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A B S T R A C T   

Thyroid cancer is the most prevalent endocrine tumor and its incidence is fast-growing worldwide in recent 
years. Differentiated thyroid cancer (DTC) is the most common pathological subtype which is typically curable 
with surgery and Radioactive iodine (RAI) therapy (approximately 85%). Radioactive iodine is the first-line 
treatment for patients with metastatic Papillary Thyroid Cancer (PTC). However, 60% of patients with aggres
sive metastasis DTC developed resistance to RAI treatment and had a poor overall prognosis. The molecular 
mechanisms of RAI resistance include gene mutation and fusion, failure to transport RAI into the DTC cells, and 
interference with the tumor microenvironment (TME). However, it is unclear whether the above are the main 
drivers of the inability of patients with DTC to benefit from iodine therapy. With the development of new bio
logical technologies, strategies that bolster RAI function include TKI-targeted therapy, DTC cell redifferentiation, 
and improved drug delivery via extracellular vesicles (EVs) have emerged. Despite some promising data and 
early success, overall survival was not prolonged in the majority of patients, and the disease continued to 
progress. It is still necessary to understand the genetic landscape and signaling pathways leading to iodine 
resistance and enhance the effectiveness and safety of the RAI sensitization approach. This review will sum
marize the mechanisms of RAI resistance, predictive biomarkers of RAI resistance, and the current RAI sensiti
zation strategies.   
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1. Introduction 

Thyroid cancer (TC) is the most prevalent endocrine cancer (Liu 
et al., 2022). Although with a low death rate compared to other cancers, 
published studies reported that the incidence of TC continues to increase 
in almost every country and region in the world (Deng et al., 2020). The 
rate of new cases began growing exponentially in 2000 and climbed 
throughout the years (Davies et al., 2015). The use of sensitive neck 
ultrasound makes it possible to detect small intrathyroidal tumors, 
which probably accounts for this rise. By 2030, TC is expected to be one 
of the most diagnosed cancers, along with breast, prostate, lung and 
melanoma cancer (Rahib et al., 2014). Female gender, a history of goiter 
or thyroid nodule, a family history of TC, a low-iodine diet, radiation 
exposure, and obesity are risk factors for TC (Carling and Udelsman, 
2014). DTC, which makes up more than 90% of all diagnosed cases of 
TC, develops from thyroid follicular cells and is divided into different 
subcategories, PTC (80%), follicular TC (FTC) (15%) and Hürthle cell 
carcinoma (HCC). 

DTC is typically curable with surgery and RAI therapy in patients 
with no local progression and no local/distant metastases. However, 
some DTC tends to invade lymphatic vessels and displays a high inci
dence of regional lymph node metastasis. There are 1–4% of patients 
have distant metastasis at first diagnosis and 7–23% have distant 
metastasis at follow-up (Liu et al., 2022). RAI has been utilized for PTC 
treatment and functional imaging since the 1940 s (Hertz and Roberts, 
1942). RAI includes 123I, 131I and 124I, 123I captures decay emission 
photons through electrons and allows good imaging quality, but it is 
expensive and cannot be used for treatment, which limits its clinical use 
in routine practice (Giovanella et al., 2019). 131I has a physical half-life 
of 8 days, and a maximum energy of 606 keV emitted from its decaying β 
particles, β particles can cause multiple ionizations before losing energy 
and are in charge of the majority of the therapeutic effects. The 
permeability of electrons in soft tissue is about 1 mm, and their 
destructive effects are largely confined to thyroid cells. The main clinical 
applications of 124I are diagnostic imaging and lesion dosimetry (San
thanam et al., 2017). Unfortunately, because of the high cost, 124I is 
mainly used for research purposes. 131I is cheaper than other radioactive 
iodine isotopes and is widely available nowadays in TC. RAI is the 
first-line treatment for patients with unresectable and/or metastatic 
DTC, however, 30% of these patients do not have iodine uptake at the 
beginning of RAI therapy; the remaining patients gradually lose 
response to RAI during treatment. The prognosis of patients with 
RAIR-DTC is depending on tumor burden and growth rate, but the 
overall 10-year survival rate is 10%, and median survival is only 3–5 
years (Brose et al., 2012; Schlumberger et al., 2014). The most frequent 
RAI Refractory Thyroid Cancers (RAIR-TCs) are PTC, followed by Poorly 
Differentiated Thyroid Carcinoma (PDTC) (Leboulleux et al., 2022). 

There has been remarkable progress in understanding the molecular 
mechanisms causing DTC malignant evolution and the transition to RAI 
resistance over the past few decades. Iodine can accumulate specifically 
in the thyroid tissue under physiological conditions, which is attributed 
to Sodium Iodide Symporter (NIS)-mediated iodine uptake located in the 
basolateral membrane of thyroid cells (Yavuz and Puckett, 2022; 
Koukkou et al., 2017). The sodium iodide symporter (NIS) is a plasma 
membrane glycoprotein, a member of solute carrier family 5 A (slc5a5) 
(Aashiq et al., 2019). Thus, sufficient expression, localization and 
function of NIS are important for RAI treatment (Spitzweg and Morris, 
2002). Iodine accumulation in thyroid tissue is also influenced by other 
thyroid-specific genes and transcription factors such as tsh, tshr (Rowe 
et al., 2017), tg (Mitchell and Hsu, 2016), tpo (Dunn and Dunn, 2001), 
pbf (Read et al., 2011), and pigu (Amit et al., 2017), that work together to 
facilitate RAI accumulation in DTC cells. The gene alterations in DTC 
include point mutations, gene translocations, chimeric fusion, gene 
amplifications, and deletions (Fagin and Wells, 2016). MAPK-PI3K-AKT 
pathways, particularly brafV600E and ras mutation are associated with 
the aberrant silencing and internalization from the basolateral 

membrane of NIS in DTC cells (Durante et al., 2018; Oh and Ahn, 2021). 
As shown in Fig. 1, the genetic profile and iodine-transport biological 
processes inherent in DTC cells seem like not all the mechanisms of 
resistance to RAI, the crosstalk between DTC cells and TME include 
cytokines, chemokines, fibroblasts, adipocytes, to escape the RAI cyto
toxic should also be taken into account (Ferrari et al., 2020). 

Li et al. establish a Radioiodine refractoriness score to evaluate the 
clinical characteristics of patients with RAI Refractory Differentiated 
Thyroid Cancer (RAIR-DTC), smoking, tumor type, genetic alterations 
extra-thyroid extension, number of lymph node metastasis, lymph node 
metastasis rate and pN stage (N1) were correlated with poor RAI 
response. However, there was no statistically significant difference in 
tumor burden, sex, BMI, and TNM stage (Li et al., 2018). Interestingly, 
other studies presented different results, for example, Jentzen et al. 
found that absorbed radiation dose (AD) to small lesions was higher than 
large ones and was more effectively treated by RAI (Jentzen et al., 
2014).18 f-Fludeoxyglucose emission tomography computed tomogra
phy (18FDG-PET/CT), combined with 131I-whole body scan (WBS), 
serum TG levels are the most frequently observed in clinics to diagnose 
the effect of RAI (Chai et al., 2022). However, these evaluations are 
usually performed after initial RAI therapy. It is still a great challenge to 
predict the response of metastatic DTC patients to RAI therapy in the 
early stage. Groundbreaking research from The Cancer Genome Atlas 
(TCGA) Research Network has analyzed 496 TC samples to identify new 
oncogenes and new variants of existing genes to characterize aggressive 
TC (Cancer Genome Atlas Research Network, 2014). The study has 
pointed out the genetic drivers of PTC which can be divided into two 
main oncogenic groups: braf mutations, and ras mutations. ras-like tu
mors are better differentiated, have common follicular histology, and 
have a better prognosis. braf-like PTCs are less differentiated, extremely 
diverse, and exhibit a high expression of genes downstream of MAPK 
activation. They found that braf mutation exists in several distinct sub
types of TCs and some braf mutation is driving TC through different 
mechanisms, even with some of these subtypes being associated with 
higher-risk, less differentiated TC that are also resistant to RAI therapy. 
In addition, analysis of miRNAs expressed In DTC tumor tissues and 
investigation of circulating miRNAs have been proposed as useful tools 
for the diagnosis of TC patients (Whiteside, 2017; Wen et al., 2021). 

More than 43,000 people die each year from TC worldwide, with an 
estimated 74,733 deaths by 2040 (Read et al., 2022; Ferlay et al., 2019), 
indicating that new treatment strategies are urgently needed to address 
this seemingly unmet treatment need. As a result of more recent targeted 
therapies, particularly inhibitors of kinase signaling pathways and 
clinical trials, the treatment pattern of patients with advanced DTC has 
undergone a significant transformation. it is disappointing that no spe
cific treatment has yet been proven to be a complete response, and no 
therapy has yet been demonstrated to improve overall survival in any 
cohort or subset of treated patients in any trial (Pitoia et al., 2022; 
Fallahi et al., 2022). As previously stated, the ability of DTC to capture 
131I is the foundation of RAI therapy. NIS mediates RAI transport and 
concentrate in DTC cells, from which it emits β particles that disrupt 
tumor cells (Phillips et al., 2014). Extensive pre-clinical and clinical 
research has been carried out to improve NIS expression and location, as 
well as to DTC cell redifferentiation. Therapeutic radioisotopes are 
typically injected into the tumor via minimally invasive techniques. So 
the intravenous injection of liposomes, antibodies, or nanoparticles with 
tumor-targeting ligands as ideal tumor-homing carriers is viable, other 
than a straight intratumor injection of radioisotopes (Phillips et al., 
2014; Bergs et al., 2015). This provides convenience for RAI combina
tion strategies. Additional research is required to overcome resistance 
and DTC progression. 

Y. Liu et al.                                                                                                                                                                                                                                      



Drug Resistance Updates 68 (2023) 100939

3

2. Molecular mechanisms causing RAI resistance 

2.1. The intracellular driver of RAI resistance 

2.1.1. Gene mutations 
The loss of radioiodine affinity induced by braf mutation is an 

important reason for the failure of radioiodine therapy and the recur
rence of PTC (Brose et al., 2016; Chakravarty et al., 2011). braf muta
tions are associated with the downregulation of iodine metabolism 
genes in PTC, such as slc5a5 (Riesco-Eizaguirre et al., 2006), tpo (Bastos 
et al., 2015; Durante et al., 2007), and tg (Ge et al., 2020). Restoration of 
NIS expression in thyroid cells upon inhibition of the BRAF/MEK 
pathway or silencing brafV600E expression. In addition, brafV600E induces 
slc5a5 post-translational modification, which inspires slc5a5 promoter 
methylation and inhibits NIS (Choi et al., 2014). Furthermore, brafV600E 

mutation also exhibited increased GLUT1 expression (Mian et al., 2008), 

reflecting BRAF-induced reprogramming in glucose metabolism and was 
associated with suppression of differentiation in TC cells. This may 
indicate more aggressive metastasis of PTC. 

