossRef]
[PubMed]

Liu, C.; Chen, T.; Liu, Z. Associations between BRAF and prognostic factors and poor outcomes in papillary
thyroid carcinoma: A meta-analysis. World J. Surg. Oncol. 2016, 14, 1-12. [CrossRef]

Cabanillas, M.E.; Patel, A.; Danysh, B.P.; Dadu, R.; Kopetz, S.; Falchook, G. BRAF inhibitors: Experience in
thyroid cancer and general review of toxicity. Horm. Cancer 2015, 6, 21-36. [CrossRef] [PubMed]

Brose, M.S.; Nutting, C.M.; Jarzab, B.; Elisei, R.; Siena, S.; Bastholt, L.; De La Fouchardiere, C.; Pacini, E;
Paschke, R.; Shong, Y.K,; et al. Sorafenib in radioactive iodine-refractory, locally advanced or metastatic diff
erentiated thyroid cancer: A randomised, double-blind, phase 3 trial. Lancet 2014, 384, 319-328. [CrossRef]
Brose, M.S.; Troxel, A.B.; Redlinger, M.; Harlacker, K.; Redlinger, C.; Chalian, A.A.; Flaherty, T.; Loevner, L.A.;
Mandel, S.J.; O'Dwyer, PJ. Effect of BRAFV600E on response to sorafenib in advanced thyroid cancer patients.
J. Clin. Oncol. 2009, 27, 6002.

Schlumberger, M.; Tahara, M.; Wirth, L.J.; Robinson, B.; Brose, M.S.; Ph, D.; Elisei, R.; Hoff, A.O,;
Gianoukakis, A.G.; Kiyota, N.; et al. Lenvatinib versus placebo in radioiodine- refractory thyroid cancer.
N. Engl. ]. Med. 2015, 327, 621-630. [CrossRef] [PubMed]

Valerio, L.; Pieruzzi, L.; Giani, C.; Agate, L.; Bottici, V.; Lorusso, L.; Cappagli, V.; Puleo, L.; Matrone, A.;
Viola, D.; et al. Targeted therapy in thyroid cancer: State of the art. Clin. Oncol. 2017, 29, 316-324. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.surg.2014.07.015
http://dx.doi.org/10.1159/000490699
http://dx.doi.org/10.1200/JCO.2017.73.6785
http://dx.doi.org/10.1186/1471-2482-13-S2-S44
http://dx.doi.org/10.1002/ijc.22110
http://dx.doi.org/10.1016/S1726-4901(10)70025-3
http://dx.doi.org/10.1210/jc.2006-2707
http://www.ncbi.nlm.nih.gov/pubmed/17488796
http://dx.doi.org/10.1158/1078-0432.CCR-06-1753
http://dx.doi.org/10.1111/j.1365-2265.2007.03008.x
http://www.ncbi.nlm.nih.gov/pubmed/17854396
http://dx.doi.org/10.1210/jc.2015-3433
http://www.ncbi.nlm.nih.gov/pubmed/26751190
http://dx.doi.org/10.1210/jc.2007-1179
http://dx.doi.org/10.1210/jc.2013-1584
http://www.ncbi.nlm.nih.gov/pubmed/23969188
http://dx.doi.org/10.1186/s12957-016-0979-1
http://dx.doi.org/10.1007/s12672-014-0207-9
http://www.ncbi.nlm.nih.gov/pubmed/25467940
http://dx.doi.org/10.1016/S0140-6736(14)60421-9
http://dx.doi.org/10.1056/NEJMoa1406470
http://www.ncbi.nlm.nih.gov/pubmed/25671254
http://dx.doi.org/10.1016/j.clon.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28318881

Cancers 2019, 11, 1388 13 of 14

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Garbe, C.; Eigentler, TK. Small Molecules in Oncology. In Small Molecules in Oncology. Recent Results in
Cancer Research; Martens, U.M., Ed.; Springer: Cham, Switzerland, 2018; Volume 201, pp. 77-89.