BRAF doesn’t always plays a role in DTC by influencing the MAPK 
pathway. It was also found to inhibit NIS in a MEK-ERK-independent 
manner by inducing TGFβ secretion. The brafV600E mutation inhibits 
NIS expression by impairing the binding of PAX8 to the slc5a5 promoter 
via TGFβ/SMAD3 signaling (Eloy et al., 2012). braf may induce 
epithelial-mesenchymal transition (EMT) by regulating the 
Snail/E-cadherin axis to promote DTC progression (Mitchell et al., 
2016). braf mutations do not correspond with RAI resistance, and 
although brafV600E is a frequent mutation in DTC, only a small fraction of 
these is RAI refractory. This suggests that additional molecular events 
may cooperate with the brafV600E mutation in the loss of RAI affinity. 

Telomerase reverse transcriptase (tert) promoter mutations, as a 
secondary pathogenic event, are encountered in 66% of all TCs and 10% 

Fig. 1. Graphical representation of the molecular mechanism of RAI resistance in DTC. In RAI-sensitive DTC, RAI is transported from the blood to the DTC cells by 
NIS which is located on the cell membrane. RAI releases high-energy β particles to kill DTC cells. slc5a5 transcription is dependent on the TSH/TSHR/cAMP/PKA 
pathway, and NIS transport to the plasma membrane is regulated by thyroid-specific genes (tpo, pbf, pigu) and transcription factors (ttf1, ttf2, and pax8); In RAIR-DTC, 
intercellular factors and TME induced RAI refractoriness. Gene mutation and fusion result in aberrant activation of signaling pathways such as RAS-MAPK and PI3K- 
AKT. The crosstalk between DTC cells and TME contributes to DTC cells escaping from the RAI cytotoxicity. The TGFβ/SMAD signaling pathway in the TME and ROS 
produced by NOX4 co-regulate the expression of NIS, resulting in RAI refractoriness. 
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of PTCs. tert promoter mutations are usually associated with an 
aggressive clinical course, it is more frequent in undifferentiated TCs 
(29.0%) than in well-differentiated TCs. DTC patients with tert 
promoter-mutated tumors were less to be free of disease at the end of 
follow-up and were submitted to more radioiodine treatments with 
higher cumulative activities as well as to a greater number of other 
treatment modalities (Melo et al., 2014). tert promoter mutations are 
involved in the down-regulation of slc5a5 mRNA in RAIR-DTC. Muta
tions in tert seem to decrease NIS protein expression and its location in 
cell membranes. slc5a5 mRNA expression has more relationship with 
DTC aggressiveness and prognostic features than NIS protein expression 
detected by immunohistochemistry (Tavares et al., 2018). 

TSHR is a G-protein coupled receptor that plays an essential role in 
the regulation of thyroid function. tshr inactivating mutations caused 
overt hypothyroidism, thyroid hypoplasia, and low RAI uptake (Narumi 
et al., 2011). The tshr mutation database (tsh-receptor-mutation-data
base.org), was established in 1999 and consists of all known tshr mu
tations and their clinical characterizations (Stephenson et al., 2020). tshr 
nonfunctional alleles (truncating mutations) can cause uncompensated 
TSH resistance, which is associated with molecular defects hampering 
the adequate transmission of TSH stimulatory signal into thyroid cells 
(Persani et al., 2010). 

2.1.2. Defect in transporting RAI into DTC cells 
Under physiological conditions, the thyroid can accumulate iodine 

specifically, which is attributable to thyroid tissue-specific iodine- 
transport mechanisms (De La Vieja et al., 2000). NIS, located in the 
basolateral membrane of the TC cell, utilizes the energy generated by the 
Na+/K+ ATPase to achieve the uptake of iodine (Cavalieri, 1997). In 
the apical membrane, iodine is oxidized and bound to TG catalyzed by 
TPO. slc5a5 and other related genes and transcription factors work 
together to prolong the retention of iodine in the thyroid and ensure 
adequate iodine radiation in the tumor site (Ravera et al., 2017). 

NIS is the only transporter responsible for specific cellular iodine 
uptake, allowing specific targeting of high-energy β particles-emitted by 
131I to disrupt the remaining thyroid cells after surgery. Of note, NIS 
expression is remarkably lower in advanced DTC and has worse iodine 
affinity than other types of TC (Liu et al., 2019; Peyrottes et al., 2009). 
Other studies have shown that in some DTC tissues, the NIS protein is 
present within the cell but not transported to the cell membrane (Dohán 
et al., 2001), which may explain why it is not biologically active. 
Therefore, the central mechanism of radioiodine insensitivity is the 
reduced expression level of NIS and/or its diminished action against the 
cell membrane. 

Thyroid follicular cells express a variety of genes and transcription 
factors, which together regulate the normal expression and function of 
NIS. The three transcription factors ttf1, ttf2, and the paired box factor 
pax8 regulate specific expression of tg, tpo, and tshr on the thyroid gland 
(Pasca di Magliano et al., 2000). In addition to the transcriptional 
regulation, slc5a5 requires fine regulation by other factors. Damage to 
these genes is strongly associated with a lack of RAI affinity and is 
usually associated with the brafV600E mutation in TC. 

TSH upregulates the expression of NIS and stimulates its transport to 
the plasma membrane. If the TSH level is increased before RAI treat
ment, the high level of TSH would significantly increase RAI concen
tration, not only to promote membrane localization of the NIS but also 
increase RAI uptake. The transcription of slc5a5 is induced through the 
TSH/TSHR/cAMP pathway (Shang et al., 2020). When the TSH binds to 
the TSHR, the adenylate cyclase is stimulated by the GS protein, which 
produces cAMP. cAMP then induces slc5a5 transcription and subse
quently stimulates NUE activity by activating multiple signaling path
ways. In the absence of TSH stimulation, no RAI uptake was detected 
after RAI. After TSH stimulation, RAI uptake was detected in 70% of 
metastatic patients, and serum TG levels were elevated in almost all 
patients (Berg et al., 2002). 

PAX8 is an essential transcription factor from the paired box (PAX) 

family for thyroid development and differentiation and is a major 
regulator of slc5a5 transcription (Taki et al., 2002). PAX8 binds to slc5a5 
upstream enhancer factors in human and rat thyroid cells and induces 
the expression of NIS protein (Ohno et al., 1999). Redox effects 
radiation-induced TC imbalance may reduce NIS expression by pro
moting PAX8 oxidation (Cazarin et al., 2022). This process is regulated 
by three signaling pathways. First, activation of TGFβ stimulates 
SMAD3, which inhibits PAX8 binding to NUE. Second, TLR4 stimulation 
of NFΚB affected the binding of PAX8 to NUE. Third, PBF interrupts the 
interaction between PAX8 and NUE, suppressing slc5a5 expression. By 
combining computational prediction of potential targets and mRNA 
sequencing. miR-146b-5p and miR-146b-3p were identified to be 
involved in RAI resistant processes. miR-146b-3p binds to the 3′-un
translated region of pax8, resulting in impaired protein translation of 
slc5a5 and a decrease in iodide uptake (Riesco-Eizaguirre et al., 2015). 

One explanation for low membranous NIS expression is poor post- 
translational modification. PIGU is a subunit of the GPIT complex 
(Guo et al., 2004), a multi-subunit membrane-bound enzyme, that cat
alyzes the critical steps of cleaving the signal sequence and attaching the 
preassembled glycosylphosphatidylinositol (GPI) anchor at the endo
plasmic reticulum (ER) (Jiang et al., 2007). PIGU in patients with 
recurrent DTC was linked to a biochemical response to RAI treatment. 
PIGU may carry auxiliary functions in the process of GPI lipid anchor 
attachment, either via direct interaction with NIS or indirectly, by 
influencing protein transport, positioning, retention, and activity of NIS 
within the plasmalemma domain (Koumarianou et al., 2022). The 
expression of PIGU is significantly lower in PTC than in other TCs, PIGU 
downregulation inhibits NIS glycosylation and trafficking to the cell 
membrane, resulting in decreased radioiodine uptake. PIGU 
over-expression in PTC cells resulted in a significant increase in NIS 
glycosylation and trafficking to the cell membrane, as well as a signifi
cant increase in RAI uptake in vitro and in vivo (Amit et al., 2017). 

Other studies have also found that some genes such as ADP- 
Ribosylation Factor 4 (ARF4) (Fletcher et al., 2020), and AP-1A/B 
(Koumarianou et al., 2022), translational or post-translational regula
tion of NIS expression together with thyroid-specific genes and 
thyroid-specific transcription factors influence radioactive iodine ther
apy response. However, iodine uptake efficiency is sometimes not 
matched to the effect of RAI therapy, as shown in a case report of six 
patients with brafV600E DTC, two patients had a Partial Response (PR) 
after treatment with Dabrafenib plus Trametinib, radioactive iodine 
uptake has not been fully restored. These findings suggest that other 
mechanisms also affect RAI resistance. 

2.1.3. Redox imbalance 
Emerging evidence shows that redox imbalance plays a role in thy

roid tumorigenesis and dedifferentiation (Kochman et al., 2021). ROS 
can damage proteins, nucleic acids, lipids, and inorganic molecules, 
causing reversible or irreversible changes that affect molecule structure 
and function, influencing physiological and pathophysiological pro
cesses of DTC (Jelic et al., 2021). Thyroid cancer tissue has higher ROS 
levels than normal thyroid tissue (Maier et al., 2006; Wang et al., 2019). 
The NIS expression and function is regulated by ROS-dependent mech
anisms (Cazarin et al., 2022). NADPH oxidases 4 (NOX4) can stabilize 
HIF1α under hypoxia by increasing ROS, and HIF1α regulates the 
transport of NIS from the cell membrane to the intracellular compart
ment by activating β-catenin. In vivo, both HIF1α and β-catenin regulate 
the response of FTC cells to RAI treatment, and NOX4/ HIF1α/β-catenin 
play a role in iodine handling in DTC cells (Lan et al., 2017). 

PAX8 is regulated by the oxidoreductive modification of Cys-45 and 
Cys-57. In TC cells, redox imbalance may reduce slc5a5 expression by 
promoting PAX8 oxidation (Cao et al., 2002). PTTG-PBF has been shown 
to repress NIS function by decreasing NIS expression and inducing NIS 
endocytosis from the plasma membrane (Boelaert et al., 2007). Src in
hibitor PP1 inhibits PBF phosphorylation, ROS-generating oxidase 
NOX4-derived H2O2 mediated NIS internalization and repression of 
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iodide uptake by targeting tyrosine kinase Src (Smith et al., 2013). 
Increased reactive oxygen species production raises thioredoxin reduc
tase mRNA levels and enzyme activity, lowering oxidative stress. Thio
redoxin reductase inhibition regulates slc5a5 at both the gene and 
activity levels. 

2.2. Interference of the TME 

2.2.1. Abnormal metabolism 
Recent research has suggested that energy metabolism can affect 

DTC cell function and RAI therapeutic efficacy by influencing TME. 
Expression of the GLUT1 transporter on the cell membrane was closely 
related to the pathological grade of TCs. Positive membranous staining 
was detected predominantly in invasive follicular or metastatic DTC, 
whereas low or no immunoreactivity could be seen in well-differentiated 
tumors or normal thyroid tissues (Schönberger et al., 2002). Higher 
Insulin Resistance (IR) was found in poorly differentiated and anaplastic 
TCs in contrast to well-differentiated PTC (Kushchayeva et al., 2022). 
GLUT1 expression is also linked with RAI/glucose uptake in TC with 
emphasis on PDTC (Grabellus et al., 2012). Glucose metabolism may 
affect RAI uptake by regulating factors involved in iodine transport. TSH 
was shown to stimulate the expression of GLUT2 on DTC, leading to 
increased glucose-stimulated insulin secretion both in vivo and in vitro 
(Lyu et al., 2018). High glucose levels caused an increase in extra- and 
intracellular H2O2 (Santos et al., 2013), then upregulated duox1 and 
nox4, and reduced tpo mRNA levels. In addition, factors related to 
glucose metabolisms such as EGF, TGFα, FGF, insulin, and IGF-1 can 
activate the MAPK and PI3K pathways in thyroid cells (Belfiore et al., 
1999). 

Pyruvate carboxylase (PC) is a key enzyme in gluconeogenesis, de 
novo fatty acid and amino acid synthesis in normal cells, as well as a 
major anaplerotic reaction enzyme for generating oxaloacetate for the 
TCA cycle (Liu et al., 2021). A proteomic tandem mass spectrometry 
analysis of five PTC cells revealed that many metabolism-related pro
teins, including PC, were upregulated. PC is involved in the tricarboxylic 
acid cycle replenishment, PC knockdown alters cell proliferative and 
motility capacities (Strickaert et al., 2019). PC inhibited the expression 
of iodine metabolism-related genes tshr, slc5a5, tpo and tg, and reduced 
iodine uptake. Furthermore, the PC inhibitor ZY-444 effectively restored 
the expression of genes related to iodine metabolism and iodine uptake 
in PTC cells(Liu et al., 2022). PC also invoke RAI avidity by activating 
the MAPK/ERK pathway in PTC cells. PC produces ATP in process of 
metabolism, and given that ATP is a phosphate donor for kinases such as 
MAPK, PC may activate the MAPK/ERK signaling pathway by inducing 
PTC cell metabolism and increasing ATP ratio (Fransson et al., 2006; 
Akter et al., 2021). At the same time, MAPK/ERK signaling pathway in 
TC cells may be blocked by elevated intracellular ROS levels, PC has 
previously been shown to protect against oxidative stress in tumor cells 
(Reed et al., 2016). Further studies are needed to determine whether PC 
affects the MAPK pathway by preventing oxidative stress in PTC cells. 

2.2.2. Cancer-associated fibroblasts (CAF) 
CAFs have been found in abundance in the DTC TME, while the effect 

of CAF on RAI resistance, was not commonly reported. Pu et al. used 
scRNA-seq to examine 158, 577 cells from 11 PTC patients in 2021. They 
found heterogeneity of stromal cells in PTC and identified two CAF 
phenotypes, myofibroblastic CAFs and inflammatory subtype, More 
research is needed to determine whether CAFs, particularly myofibro
blastic CAFs, mediate resistance to RAI in PTC (Pu et al., 2021). 

Analysis of 8 paired samples of PDTC and PTC revealed the genes 
deregulation of cell adhesion and intracellular junctions, vimentin was 
up-regulated and E-cadherin was down-regulated in PDTC. Moreover, 
SMAD2/TGFβ signal was activated in PDTC. TGFβ-induced SMAD2 
phosphorylation, transcriptional activity and induction of EMT through 
a MAPK-dependent process (Knauf et al., 2011). Expression of TG and 
NIS is inhibited by TGFB1 treatment in DTC cells (López-Márquez et al., 

2022). Suppression of SMAD pathways leads to enhancement of RAI 
uptake in cancer cells. SMAD2/3 binds to PAX8 and impairs the trans
activation of slc5a5, which is reversed by SMAD7 expression (Cos
tamagna et al., 2004). The effects of CAFs and the related genes on RAI 
uptake and resistance in DTC need to be validated. 

2.2.3. Tumor infiltrating lymphocytes (TIL) 
The understanding of dynamic immune system interaction with the 

tumor microenvironment has revolutionized the cancer therapy field. 
The dysfunction of the immune systems involved in the development of 
TC is increasingly being recognized. The fifth-generation PD-1 inhibitor 
Penpulimab received its first approval in China for the treatment of 
Hodgkin’s lymphoma in august 2021 (Dhillon, 2021). Peking Union 
Medical College Hospital is conducting a phase 2 clinical trial about 
Penpulimab in combination with RAI for DTC (NCT04952493) to assess 
the efficacy and safety of Penpulimab in combination with RAI in locally 
advanced/metastatic differentiated TC. Penpulimab may expect to stop 
the growth of tumor cells and improve RAI uptake. 

However, little is known about the influence of the immune micro
environment on RAI therapy. Increased Tregs percentage and decreased 
B cells (CD19+/CD5+/CD19+) percentage in DTC patients were detected 
after one month of RAI treatment (Jiang et al., 2013). Another study 
found that the number of CD4+ T cell subsets (Th1, Th2, Th17, and Treg 
cells) in the TME was all reduced after RAI treatment, suggesting that 
immunosuppression may be related to RAI therapy (Z.-Y. Shi et al., 
2022). Because the immune cell profiles in DTC patients are highly 
heterogeneous, studies based on large sample sizes are needed to 
examine the impact of the tumor immune microenvironment on the RAI 
effect. Another factor hindering research may be that the tumor muta
tional load (TMB) in PTC is very low compared to other tumor types 
(Chan et al., 2019), TMB is an important profile of tumor immune fea
tures. Because of this low TMB, it is difficult to evaluate the role of tumor 
immune microenvironment in TC. 

2.2.4. Extracellular matrix (ECM) 
Cell-cell adhesion may act as a potential candidate stimulus for NIS 

retention at the plasma membrane (PM). Src recruits and phosphorylates 
adherens junction (AJ)-associated P120-catenin at the PM, allowing it to 
recruit RAC1 to the complex (Faria et al., 2021). Disrupting AJ causes a 
significant decrease in NIS PM abundance without changing its overall 
levels. AJs between thyroid cells is mainly mediated by E-cadherin 
(Izaguirre and Casco, 2016). The expression of E-cadherin was signifi
cantly associated with susceptibility and clinicopathological character
istics of TC and decreased the aggressiveness of undifferentiated DTC 
(Calangiu et al., 2014; Izaguirre and Casco, 2016). The loss of E-cadherin 
in advanced DTC may contribute to the exclusion of NIS PM residence by 
impairing cell adhesion (Faria et al., 2022). 

3. Biomarkers of resistance to RAI 

If DTC patients do not respond to 131I therapy, unnecessary RAI 
therapy should be avoided. Patients should be switched to other more 
effective therapies as soon as possible. To date, clinical guidelines have 
recommended the use of 18FDG-PET/CT, in combination with 131I-WBS, 
CT, and serum TG levels to decide RAI response. Current diagnoses of 
RAIR-DTC are based on assessment after 131I therapy, in which case the 
patient may have been exposed to unnecessary RAI and missed the op
portunity to receive more effective interventions (targeted therapies). It 
is a great clinical challenge to explore new effective prognostic factors to 
predict RAI response. 

3.1. Molecular features underlying genes mutation and fusion 

Advanced molecular tests have revolutionized the prognosis of RAIR- 
DTC. PTCs have oncogenes mutations and rearrangements. braf and tert 
mutations are commonly tested in the clinic. These genetic alterations 
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result in the hyperactivity of the MAPK pathway and PI3K-AKT-mTOR 
pathway, leading to a loss of sensitivity to RAI therapy and DTC 
progression. 

3.1.1. braf V600E mutation 
The brafV600E point mutation may be related to excessive iodine 

intake or exposure to the volcanic chemical element (Pellegriti et al., 
2009). brafV600E results from a gain-of-function transversion mutation in 
exon 15 (BRAF c 0.1799 T > A). brafV600E mutation was first reported in 
2002 by H. Davies’s group (H. Davies et al., 2002) and is found in nearly 
60% of PTC which leads to constitutive activation of BRAF and its 
downstream targets MEK and ERK (Chung, 2020). Clinically, the pres
ence of brafV600E has been linked to larger tumor size, disease recur
rence, and death. brafV600E mutation was an independent factor 
correlated with poor outcomes in high risk uncurable disease and death 
in a 15-year median follow-up study of 102 PTC patients (Jin et al., 
2022). Xing et al. (2005) discovered that brafV600E mutation may be 
associated with PTC recurrence (25% vs. 9%) in a multicenter study of 
219 PTC patients. This group conducted a multicenter, retrospective 
study of 1849 patients in 2013, and found that the presence of the 
brafV600E mutation was associated with an increased mortality rate in 
PTC patients (5.3% vs. 1.1%). A subsequent retrospective multicenter 
study in 2099 PTC patients from Xing and coworkers demonstrated that 
brafV600E mutation is an independent prognostic value of PTC recurrence 
(Xing et al., 2015). However, it remains controversial on the indepen
dent prognostic value of this mutation in metastasis and RAI refractory 
(Trovisco et al., 2004; Eloy et al., 2011). A retrospective analysis of 94 
patients with metastatic PTC found that positive brafV600E mutation af
fects radioiodine avidity but is not related to the prognosis of metastases 
of PTC (Huang et al., 2022). 

3.1.2. tert promoter mutations 
TERT is the catalytic subunit of telomerase and is required for telo

merase activity (Horn et al., 2013). TERT is upregulated in the vast 
majority of cancers, including TC. TERT activation occurs in cancer via a 
variety of mechanisms including promoter mutations, promoter DNA 
methylation, copy number changes, and tert alternative splicing. Two 
mutations in the tert promoter (CHR5:1295228 C > t, termed C228T, 
and CHR5:1295250 C>T, termed C250T) were first detected in TC in 
2013 (Liu et al., 2013). tert promoter mutation was found in approxi
mately 11.7% of PTC and 11.4% of FTC. Several later studies got similar 
frequency data (Landa et al., 2013; Moon et al., 2017). tert mutations are 
usually associated with older age and advanced stages of the disease 
(Baloch et al., 2022). When examining the status of tert mutation in 
distant metastatic DTC, there is a correlation between tert mutation and 
RAI uptake, as well as therapy response (p < 0.001). All 15 patients with 
tert mutation were refractory to RAI therapy, the positive predictive rate 
of follow-up was 100%. But the mechanism underlying it is not clear. 
Studies also found that tert mutations were more likely to coexist with 
braf mutations (p = 0.044) (X. Yang et al., 2017). Recently a Real-World 
Analysis of 2092 TC Patients was conducted to investigate the frequency 
of tert promoter mutations. tert promoter mutations in PTC were lower 
than expected, regardless young patients or female patients (Moon et al., 
2017). 

More than one type of gene mutation may be present in patients with 
advanced DTC. A comprehensive detection involving all mutations can 
help predict DTC responses to RAI as well as the likelihood of metastasis. 
Next-generation sequencing analysis has revealed that many patients 
with braf mutations in PTC have other mutations, such as the tert mu
tation. 30% of patients with DTC metastasis did not exhibit any RAI 
uptake after adequate TSH stimulation, and the proportion increased to 
70% after being screened by brafV600E mutation. If both brafV600E and tert 
promoter mutations are considered, almost all patients (97%) with both 
mutations have no RAI uptake. It is suggested that brafV600E and tert 
promoter double mutation may be an accurate biomarker to predict 
patients’ response to RAI. 