Fiskus, W.; Mitsiades, N. B-Raf inhibition in the clinic: Present and future. Annu. Rev. Med. 2016, 67, 29-43.
[CrossRef] [PubMed]

Falchook, G.S.; Long, G.V.; Kurzrock, R.; Kim, K.B.; Arkenau, T.H.; Brown, M.P; Hamid, O.; Infante, J.R.;
Millward, M.; Pavlick, A.C.; et al. RAF Inhibitor Dabrafenib (GSK2118436) is active in melanoma brain
metastases, multiple BRAF genotypes and diverse cancers. Lancet 2012, 379, 1893-1901. [CrossRef]

Dunn, L.A.; Sherman, E.J.; Baxi, S.S.; Tchekmedyian, V.; Grewal, R.K.; Larson, S.M.; Pentlow, K.S.; Haque, S.;
Tuttle, R.M.; Sabra, M.M.; et al. Vemurafenib redifferentiation of BRAF mutant, RAl-refractory thyroid
cancers. J. Clin. Endocrinol. Metab. 2019, 104, 1417-1428. [CrossRef]

Brose, M.S.; Cabanillas, M.E.; Cohen, E.E.W.; Wirth, L.J.; Riehl, T.; Yue, H.; Sherman, S.I.; Sherman, E.J.
Vemurafenib in patients with BRAFV600E-positive metastatic or unresectable papillary thyroid cancer
refractory to radioactive iodine: A non-randomised, multicentre, open-label, phase 2 trial. Lancet Oncol.
2016, 17, 1272-1282. [CrossRef]

Falchook, G.S.; Millward, M.; Hong, D.; Naing, A.; Piha-Paul, S.; Waguespack, S.G.; Cabanillas, M.E.;
Sherman, S.I.; Ma, B.; Curtis, M.; et al. BRAF Inhibitor Dabrafenib in patients with metastatic BRAF-mutant
thyroid cancer. Thyroid 2014, 25, 71-77. [CrossRef] [PubMed]

Lirov, R.; Worden, EP.; Cohen, M.S. The treatment of advanced thyroid cancer in the age of novel targeted
therapies. Drugs 2017, 77, 733-745. [CrossRef]

Rothenberg, S.M.; McFadden, D.G.; Palmer, E.L.; Daniels, G.H.; Wirth, L]J. Redifferentiation of
iodine-refractory BRAF V600E-mutant metastatic papillary thyroid cancer with dabrafenib. Clin. Cancer Res.
2015, 21, 1028-1035. [CrossRef]

Duquette, M.; Sadow, PM.; Husain, A.; Sims, ].N.; Antonello, Z.A.; Fischer, A-H.; Song, C.;
Castellanos-Rizaldos, E.; Makrigiorgos, G.M.; Kurebayashi, J.; et al. Metastasis-associated MCL1 and
P16 copy number alterations dictate resistance to vemurafenib in a BRAFV600E patient-derived papillary
thyroid carcinoma preclinical model. Oncotarget 2015, 6, 42445-42467. [CrossRef]

Roelli, M.A.; Ruffieux-Daidié, D.; Stooss, A.; EIMokh, O.; Phillips, W.A.; Dettmer, M.S.; Charles, R.-P.
PIK3CAH1047R-induced paradoxical ERK activation results in resistance to BRAFV600E specific inhibitors in
BRAFV600E PIK3CAH1047R double mutant thyroid tumors. Oncotarget 2017, 8, 103207-103222. [CrossRef]
[PubMed]

Danysh, B.P; Rieger, E.Y.; Sinha, D.K; Evers, C.V.; Cote, G.J.; Cabanillas, M.E.; Hofmann, M.-C. Long-term
vemurafenib treatment drives inhibitor resistance through a spontaneous KRAS G12D mutation in a BRAF
V600E papillary thyroid carcinoma model. Oncotarget 2016, 7, 30907-30923. [CrossRef] [PubMed]

Ofir Dovrat, T.; Sokol, E.; Frampton, G.; Shachar, E.; Pelles, S.; Geva, R.; Wolf, I. Unusually long-term
responses to vemurafenib in BRAF V600E mutated colon and thyroid cancers followed by the development
of rare RAS activating mutations. Cancer Biol. Ther. 2018, 19, 871-874. [CrossRef] [PubMed]

Antonello, Z.A.; Hsu, N.; Bhasin, M.; Roti, G.; Joshi, M.; Van Hummelen, P; Ye, E.; Lo, A.S.; Karumanchi, S.A.;
Bryke, C.R,; et al. Vemurafenib-resistance via de novo RBM genes mutations and chromosome 5 aberrations
is overcome by combined therapy with palbociclib in thyroid carcinoma with BRAFV600E. Oncotarget 2017,
8, 84743-84760. [CrossRef] [PubMed]