3.1.3. Rearranged during transfection (ret) fusion 
The membrane TK transmembrane receptor (TK-R) is encoded by 

RET and functions upstream of MAPK and PI3K-AKT, the most important 
signaling pathways involved in DTC (Ciampi and Nikiforov, 2007). 85% 
of abnormal MAPK pathway activation that occurred in PTCs was caused 
by ret/ptc rearrangements (Haroon Al Rasheed and Xu, 2019). ret rear
rangements are thus important in impaired RAI uptake and metabolism. 
ret/ptc1 and ret/ptc3 are the most common haplotypes of ret/ptc rear
rangements, accounting for more than 90% of all. Different types of 
ret/ptc are linked to various clinical features: ret/ptc1 causes benign 
tumors with typical papillary growth and microcarcinoma; ret/ptc3 is 
associated with solid variants of PTC and is more aggressive (Romei 
et al., 2016). The thyroid cells of children are more vulnerable to 
ionizing radiation and/or loss of key factors in DNA repair mechanisms, 
resulting in uncoupled double-strand breaks and translocations with 
partner genes (Lee et al., 2021). As a result, detecting gene mutations 
and fusions in children with TC has a greater clinical significance. 

In future research, an improved high-throughput pipeline based on 
next-generation sequencing (NGS) should be used for a more compre
hensive analysis of gene expression and DNA binding activity in TC. NGS 
can identify common and uncommon genomic alterations based on bi
opsy results and is used to guide treatment via personalized tumor 
mutation genomics. Next-generation sequencing leads to an improved 
mechanistic understanding of the mechanism of RAI resistance, as well 
as facilitates the identification of key target genes to construct an in
dependent predictive risk model of RAI refractory and DTC recurrence. 

3.2. EV-transferred miRNA 

EVs are small lipid bilayer-enclosed vesicles released by cells (Del
corte et al., 2022). EVs constitute complex signals by transporting pro
teins and nucleic acids and support intercellular and cell-cell 
communication (Bravo-Miana et al., 2020). EV-miRNAs secreted by 
tumor cells are now considered important factors in cancer progression, 
and promising non-invasive markers for disease monitoring (Steenbeek 
et al., 2018). Several retrospective studies have elucidated the potential 
of circulating EV-miRNAs as TC biomarkers, but how to conduct 
in-depth analysis and validation of studies via in vitro models is a major 
issue. EV-transferred miRNAs derived from cultured cell lines have been 
determined in many studies, EV-miR-146b and miR-222 are 
over-expressed in PTC cells, compared to normal thyroid cells (Jc et al., 
2015). In consistency with the expression of miRNAs measured in 
plasma as a biomarker for DTC recurrence (Lee et al., 2013). 

Due to the histological complexity of TC, EV-miRNAs from tumor 
tissues are likely to exhibit the origins, properties and effects on the 
TME, and contribute to predicting response to RAI treatment and DTC 
recurrence. Recently a few studies examined the properties of tissue- 
derived EVs. brafV600Egenetically engineered mouse model of PTC 
revealed that the dynamic of miRNA deregulation in PTC upon brafV600E 

mutation. The expression of miR-146b-5p, miR-222–5p/3p is increased 
in the tissues of PTC patients, as compared to benign samples, and has 
further been associated with the degree of PTC tumor malignancy 
(Delcorte et al., 2022). PTC released more EVs bearing epithelial and 
immune cell markers, as compared to the normal thyroid tissue. Mag
gisano et al. compared the profiles of exosomal miRNAs released by two 
TC cell lines and non-tumorigenic thyroid cells and explored the 
network of miRNA-target interaction. Five miRNAs (miR-21–5p, 
miR-31–5p, miR-221–3p, miR-222–3p, and let-7i–3p) were significantly 
deregulated in the exosomes of PTC cells, and three of them (miR-31–5p, 
miR-222–3p, and let-7i–3p) were related with aggressive isotype 
(Maggisano et al., 2022). A deeper analysis of the functional role of the 
targets of exosomal miRNAs will provide further information on novel 
targets of molecular treatments for these neoplasms. 
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4. Strategy to sensitize RAI treatment 

Once patients with DTC are diagnosed as RAI refractory, current 
treatment guidelines recommend avoiding further RAI treatment. 
However, given the success of radioactive iodine as an effective and 
targeted therapy for most DTC, there has been great interest in 
enhancing or restoring RAI avidity. 

4.1. Tyrosine kinase inhibitor (TKI) 

In the last several decades, the discovery of signaling pathways and 
activating mutations has boosted the development of targeted therapies 
(Fig. 2). There are more than 28 clinical studies examining different TKIs 
as part of RAI-targeted TC, with or without other treatments. and there 
are a large number of ongoing clinical studies to identify effective drug 
regimens for patients with RAIR-DTC. Most of these drugs target mul
tiple receptor classes, including vascular endothelial growth factor re
ceptor (VEGFR), c-KIT, in-transduced receptor and platelet-derived 

growth factor receptor (PDGFRα/β). The most widely studied and clin
ically approved single-targeted therapies include anti-angiogenic 
markers, braf mutations, and components of the MAPK pathway 
(Knauf et al., 2011; Fagin and Wells, 2016). Patients with rapidly pro
gressive and/or symptomatic disease are candidates for TKI, and clinical 
trials have shown mixed results. 

4.1.1. Multiple kinase inhibitors（MKIs） 
MKIs are now the first-line treatment for RAIR advanced metastatic 

DTCs, and although progression-free survival (PFS) improvement, 
overall survival (OS) benefit is limited. Therefore, there is an interest in 
developing therapeutic approaches to enhance RAI sensitivity and pa
tient survival. 

Sorafenib is an oral TKI of VEGFR, RET, RAF (including BRAFV600E), 
and PDGFRA. In a randomized, double-blind, phase 3 trial, Sorafenib 
treatment significantly improved PFS compared with placebo (median 
10.8 vs. 5.8 months). However, there was no statistically significant 
difference in OS of locally advanced or metastatic RAIR-DTC. Adverse 

Fig. 2. Strategy to overcome RAI resistance in DTC. In RAI-sensitive DTC, TKIs are effective for RAIR-DTC, including MKIs, such as Lenvatinib, Sorafenib, Cabo
zantinib and so on. STKIs, such as BRAF inhibitors Dabrafenib and Vemurafenib, MEK inhibitors Trametinib and RET-specific inhibitors, among others. In addition, 
targeting HER2/3, HDAC, EZH2, and PPARγ can achieve RAIR-DTC cell redifferentiation by inhibiting the expression and localization of NIS. Extracellular vesicles 
(EVs) contained RAI, NIS, and TKIs could improve drug delivery and could be a promising approach to sensitize RAI therapy.contain 

Y. Liu et al.                                                                                                                                                                                                                                      



Drug Resistance Updates 68 (2023) 100939

8

events (AEs) were consistent with the known Sorafenib safety profile. 
Most AEs were grade 1 or 2. The most common AEs were hand-foot skin 
reaction (76.3%), diarrhea (68.6%), alopecia (67.1%), and rash/ 
desquamation (50.2%) (Brose et al., 2014). Sorafenib is the first TKI to 
be approved for use in RAIR-DTC by the Food and Drug Administration 
(FDA) (11/2013) and European Medicines Agency (EMA) (04/2014). 
Because of Sorafenib’s toxicity, most patients have to stop Sorafenib 
therapy or have a reduced dose. Low expression of nuclear pAKT was 
associated with PR to Sorafenib (p < 0.01) in advanced DTC (Yarchoan 
et al., 2016). Baseline and serum TG levels were significantly related to 
RAI response. The decrease in serum TG was significantly greater in 
patients who achieved clinical benefit compared with non-responders, 
Early FDG-PET response could be helpful for the timely identification 
of nonresponding patients (Marotta et al., 2013). VEGF-A and VEGFR-2 
SNPs (AA/CC genotype of the VEGF-A and the AA + AT genotype of the 
VEGFR-2), which have been demonstrated to correlate with DTC 
response, were also shown to be associated with a better PFS (Marotta 
et al., 2017). 

In thyroid cells, mTORC1 activity is required for the proliferative 
effects of TSH, and inhibition of the mTORC1 suppresses the growth of 
TC cell lines in vitro. Temsirolimus is an inhibitor of mTOR. A phase 2 
study was conducted to evaluate the efficacy of the combination of 
Sorafenib with Temsirolimus in patients with TC. When compared to 
previous data with single-agent, Sorafenib and Temsirolimus appear to 
be an active combination in RAIR-TC, particularly in patients who 
received no prior treatment (Sherman et al., 2017). Based on the 
promising effect of Temsirolimus, a single-arm, multi-institutional phase 
2 study of Temsirolimus showed, the median PFS was 12.9 months with 
a 2-year PFS of 23.6%. Median OS was not reached and 2-year OS was 
73.5% (Hanna et al., 2018). 

Donafenib, the novel oral MKI in which a trideuteriomethyl group is 
substituted for a methyl group on the Sorafenib, has therapeutic effects 
similar to those of Sorafenib (Li et al., 2020). Donafenib was generally 
well tolerated, the 300-mg arm had a nonsignificant, longer median PFS 
than the 200-mg arm (14.98 months vs. 9.44 months) (p = 0.351). Both 
Donafenib regimens demonstrated similar efficacy in terms of the 
Objective Response Rate (ORR) in locally advanced or metastatic 
RAIR-DTC (Lin et al., 2021). A phase 3 study of Donafenib in patients 
with RAIR-DTC was successful and results are expected to be published 
soon. 

Lenvatinib is a multi-targeted TKI of VEGFR-1–3, FGFR-1–4, 
PDGFRα, RET, and KIT, and has been approved by FDA and the EMA for 
aggressive and advanced PTC. The SELECT trial showed PFS benefit for 
Lenvatinib for advanced RAIR-DTC patients (Schlumberger et al., 2015). 
PFS in Real-Life clinical practice in the Netherlands was comparable to 
previous studies, but inferior to PFS as shown in the SELECT trial 
(p = 0.04) (Aydemirli et al., 2020). Another Real-Life Practice for Len
vatinib in the Treatment of RAIR-TC found similar lower median PFS, 
and AEs are frequent and should be closely monitored. Dose reductions 
(59%) or interruption (31%) of Lenvatinib happened for AEs. The most 
frequent AEs related to treatment were fatigue, hypertension, weight 
loss, diarrhea, and anorexia (Berdelou et al., 2018). It’s worth noting 
that although more toxicity was seen in older patients, improved PFS 
with Lenvatinib treatment over placebo was reflected in both age 
groups. The OS effect was seen in older individuals despite the crossover 
being permitted after disease progression, suggesting that Lenvatinib 
should be considered for the treatment of patients with RAIR-DTC of any 
age (Brose et al., 2017). 

In comparison to the phase 3 study samples, the patients who 
participated in these Real-World analyses tended to have more advanced 
disease and larger pre-treatment burdens. According to some re
searchers and panelists, TKI therapy should be started when patients still 
have a low tumor burden and are in generally excellent health. Younger 
patients of RAIR-PTC should be treated earlier with TKI therapy because 
tumor which manifests earlier in life means more aggressive and should 
be treated sooner (Verburg et al., 2021). Early initiation of Lenvatinib 

may improve outcomes in high-risk patients with lung metastases of 
≥ 1.0 cm, Lenvatinib treatment resulted in longer OS in patients with 
lung metastases of ≥ 1.0 cm versus placebo (Tahara et al., 2021). 

When a standard first-line TKI is not beneficial and the response is 
not durable, and disease progression or a significant adverse effect 
occur, salvage therapy (ST) can be an alternative strategy. Lenvatinib 
was most commonly used for ST, and an OS benefit was analyzed. 
Although Sorafenib did not show a direct OS benefit, patients who dis
continued Sorafenib because of resistance could still benefit from 
salvage therapy with Lenvatinib, which could prolong median OS 
(Dacosta Byfield et al., 2019). 

TG has been proposed as a potential biomarker to predict the RAI 
response induced by Lenvatinib. TG decrease was found to have a sta
tistically significant correlation with maximum tumor shrinkage in an 
open-label, single-arm, phase 2 trial. IL-10 and Ang2 correlated with 
improved ORR after Lenvatinib therapy (Cabanillas et al., 2015). 

Cabozantinib is a TKI that inhibits three important signaling path
ways: MET, VEGFR-2, and RET (Yakes et al., 2011). In a phase 1 study of 
Cabozantinib, five of eight patients with DTC previously treated with a 
VEGFR-targeted therapy had an objective response to Cabozantinib 
(Kurzrock et al., 2011). A phase 3 trial of Cabozantinib (COSMIC-311) 
showed significant improvement in PFS over placebo: median not 
reached versus 1.9 months (1.8–3.6), objective response in the Cabo
zantinib group was achieved in 15% vs 0 of 33 in the placebo. Serious 
treatment-related AEs occurred in 20 (16%) of 125 patients in the 
Cabozantinib group and 1 (2%) of 62 patients in the placebo group 
(Brose et al., 2021). Cabozantinib was approved by the FDA for the 
treatment of adult and pediatric patients older than 12 who suffer from 
RAIR-DTC (09/2021) (Duke et al., 2022). This is the first approval for 
patients with RAIR locally advanced or metastatic DTC who have pro
gressed following prior therapy and the first approval in pediatric pa
tients with DTC. 

A phase 1 trial has shown that patients respond to Cabozantinib after 
a previous Sorafenib treatment failure. 62.5% of DTC patients who 
received Sorafenib as first-line therapy, achieved a PR with Cabozanti
nib (Silaghi et al., 2022). In an ongoing phase 3 trial (NCT03690388), 
the efficacy of Cabozantinib in 258 RAIR-DTC patients after prior 
treatment with a VEGFR inhibitor was also assessed. Tumor genotype 
may represent a predictor of response to Cabozantinib, as FTC or PTC 
cases harboring nras or kras mutations exhibit the largest tumor 
shrinkage. 

Anlotinib is a multi-kinase inhibitor targeting VEGFR, PDGFR, 
FGFR, and c-KIT. In a randomized, double-blind, multicenter phase 2 
trial of Anlotinib in locally advanced or metastatic RAIR-DTC 
(NCT02586337), the median PFS was 40.54 months in Anlotinib and 
8.38 months in placebo. The ORR was 59.21% in Anlotinib, in addition, 
significant Disease Control Rate (DCR) benefit was observed in Anlotinib 
treatment (97.37% vs. 78.38%). Serious treatment-related AEs occurred 
in 15.79% received Anlotinib. The most common AEs were hypertension 
(84.21%) and hypertriglyceridemia (68.42%) (Chi et al., 2020). Based 
on its promising efficacy, Anlotinib is currently approved by the China 
National Medical Products Administration (NMPA) for the indication of 
RAIR-DTC. The efficacy and safety of Anlotinib promote clinical trials to 
evaluate the effect of Anlotinib in the neoadjuvant setting for locally 
advanced TC. Anlotinib showed an ORR of 76.9% (CI 46.2–95.0%) in the 
setting, and the R0/R1 resection rate is high. The neoadjuvant treatment 
makes radioactive iodine treatment possible and represents a new op
tion for locally advanced TC (Huang et al., 2021). 

Imatinib is the first TKI, received FDA approval for the treatment of 
leukemia in 2001. Imatinib suppresses tumor growth by blocking 
PDGFRα (Heinrich et al., 2008). PDGFRα reduces the ability of NIS to 
transfer RAI into DTC cells (X. Yu et al., 2022). Imatinib may resensitize 
DTC cells to RAI therapy by activating NIS. There is a phase 1a study of 
Imatinib (NCT03469011) in trying to bring back RAI sensitivity in pa
tients with advanced TC. Several studies have found that Imatinib does 
not modulate slc5a5 mRNA or protein expression, but rather enhances 
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radioactive iodine uptake by inhibiting the MAPK/ERK signaling 
pathway (Read et al., 2022). 

Sunitinib is an oral MKI that inhibits PDGFR, VEGFR, c-KIT, FMS- 
related tyrosine kinase 3 (FLT3), and RET. Sunitinib was approved for 
Imatinib-resistant gastrointestinal stromal tumor (GIST), renal carci
noma, and pancreatic neuroendocrine tumor (PNET) treatment. In vitro 
studies showed that Sunitinib could increase the expression of thyroid- 
specific genes, slc5a5, by targeting MEK/ERK and SAPK/JNK signaling 
pathways. The combination of forskolin (adenylyl cyclase agonist) with 
Sunitinib further increases the expression of thyroid-specific genes and 
the transcription factors that bind the slc5a5 upstream enhancer NUE in 
the cells (Fenton et al., 2010). A multicenter phase 2 study of Sunitinib 
in patients with locally advanced or metastatic DTC showed the primary 
end-point was reached with an ORR of 22% (95% CI: 10.6–37.6), me
dian PFS and OS were 13.1 and 26.4 months. Side effects were more 
severe than in previous reports. There were nine unexpected side effects 
were reported and five induced patient deaths (Ravaud et al., 2017). A 
decrease in FDG activity in treatment was somewhat predictive of 
clinical benefit (response or stable disease), and patients with an in
crease in FDG uptake were more likely to progress (Carr et al., 2010). 

4.1.2. Anti-angiogenesis agents targeting VEGFR 
Co-administration of antiangiogenic MKIs may improve the efficacy 

of RAI to eradicate disease, for the reason that they have a dual mech
anism that can normalize aberrant vascularization and reduce tumor 
growth. Anti-angiogenesis agents may contribute to prolonging PFS and 
OS of RAIR-DTC patients. Vandetanib, Cabozantinib, Sorafenib, and 
Lenvatinib can also be regarded as antiangiogenic multi-kinase in
hibitors, in the following we will discuss VEGFR inhibitors. 

Motesanib diphosphate is an oral inhibitor of VEGFR, PDGFR, and 
KIT. In an open-label, single-group, phase 2 study of progressive DTC 
(NCT00121628), the ORR was 14%, and the estimate of median PFS was 
40 weeks (Sherman et al., 2008). Motesanib diphosphate can induce PR 
in patients with advanced or metastatic DTC. 

Axitinib is a potent and selective second-generation inhibitor of 
VEGFR, results from a phase 2 study showed that Axitinib is active in all 
histologic subtypes of metastatic TCs, with an observed ORR of 30%. An 
additional 38% of patients experienced stable disease for 16 weeks or 
more by RECIST, and the median PFS was over 18 months which sug
gests that Axitinib is efficacious (Cohen et al., 2008). A phase 2 trial of 
Axitinib in patients with advanced TC are as follows: ORR was 38% and 
18 (30%) patients had stable disease lasting ≥ 16 weeks, responses 
occurred in all histologic subtypes. With median OS 35 months, the 
median PFS was 15 months and the median duration of response was 21 
months. PK/PD analyses revealed trends toward greater tumor size 
reduction and response probability with higher Axitinib plasma expo
sures (Locati et al., 2014). Axitinib appears active and well tolerated in 
patients with various histologic subtypes of advanced TC, demonstrating 
durable responses and long OS (Cohen et al., 2014). With a median 
follow-up of 11.5 months (0–24.3), ORR was 27.7% (DTC: 29.4% and 
MTC: 23.1%) and median PFS was 8.1 months (95% CI: 4.1–12.2) (DTC: 
7.4 months (95% CI: 3.1–11.8) and MTC: 9.4 months (95% CI: 
4.8–13.9)). Importantly, quality of life was maintained during treatment 
with Axitinib and no significant deterioration in symptoms or interfer
ence in daily life caused by symptoms was reported. Twelve (25.5%) 
patients required dose reduction to 3 mg b.i.d. All-grade AEs included 
asthenia (53.2%), diarrhea (36.2%), hypertension (31.9%) and muco
sitis (29.8%). Grade 3/4 AEs included anorexia (6.4%), diarrhea (4.3%) 
and cardiac toxicity (4.3%). What should not be ignored is better out
comes were reported with first-line Axitinib, with an ORR of 53% and a 
median PFS of 13.6 months compared with 16.7% and 10.6 months as 
second-line treatment. It means a cross-resistant of antiangiogenic MKI 
therapy in advanced TC and highlighting the importance of prospective 
sequential clinical studies (Capdevila et al., 2017). 

Apatinib is a small-molecule angiogenesis inhibitor with high 
selectivity for VEGFR-2. When Apatinib was first used in RAIR-DTC, TG 

concentration and tumor diameter were significantly decreased (Lin 
et al., 2017). In the phase 3 randomized clinical trials of 92 RAIR-DTC 
patients, Apatinib significantly prolonged PFS compared with placebo 
(22.2 vs 4.5 months). The median OS was not reached for Apatinib (95% 
CI, 26.25-not reached) and was 29.9 months (95% CI, 18.96-not 
reached) for the placebo. The confirmed ORR was 54.3% and the DCR 
was 95.7% in the Apatinib group vs an ORR of 2.2% and DCR of 58.7% 
in the placebo group. Hypertension was the most common grade 3 or 
higher-level AE (34.8%), Apatinib showed a manageable safety profile 
in patients with progressive locally advanced or metastatic RAIR-DTC 
(Lin et al., 2022). A recent study showed beneficial synergistic and 
complementary effects when Apatinib is combined with RAI therapy. 
Four FTC patients developed a PR after Apatinib therapy, with signifi
cant reductions in tumor size. After treatment with Apatinib and RAI, 
tumor size decreased significantly in three patients. Another patient 
with both FTC and PTC showed progressive disease on Apatinib alone. 
However, when combined with RAI and Apatinib, tumor size and serum 
TG levels were decreased. It is suggested that Apatinib promotes RAI 
therapy. However, because the patient with both FTC and PTC had not 
been given RAI before, it was not possible to say whether Apatinib 
promote RAI sensitivity. This study was also limited by the sample size 
and no control group, follow-up studies are needed to support the effect 
of Apatinib in iodine therapy (Shi et al., 2022). 