Montero-Conde, C.; Ruiz-Llorente, S.; Dominguez, ].M.; Knauf, J.A.; Viale, A.; Sherman, E.J.; Ryder, M;
Ghossein, R.A.; Rosen, N.; Fagin, ].A. Relief of feedback inhibition of HER3 transcription by RAF and MEK
inhibitors attenuates their antitumor effects in BRAF -mutant thyroid carcinomas. Cancer Discov. 2013, 3,
520-533. [CrossRef] [PubMed]

Byeon, HK.; Na, HJ.; Yang, YJ.; Kwon, HJ.; Chang, ] W.; Ban, M.].; Kim, W.S.; Shin, D.Y;; Lee, E.J.; Koh, YW,;
etal. c-Met-mediated reactivation of PI3K/AKT signaling contributes to insensitivity of BRAF(V600E) mutant
thyroid cancer to BRAF inhibition. Mol. Carcinog. 2016, 55, 1678-1687. [CrossRef] [PubMed]

Notarangelo, T.; Sisinni, L.; Trino, S.; Calice, G.; Landriscina, M. IL6/STAT3 axis mediates resistance to BRAF
inhibitors in thyroid carcinoma cells. Cancer Lett. 2018, 433, 147-155. [CrossRef]

Notarangelo, T.; Sisinni, L.; Condelli, V.; Landriscina, M. Dual EGFR and BRAF blockade overcomes resistance
to vemurafenib in BRAF mutated thyroid carcinoma cells. Cancer Cell Int. 2017, 17, 86. [CrossRef] [PubMed]


http://dx.doi.org/10.1146/annurev-med-090514-030732
http://www.ncbi.nlm.nih.gov/pubmed/26768236
http://dx.doi.org/10.1016/S0140-6736(12)60398-5
http://dx.doi.org/10.1210/jc.2018-01478
http://dx.doi.org/10.1016/S1470-2045(16)30166-8
http://dx.doi.org/10.1089/thy.2014.0123
http://www.ncbi.nlm.nih.gov/pubmed/25285888
http://dx.doi.org/10.1007/s40265-017-0733-1
http://dx.doi.org/10.1158/1078-0432.CCR-14-2915
http://dx.doi.org/10.18632/oncotarget.6442
http://dx.doi.org/10.18632/oncotarget.21732
http://www.ncbi.nlm.nih.gov/pubmed/29262556
http://dx.doi.org/10.18632/oncotarget.9023
http://www.ncbi.nlm.nih.gov/pubmed/27127178
http://dx.doi.org/10.1080/15384047.2018.1480289
http://www.ncbi.nlm.nih.gov/pubmed/30036146
http://dx.doi.org/10.18632/oncotarget.21262
http://www.ncbi.nlm.nih.gov/pubmed/29156680
http://dx.doi.org/10.1158/2159-8290.CD-12-0531
http://www.ncbi.nlm.nih.gov/pubmed/23365119
http://dx.doi.org/10.1002/mc.22418
http://www.ncbi.nlm.nih.gov/pubmed/26456083
http://dx.doi.org/10.1016/j.canlet.2018.06.038
http://dx.doi.org/10.1186/s12935-017-0457-z
http://www.ncbi.nlm.nih.gov/pubmed/29033690

Cancers 2019, 11, 1388 14 of 14

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Jia, Y,; Zhang, C.; Hu, C.; Yu, Y;; Zheng, X.; Li, Y.; Gao, M. EGFR inhibition enhances the antitumor efficacy of
a selective BRAF V600E inhibitor in thyroid cancer cell lines. Oncol. Lett. 2018, 15, 6763-6769. [CrossRef]
[PubMed]

Hanly, E.K.; Bednarczyk, R.B.; Tuli, N.Y.; Moscatello, A.L.; Halicka, H.D.; Li, J.; Geliebter, ].; Darzynkiewicz, Z.;
Tiwari, R K. mTOR inhibitors sensitize thyroid cancer cells to cytotoxic effect of vemurafenib. Oncotarget
2015, 6, 39702-39713. [CrossRef] [PubMed]

Zhang, H.; Chen, D. Synergistic inhibition of MEK/ERK and BRAFV600E with PD98059 and PLX4032 induces
sodium /iodide symporter (NIS) expression and radioiodine uptake in BRAF mutated papillary thyroid
cancer cells. Thyroid Res. 2018, 11, 1-6. [CrossRef] [PubMed]