Pazopanib is an oral VEGFR inhibitor, in a phase 2 study, Pazopanib 
induced RECIST PR in a substantial proportion of patients, with an 
estimated 66% likelihood of having responses longer than 1 year (Bible 
et al., 2010). Based on these results, a phase 1 study of Pazopanib in 
combination with escalating doses of RAI in patients with RAIR-DTC was 
conducted to determine whether Pazopanib is synergistic with RAI. RAI 
uptake scans were evaluated after therapy and compared to 
pre-treatment scans. In patients with measurable disease 4/5 (80%) 
achieved stable disease. Median PFS was 6.7 months. The patients un
derwent FDG PET/CT before and after the initial Pazopanib treatment to 
determine the combined impact of Pazopanib on RAI therapy. Despite 
the possibility of therapeutic efficacy, the combination of Pazopanib and 
RAI resulted in increased toxicity. There was no convincing evidence 
that Pazopanib administration improved RAI uptake or retention (Chow 
et al., 2017). 

Hypertension is a frequent AE related to the use of angiogenesis in
hibitors, depending on the blocking of VEGF action in normal physi
ology. Although the incidence of life-threatening liver failure reported 
with VEGFR TKIs is very low, it is critical for patients receiving VEGFR 
TKIs to carefully monitor liver function and rule out the possibility of 
patients with moderate liver injury. Patients treated with either agent 
should be evaluated at baseline with liver function tests and reassessed 
periodically during treatment. 

4.1.3. Single-target selective inhibitors 
MKI has extensive inhibitory activity against many kinases, it leads 

to more AEs and a large proportion of them are serious. Patients have to 
adjust the dose or suspend the treatment, seriously affecting life quality. 
Thus, targeting specific receptors or molecular pathways, and devel
oping highly selective inhibitors, will meet the needs of advanced DTC 
therapy. Single-target selective inhibitor is a good choice to ensure du
rable responses without increasing side effects. The key point when 
using STKI is to screen RAIR-DTC patients for specific gene mutations or 
fusions. 

4.1.3.1. BRAF inhibitor. Vemurafenib, a BRAF inhibitor, is approved 
for the treatment of patients with metastatic braf-mutant melanoma. In 
the phase 2 study of Vemurafenib for advanced TC (n = 51), the PR rate 
was 38.5% (n = 26) compared to 27.3% (n = 25) in the previous TKI 
group (Brose et al., 2016). Vemurafenib also demonstrated RAI resto
ration, 40% of patients with braf-mutated RAIR-PTC had a response to 
RAI (Dunn et al., 2018). However, braf-mutant TC is relatively resistant 
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to Vemurafenib. Targeting autophagy sensitizes braf-mutant TC to 
Vemurafenib, Vemurafenib-induced cell death was amplified by either 
pharmacological inhibition of autophagy or interfering RNA suppression 
of crucial autophagy genes, and, in combination with the autophagy 
inhibitor, hydroxychloroquine led to more dramatic tumor reduction 
(Wang et al., 2016). 

HER2/3 can be activated by MAPK rebound caused by BRAF/MEK 
inhibitors (Fattore et al., 2013), and HER inhibitor may sensitize 
brafV600E PTC cells to redifferentiation therapy. A pilot clinical trial 
involving seven brafV600E, RAIR-DTC patients found that the combina
tion of Vemurafenib, and HER3 inhibitor, CDX-3379, could increase the 
safety and efficacy of RAI absorption. Five patients had increased RAI 
uptake after treatment, 2 patients achieved PRs after RAI therapy and 2 
progressions of disease (Tchekmedyian et al., 2022). Further evaluation 
of Vemurafenib and CDX-3379 as a combinition therapy in a larger trial 
is warranted (NCT02456701). 

Dabrafenib is a highly selective ATP-competitive inhibitor of BRAF 
kinase. Antitumor activity was observed in PTC in the phase 1 trial of 
Dabrafenib to evaluate safety and tolerability in patients (Falchook 
et al., 2012). Fourteen patients with brafV600E-mutant TC were enrolled, 
13 (93%) of whom had previously received RAI. Four (29%) patients 
had PRs, and nine (64%) had at least a 10% decrease. The median PFS 
was 11.3 months, with only one responder progressing (Falchook et al., 
2015). Dabrafenib was well tolerated and produced long-term response 
in patients with brafV600E-mutant DTC. Dabrafenib improves RAI uptake 
by improving the expression and function of NIS. Dabrafenib can invoke 
RAI uptake in patients with metastatic brafV600E-mutant RAIR-PTC, 60% 
of patients with brafV600E mutations demonstrated new RAI uptake on 
WBS after treatment with Dabrafenib. Only two of six patients had PRs 
and the other four patients had stable disease on standard radiographic 
restaging at 3 months. Treatment results show that restoration of NIS 
expression does not guarantee restoration of radiosensitivity (Rothen
berg et al., 2015). 

4.1.3.2. MEK inhibitor. Selumetinib is an oral, small-molecule inhibi
tor of the MEK1/2. It was the first TKI to demonstrate RAI-sensitive 
effect in a multicentric prospective non-randomized phase 2 trial. As a 
result of oncogene activation via signaling pathways, DTC may lose their 
ability to absorb RAI. Selumetinib can increase RAI avidity in PTC that 
are resistant to RAI (Ho et al., 2013), however, the addition of Selu
metinib to adjuvant RAI failed to increase the CR rate for patients with 
DTC. In the phase 3, randomized, placebo-controlled trial (ASTRA), 
compared to RAI alone, Selumetinib plus adjuvant RAI, 18 months after 
RAI, there was no statistically significant change in the CR rate (Selu
metinib, n = 62 [40%]; placebo, n = 30 [38%]; odds ratio, 1.07 [95% 
CI, 0.61–1.87]). In addition, Selumetinib-related grade 3 AEs were 
recorded in 25/154 participants (Ho et al., 2022). 

MEK alone seems not effective against advanced DTCS with braf 
mutations. After treatment with the MEK inhibitor Selumetinib, only 1 
of 9 patients with brafV600E mutations demonstrated improved RAI up
take (Ho et al., 2013). The reason may be owing to the brafV600E mu
tation, which can restore RAI uptake by activating the MAPK pathway 
(Chakravarty et al., 2011). Therefore, more effective inhibition of MAPK 
may improve the efficacy of iodine therapy in patients with brafV600E. A 
phase 2 trial (NCT01723202) with Trametinib (BRAF-wt) or Trametinib 
plus Dabrafenib (BRAF-mut) treatment had successful restoration of RAI 
uptake in approximately one-third of patients (Tchekmedyian et al., 
2022). This clinical study is the first to demonstrate the successful of 
BRAF and MEK combination in about one-third of patients in each arm 
in the RAIR-DTC of BRAF-MUT. A phase 2 combination therapy 
(NCT03244956) in patients with RAIR-DTC diagnosed with ras or 
brafV600E mutations is currently ongoing, to evaluate the efficacy of MEK 
(Trametinib) and brafV600E (Dabrafenib) inhibitors RAI response. Other 
ongoing clinical trials in promoting RAI therapy are shown in Table 1. 

In vitro, HER1/2 inhibitor Lapatinib enhanced the effect of 

Dabrafenib/Selumetinib on iodine- and glucose-handling gene expres
sion, cell membrane location of NIS, RAI uptake and cytotoxic. Com
bined therapy using HER inhibitor and BRAF/MEK inhibitor presented a 
more significant redifferentiation effect on PTC cells than BRAF/MEK 
inhibitor alone (Cheng et al., 2017). A phase 1 trial of HER inhibitors is 
ongoing, to examine the combined effect of HER inhibitors and Dabra
fenib or Selumetinib in brafV600E-mutant PTC (NCT01947023). 

4.1.3.3. RET Inhibitor. ret is a proto-oncogene, and ret mutations are the 
most common cause of MTC. ret mutations are found in half of MTC, and 
10–20% of PTC (Zhao et al., 2020). 

Selpercatinib showed durable efficacy with mainly low-grade toxic 
effects in patients with previously treated ret fusion-positive TC in a 
phase 1/2 trial. The response percentage was 79% (95% CI, 54–94), and 
1-year PFS was 64% (95% CI, 37–82). The most common AEs of grade 3 
or higher were hypertension (in 21% of the patients), and 2% of patients 
discontinued Selpercatinib owing to drug-related AEs (Wirth et al., 
2020). Selpercatinib was approved by the FDA and EMA for the treat
ment of ret fusion-positive non-small-cell lung cancer, ret fusion-positive 
TC and ret-mutant medullary TC, based on results from the phase 1/2 
LIBRETTO-001 trial (Markham, 2020a). Of note, Selpercatinib can 
enhance RAI uptake in almost all the TC patients of ret-rearrangement 
(Groussin et al., 2021). 

Pralsetinib is another RET inhibitor, in a multi-cohort, open-label, 
registrational, phase 1/2 study (ARROW), Pralsetinib 30–600 mg once 
or twice daily, then 400 mg once daily, was given to patients with ret 
fusion-positive PTC. In patients with ret fusion-positive TC, the ORR was 
89%. Hypertension (17%) was the most common treatment-related AE 
(Vivek Subbiah et al., 2021). Pralsetinib is a new, well-tolerated, and 
potent once-daily oral treatment option for ret-altered TC patients. 
Pralsetinib was approved for the treatment of ret fusion-positive PTC and 
ret mutation-positive MTC (12/2020) (Markham, 2020b). 

Patients with retG810C/S mutations at the solvent front and retY806C/N 

mutation at the hinge initially responded to Selpercatinib and Pralseti
nib, but developed resistance after treatment. Selpercatinib and Pral
setinib bind to ret in an unusual way that avoids interference from 
gatekeeper mutations but is vulnerable to non-gatekeeper mutations. 
These findings suggested the importance of developing next-generation 
RET TKIs that cover gatekeeper and non-gatekeeper mutations for on- 
target resistance and deciphering patterns of off-target resistance by 
alternative mechanisms for combination therapies (V. Subbiah et al., 
2021). 

4.1.3.4. ntrk1 fusion inhibitor. ntrk1 was first identified as an oncogene 
in 1982 (Pulciani et al., 1982). Fusions involving ntrk1, ntrk2, or ntrk3 
are the most common mechanisms of oncogenic TRK activation 
(Vaishnavi et al., 2015). ntrk fusion can be detected in DTC, ntrk fusion 
inhibitor Larotrectinib inhibited DTC tumor growth and restored radi
oiodine affinity in vitro. 

Larotrectinib treatment in patients with ntrk fusion-positive cancer 
was examined, and the response rate to Larotrectinib was 100% in five 
TC patients (Drilon et al., 2018). A case report shows that Larotrectinib 
may restore RAI uptake by inhibiting eml4-ntrk3 signaling pathways. 
This reactivation of RAI uptake indicates that retreatment with RAI may 
be considered in patients who are receiving Larotrectinib. But because of 
the high level of previous radiation exposure, the patient did not receive 
follow-up RAI treatment (Groussin et al., 2020). Three adult patients 
with metastatic RAI-resistant ntrk-rearranged TC were treated with 
Larotrectinib. Two patients had RAI reuptake in all or part of their 
metastatic disease, while the other patient had no RAI reuptake. This 
means redifferentiation of ntrk-rearranged RAIR-TC with Larotrectinib is 
possible but not universal (Groussin et al., 2022). Waguespack and 
colleagues combined data from three Larotrectinib phase 1/2 clinical 
trials (NCT02576431, NCT02122913, and NCT02637687). They found 
that the ORR in 22 patients with TRK fusion-positive DTC was 86% (95% 
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Table 1 
Summary of clinical trials ongoing to bolster RAI function in DTC.  

NCT number Phase Status Title Sample 
size 

Conditions Interventions Target Primary outcome 
measures 

Secondary 
outcome 
measures 

NCT02152995 Phase 2 Active, not 
recruiting 

Trametinib in 
Increasing Tumoral 
Iodine 
Incorporation in 
Patients With 
Recurrent or 
Metastatic Thyroid 
Cancer 

34 Metastatic 
Thyroid Gland 
Carcinoma, 
Poorly 
Differentiated 
Thyroid Gland 
Carcinoma 
Recurrent 
Thyroid Gland 
Carcinoma 

124I 
131I 
Trametinib 

BRAF Proportion of 
patients alive 
following 
treatment with 
trametinib and I- 
124 (Cohort A) 
Iodine 
incorporation in 
thyroid cancer 
metastases to a 
predicted 
lesional absorbed 
radiation dose 
equal to or 
exceeding 
2000 cGy with 
the 
administration of 
≤ 300 mCi 
radioiodine (RAI) 
(Cohort B) 
Proportion of 
patients alive 
without disease 
progression 
(Cohort C) 

Adequate 
increase in iodine 
corporation 
(Cohort A) 
Incidence of 
toxicity (Cohort 
A, B,C) 
ORR (Cohort B) 
Proportion of 
patients alive 
without disease 
progression 
(Cohort B, C) 
Change in 
thyroglobulin 
(Cohort A, B, C) 
Best objective 
response (Cohort 
C) 

NCT04952493 Phase 2 Recruiting Anlotinib or 
Penpulimab in 
Combination With 
RAI for DTC 

42 Thyroid Cancer Anlotinib 
hydrochloride,131I 
Penpulimab 

VEGFR 
PDGFR 
FGFR 
c-Kit 

Objective 
response rate 

Disease Control 
Rate 
Biochemical 
Response Rate 
Progression-free 
Survival Nuclear 
medicine 
functional 
imaging changes 
of target lesions 

NCT02393690 Phase 2 Active, not 
recruiting 

Iodine I-131 With 
or Without 
Selumetinib in 
Treating Patients 
With Recurrent or 
Metastatic Thyroid 
Cancer 

60 Metastatic 
Thyroid Gland 
Carcinoma 
Poorly 
Differentiated 
Thyroid Gland 
Carcinoma 
Recurrent 
Thyroid Gland 
Carcinoma 

131I, 
Selumetinib 

MEK Response at 6 
Months 

Best Overall 
Response 
Progression Free 
Survival 
Changes in Serum 
Thyroglobulin 
Levels 
Incidence of 
Adverse Events 

NCT04858867 Phase 2 Not 
Applicable 

Reinducing 
Radioiodine- 
sensitivity in 
Radioiodine- 
refractory DTC 
Using Lenvatinib 
(RESET) 

12 Differentiated 
Thyroid Cancer 

rhTSH- 
stimulated124I 
Intra- 
therapeutic131I 
Lenvatinib 

VEGFR-1/ 
2/3 
FGFR1 
PDGFR 
cKit 
Ret 

Fraction of RAI-R 
thyroid cancer 
patients who are 
eligible for131I 
therapy after 6– 
or 12–week 
lenvatinib 
treatment 

Extent of RAI 
uptake at baseline 
Optimal duration 
of lenvatinib 
treatment for 
maximum 
redifferentiation 
to occur 
Extent of RAI 
uptake after131I 
therapy 
Metabolic 
treatment 
response using F- 
18 FDG PET 
Unstimulated 
(TSH suppressed) 
thyroglobulin 
levels 

NCT03244956 Phase 2 Active, not 
recruiting 

Efficacy of MEK 
(Trametinib) and 
BRAFV600E 
(Dabrafenib) 
Inhibitors With 
Radioactive Iodine 
(RAI) for the 

40 Metastatic 
Radioactive 
Iodine 
Refractory 
Thyroid Cancer 
Patients With 

131I,rhTSH 
Trametinib 
Dabrafenib 

MEK 
BRAF 

Objective 
Response Rate 
(ORR) in 
metastatic 
radioactive 
Iodine Refractory 
Thyroid Cancer 

Not Applicable 

(continued on next page) 
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CI: 64–97) (Waguespack et al., 2022). 
Children with progressive RAIR lung metastases harboring the TPR- 

ntrk1 fusion oncogene received targeted therapy with Larotrectinib, 
which reduced tumor size and restored RAI uptake. This study supports 
further studies of fusion-targeted therapy for RAIR-DTC. This is the first 
peadiatric study to show that fusion-targeted therapy reactivates RAI 
uptake and inhibits tumor growth in patients with RAIR-PTC, although 
sample numbers are not enough (Lee et al., 2021). Future clinical trials 
and treatment strategies should assess the ability of drugs targeting gene 
rearrangements to improve antitumor efficacy and restore the RAI 
effect. 

These targeted medicines can stabilize, but not cure advanced DTC, 
as evidenced by the fact that many patients subsequently developed 
progressive disease. Patients who should consider enrolling in a thera
peutic clinical trial are eligible for such studies. Patient’s symptom 
burden, tumor growth, and potential tolerance for treatment-related 
adverse effects must be considered when deciding whether to begin 
TKI therapy. For those patients who are treated with non-investigational 
therapies, due to the lack of a direct comparison between any treatment 
regimens, it is difficult to choose an "optimal" medicine as first-line 
therapy. A professional multidisciplinary team must carefully take into 
account a variety of tumor-associated and patient-related aspects in the 
context of optimally managing patients with advanced PTC. Before 
beginning treatment, preparatory work includes but is not limited to 
informed consent, safety monitoring and disease reassessment. 

4.2. Redifferentiation 

TKI treatment can stabilize, but not cure advanced PTC, as evidenced 
by the fact that many patients subsequently developed progressive dis
ease. In recent decades, increasing attention has been turned to the 

molecular structure of RAIR-DTCs, the loss of differentiation of thyroid 
follicular cells is the source of RAI resistance. Therefore, how to redif
ferentiate DTC cells and facilitate iodine uptake is being investigated. 
Retinoic acid, the differentiation agent was the first to be treated as a 
redifferentiation strategy, and it was initially shown to restore RAI 
sensitivity in vitro, but subsequent results and clinical trials were 
disappointing. Strategies developed regarding NIS-regulated RAI trans
port and metabolic in DTC are promising. 

4.2.1. Traditional differentiation inducers 
Retinoic acid (RA) is a bioactive metabolite of vitamin A and plays a 

key role in cell differentiation during mammalian development (Ott and 
Lachance, 1979). RA is effective in the differentiation therapy of leu
kemia cells. It was found that RA could increase the expression of slc5a5 
mRNA in human FTC cells in vitro, and in 1998, the clinical trial of RA in 
the treatment of DTC was carried out, with 50% of RAIR-DTC patients 
showed radioactive iodine uptake (Simon et al., 1998). Follow-up clin
ical trials also found that 19/27 (70%) patients with metastatic DTC had 
RAI uptake after RA treatment, and seven patients eventually achieved 
PR by 123I or 131I-WBS (Fernández et al., 2009). Subsequent studies have 
shown disappointing results. The therapeutic effect of RA in TC is less 
than previously reported, and side effects including a strong "sunburn", 
cheilitis, mucositis, conjunctivitis and raised transaminases occurred in 
two-thirds of patients (Grüning et al., 2003). Mata analysis in 2016 
found a minority of patients with RAIR-DTC respond to RA treatment 
(Pak et al., 2018). 

All-trans retinoic acid (ATRA) is used in the current treatment of 
acute promyelocytic leukemia (APL) (Cornic et al., 1994). ATRA had 
slightly better results, 4/11 patients had an uptake of radioactive iodine 
and 7/11 patients had responses ( Zhang et al., 2007). 

Bexarotene is an RXR activator with no significant therapeutic effect 

Table 1 (continued ) 

NCT number Phase Status Title Sample 
size 

Conditions Interventions Target Primary outcome 
measures 

Secondary 
outcome 
measures 

Treatment of 
Refractory 
Metastatic 
Differentiated 
Thyroid Cancer 

RAS or BRAF 
Mutation 

patients with 
RAS or BRAF 
mutation 

NCT03469011 Phase 1 unknown A Study to Try to 
Bring Back 
Radioiodine 
Sensitivity in 
Patients With 
Advanced Thyroid 
Cancer 

18 Papillary 
Thyroid Cancer 

Imatinib PDGFRα Restore iodine 
uptake 

Decrease overall 
tumor burden 

NCT05182931 Phase 2 Recruiting A Prospective, 
Multi-Centre Trial 
of TKI 
Redifferentiation 
Therapy in Patients 
With RAIR Thyroid 
Cancer (I-FIRST 
Study) (I-FIRST) 

80 Thyroid Cancer Dabrafenib 
Trametinib 

BRAF 
MEK 

Progression free 
survival 

Overall survival 
Quantification of 
treatment related 
toxicities 
Quantification of 
radioiodine 
uptake 

NCT04619316 Phase 2 Recruiting Enhancing 
Radioiodine 
Incorporation Into 
Radio Iodine 
Refractory Thyroid 
Cancers With 
MAPK Inhibition 

20 Metastatic 
Thyroid Cancer 

Trametinib 
Trametinib 
Dabrafenib 

BRAF 
MEK 

Changes in 
thyroglobulin 
levels 

The incidence and 
severity of 
adverse effects 

NCT05507775 Not 
Applicable 

Not yet 
recruiting 

Digoxin for the 
Reinduction of 
Radioiodine 
Uptake in 
Metastatic or 
Locally Advanced 
Non-medullary 
Thyroid Carcinoma 

10 Non-Medullary 
Thyroid 
Carcinoma 

Digoxin Not 
Applicable 

Reinduction of 
radioiodine 
uptake in target 
lesion 

Beneficial effects 
of high-dose 
radioactive iodine 
treatment after 
reinduction 
Safety of digoxin 
treatment  
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on RAI uptake in patients (Liu et al., 2008). The inconsistency between 
the increase in iodine uptake and treatment efficacy is speculated to 
have several reasons. Firstly, it may be related to the molecular char
acteristics of DTC patients for the reason that genetic and molecular 
analyses on mutations of braf, ret/ptc, and ras have emerged in recent 
years. Most clinical trials regarding RA are earlier and do not take into 
account factors of genetic mutations. In addition, the number of patients 
was relatively small, the heterogeneity in tumors may have contributed 
to the difference in outcomes. What’s more, RA induces differentiation 
and growth inhibition of cells through the RARβ receptor without acti
vating slc5a5 or other thyroid transcription factors. The effect of RA to 
revert cancer cells to a stable differentiated healthy state has not been 
duplicated with other cancer types except for leukemia. However, few 
studies of RA in DTC redifferentiation are ongoing to prove these 
hypotheses. 