Song, H.; Zhang, ]J.; Ning, L.; Zhang, H.; Chen, D.; Jiao, X.; Zhang, K. The MEK1/2 inhibitor AZD6244
sensitizes BRAF-mutant thyroid cancer to vemurafenib. Med. Sci. Monit. 2018, 24, 3002-3010. [CrossRef]
[PubMed]

Tsumagari, K.; Elmageed, Z.Y.A.; Sholl, A.B.; Green, E.A.; Sobti, S.; Khan, A.R.; Kandil, A.; Murad, F;
Friedlander, P.; Boulares, A.H.; et al. Bortezomib sensitizes thyroid cancer to BRAF inhibitor in vitro and
in vivo. Endocr. Relat. Cancer 2018, 25, 99-109. [CrossRef] [PubMed]

Jeong, . H.; Oh, J.M.; Jeong, S.Y.; Lee, S.; Lee, J.; Ahn, C.; Jeong, ]. H. Combination treatment with BRAF BH3
mimetic, navitoclax, for BRAF mutant thyroid carcinoma. Thyroid 2019, 29, 540-548. [CrossRef]

Gibson, WJ.; Ruan, D.T.; Paulson, V.A.; Barletta, J.A.; Hanna, G.J.; Kraft, S.; Calles, A.; Nehs, M.A.; Jr, ED.M.;
Taylor-weiner, A.; et al. Genomic heterogeneity and exceptional response to dual pathway inhibition in
anaplastic thyroid cancer. Clin. Cancer Res. 2017, 23, 2367-2374. [CrossRef]

Sos, M.L,; Levin, R.S.; Gordan, J.D.; Oses-Prieto, J.A.; Webber, ].T.; Salt, M.; Hann, B.; Burlingame, A.L.;
McCormick, E; Bandyopadhyay, S.; et al. Oncogene mimicry as a mechanism of primary resistance to BRAF
inhibitors. Cell Rep. 2014, 8, 1037-1048. [CrossRef]

Landriscina, M.; Pannone, G.; Piscazzi, A.; Toti, P.; Fabiano, A.; Tortorella, S.; Occhini, R.; Ambrosi, A.;
Bufo, P.; Cignarelli, M. Epidermal growth factor receptor 1 expression is upregulated in undifferentiated
thyroid carcinomas in humans. Thyroid 2011, 21, 1227-1234. [CrossRef]

Prahallad, A.; Sun, C.; Huang, S.; Di Nicolantonio, F,; Salazar, R.; Zecchin, D.; Beijersbergen, R.L.; Bardelli, A.;
Bernards, R. Unresponsiveness of colon cancer to BRAF(V600E) inhibition through feedback activation of
EGFR. Nature 2012, 483, 100-104. [CrossRef]

Owen, D.H.; Konda, B; Sipos, J.; Liu, T.; Webb, A.; Ringel, M.D.; Timmers, C.D.; Shah, M.H. KRAS G12V
mutation in acquired resistance to combined BRAF and MEK inhibition in papillary thyroid cancer. J. Natl.
Compr. Cancer Netw. 2019, 17, 409-413. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3892/ol.2018.8093
http://www.ncbi.nlm.nih.gov/pubmed/29616135
http://dx.doi.org/10.18632/oncotarget.4052
http://www.ncbi.nlm.nih.gov/pubmed/26284586
http://dx.doi.org/10.1186/s13044-018-0057-6
http://www.ncbi.nlm.nih.gov/pubmed/30337961
http://dx.doi.org/10.12659/MSM.910084
http://www.ncbi.nlm.nih.gov/pubmed/29737325
http://dx.doi.org/10.1530/ERC-17-0182
http://www.ncbi.nlm.nih.gov/pubmed/29269566
http://dx.doi.org/10.1089/thy.2018.0511
http://dx.doi.org/10.1158/1078-0432.CCR-16-2154-T
http://dx.doi.org/10.1016/j.celrep.2014.07.010
http://dx.doi.org/10.1089/thy.2011.0172
http://dx.doi.org/10.1038/nature10868
http://dx.doi.org/10.6004/jnccn.2019.7292
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction: Epidemiology, Classification and Molecular Features of Thyroid Cancer 
	BRAF Signaling in Cancer 
	Role of BRAFV600E Mutation in Thyroid Cancer 
	BRAF Inhibitors in Thyroid Cancer Treatment and Mechanisms of Resistance 
	Conclusions 
	References