4.2.2. Targeting NIS 
Numerous pre-clinical and clinical research have attempted to 

improve NIS expression and function, with a primary focus on re- 
differentiation drugs that promote the expression of genes specific to 
thyroid tissues, including slc5a5. Read et al. directly screen and identify 
1200 FDA-approved medications that can increase radioiodide absorp
tion on a significant pharmacological scale. Carebastine, a second- 
generation antihistamine, suppressed valosin-containing protein (VCP) 
to improve RAI uptake, while β2-adrenergic receptor agonist Formoterol 
and lipid-lowering agents Pravasatin directly increase slc5a5 mRNA 
expression (Read et al., 2022). 

Curcumin, a natural polyphenol compound, can induce DTC cell 
differentiation by increasing the expression of thyroid-specific genes. In 
DTC cells, thyroid-specific transcription factors, ttf1, ttf2, and pax8, as 
well as iodine-metabolizing proteins, including TSHR, TPO, and NIS are 
all increased after treatment with curcumin (Zhang et al., 2021). Cur
cumin inhibited HDAC activity (Schwertheim et al., 2017) and 
PI3K-AKT-mTOR signaling pathway. Importantly, curcumin enhanced 
NIS glycosylation and its membrane transport, significantly improving 
RAI uptake in vitro. It can also reduce TC cell proliferation and induce 
apoptosis. 

Flavonoids have sparked interest in their potential health benefits. 
Quercetin can reduce TSH-modulated RNA levels of slc5a5 (Giuliani 
et al., 2008). It was found that Quercetin could influence thyroid cell 
growth and function (Gonçalves et al., 2021). Flavonoid and rutin 
increased radioiodide uptake in DTC cells, resulting in increased NIS 
expression and decreased radioiodide efflux. Rutin also increases thy
roid RAI uptake in rats. In addition, rutin may regulate NIS subcellular 
distribution, resulting in higher NIS levels at the cell membrane (Gon
çalves et al., 2018). 

Autophagy is a critical cellular process that protects cells and or
ganisms from stressors. MAPK and PI3K-AKT signaling pathways are the 
core of the molecular pathogenesis of TC (Xing, 2013). Both the MAPK 
and PI3K-AKT are closely associated with autophagy (Sui et al., 2014; 
Jafari et al., 2019). NIS function has been linked to autophagy (Chai 
et al., 2019). Autophagy can affect iodine uptake in thyroid cells by 
regulating the stability of NIS protein. HMGB1 protein is up-regulated in 
TC, and HMGB1 activates AMPK to induce autophagy through a 
ROS-dependent mechanism, promoting NIS degradation and iodine 
uptake. HMGB1 is also suggested to be a potential pharmacological 
target for redifferentiation therapy. Higher plasma membranous NIS 
concentrations and better clinical outcome are correlated with signs of 
enhanced autophagy in TC. Well-known inhibitors of autophagy, like 
Chloroquine and Baloxamycin A, cause significant increases in iodide 
uptake in thyroid cells (Read et al., 2022), indicating that autophagy is 
essential to the central processing of NIS. Digitalis-like substances that 
activate autophagy restored NIS expression and RAI uptake in TC cells 
(Tesselaar et al., 2017). 

However, autophagy is thought to play a dual role in the develop
ment and progression of cancer (Kondo et al., 2005), BRAF inhibitor 

Vemurafenib-induced autophagy-protected TC cells and inhibition of 
autophagy enhances the antitumor effects of Vemurafenib (Wang et al., 
2016). Autophagy was activated by Sorafenib in TC, which was in part 
due to suppression of the AKT-mTOR pathway. Enhanced autophagy has 
been reported to promote the radiosensitivity and chemosensitivity of 
PTC cells. There is a combination effect with autophagy activators and 
adriamycin or radiation in PTC (Lin et al., 2010). Extensive research 
needs to be conducted to investigate the complex role of autophagy in 
TC. 

HDAC appears to play a role in regulating the transcription of genes 
involved in TC. HDAC inhibitors (HDACIs) induce tumor growth arrest, 
differentiation and apoptosis, and sensitize tumor cells to radiation, 
increasing radioiodine uptake and radioiodine accumulation within the 
tumor. In preclinical models, HDACIs represent antitumor activity and 
the ability to rejuvenate RAI, either as monotherapy or in combination 
with other anticancer agents (Hou et al., 2010). brafV600E mutation 
causes impaired NIS expression and radioiodine refractoriness of TC in 
human TC cells BCPAP, but the mechanism is still unknown. Silencing of 
the slc5a5 promoter by brafV600E involves histone deacetylation at crit
ical regulatory regions of the slc5a5 promoter. brafV600E inhibitor and 
MEK inhibitor increased histone acetylation of the slc5a5 promoter, and 
SAHA, HDAC inhibitor, increased slc5a5 expression in TC cells (Zhang 
et al., 2014). Combination therapy targeting major signaling pathways 
and histone deacetylase are used to restore RAI sensitivity. However, in 
a clinical trial, the HDAC inhibitor valproic acid failed to show anti
cancer activity in RAIR-DTC (Nilubol et al., 2017). At present, as far as 
we know, there are no new clinical trials for HDAC in RAIR-DTC. 

EZH2 inhibitor Tazemetostat slightly increased iodine-metabolizing 
gene expression and promoted radioiodine uptake, irrespective of the 
BRAF status. Tazemetostat can strengthen BRAF inhibitors Dabrafenib 
or MEK inhibitor Selumetinib in the differentiation of brafV600E-mutant 
PTC cells through synergistically decreasing global trimethylation of 
H3K27, which representing a novel differentiation strategy (Fu et al., 
2020). 

4.2.3. Regulating other thyroid-specific genes 
As previously mentioned, thyroid-specific expression of TG, thyroid 

peroxidase TPO, NIS, and the TSHR is regulated by TTF1, TTF2, and 
PAX8. RAI therapy can be facilitated by targeting other thyroid-specific 
genes. RET activation is a common event in PTC, ret/ptc expression has 
been demonstrated to inhibit the transcription of tg and slc5a5. 

PPARγ regulates glucose and lipid metabolism and energy balance. 
PPARγ was found chromosomal translocated with PAX8 in a subset of TC 
(Giordano et al., 2018). In an in vitro study, PPARγ agonists increased 
RAI uptake in DTC cells (Fröhlich et al., 2005). Troglitazone signifi
cantly increased RAI uptake, the expression of NIS and amount of NIS in 
the membrane fraction was significantly increased (Park et al., 2005). 
Studies in some small groups of patients also showed that TZDs 
increased RAI uptake in some patients. Rosiglitazone also reversed the 
epithelial-mesenchymal transition and increased the mRNA of slc5a5, tg, 
tshr and tpo (Elola et al., 2011; Aiello et al., 2006). RXR agonists bex
arotene potentiated the effects of Rosiglitazone to inhibit cell growth 
and enhance NIS protein expression (Chen et al., 2020). 

But other groups had a different conclusion, there was no difference 
with or without Rosiglitazone in DTC, although TG was increased in 
some TC patients (Philips et al., 2004). A phase 2 trial in patients with 
TG-positive RAIR-DTC showed Rosiglitazone treatment may induce RAI 
uptake in some patients. But the expression level of the PPARγ was not 
linked to RAI uptake status (Kebebew et al., 2006). The combination of 
PPARγ has the potential as a chemotherapeutic strategy for TC. In an 
open-label, phase 2 trial of oral Rosiglitazone treatment, 25% of 20 
patients had a positive radioiodine scan after Rosiglitazone treatment, 
but Rosiglitazone treatment did not result in clinically significant 
response on long-term follow-up. Moreover, no patients had responded 
to Rosiglitazone therapy by anatomic imaging studies (Kebebew et al., 
2009). Pioglitazone, another PPARγ inhibitor, had no redifferentiation 
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effect on 5 progressive DTC patients, and no patient developed a clini
cally important response associated with the treatment (Rose
nbaum-Krumme et al., 2012). 

Sinomenine Hydrochloride (SH) promotes TSHR-dependent 
redifferentiation in PTC (Zhang et al., 2022). Further studies revealed 
that SH upregulates cAMP and cAMP-Responsive Element-Binding 
Protein (CREB), activates the TSH/TSHR/cAMP signaling pathway, and 
ultimately promotes RAI uptake. When cAMP was inhibited, the role of 
SH in inducing NIS upregulation and increased RAI uptake was blocked 
due to the inhibition of CREB and PAX8 (Shang et al., 2020). TSH is one 
of the major regulators of NIS expression in the thyroid. High levels of 
the TSH are essential for radiation-induced TC of residual tissue during 
resection, which can promote membrane localization of the NIS and is a 
critical step in RAI uptake. Studies have found that nevirapine, an 
antiviral drug, can induce redifferentiation and RAI uptake through the 
TSHR/cAMP/CREB/PAX8 signaling pathway (Shang et al., 2020). So 
far, Nevirapine’s clinical trials on the RAIR-DTC have not been reported. 
One case reported a significant increase in RAI uptake in metastatic 
RAIR-DTC after nevirapine treatment (Modoni et al., 2007). More clin
ical research is needed to demonstrate the synergy of RAI treatment with 
Nevirapine. 

Capsaicin (CAP) is a transient receptor potential vanilloid type 1 
(TRPV1) agonist that is an effective anticancer agent against a variety of 
cancers (Braga Ferreira et al., 2020). By restoring NIS expression and 
iodine avidity, CAP treatment may serve as a potential therapeutic 
strategy for RAIR-DTC, primarily by activating the 
TRPV1Ca2+/cAMP/PKA/CREB signaling pathway but not the 
TSH/TSHR/cAMP signal pathway (Xu et al., 2021). 

To enhance RAI uptake, TSH stimulation should be administered 
before, which needs to be completed about a month after thyroid hor
mone therapy. Current treatment guidelines recommend that TSH are 
usually set above 30 mU/L and can be achieved by 3 methods: 1, Thy
roid hormone withdrawal (THW); 2, giving a period of thyroid hydro
chloric acid to avoid deep hypothyroidism side effects (approximately 
2–3 weeks before full THW); 3, Recombinant human TSH (rhTSH) 
stimulation (Sparano et al., 2022). Before the availability of rhTSH, 
THW was the standard protocol for RAI therapy preparations. However, 
hypothyroidism resulting from THW reduces patients’ life quality 
(Borget et al., 2015), resulting in short-term impairment of cognitive 
status and several AEs, including cardiovascular and renal function 
deterioration (Niri et al., 2020) (Haugen et al., 2016). rhTSH provides a 
safe and reliable alternative to THW (Haugen et al., 1999). Several 
studies have proposed the equivalence of rhTSH and THW for resection 
preparation, it also has the advantage of shortening the duration of 
hospitalization (Pacini et al., 2003). However, no randomized trials 
comparing THW-and rhTSH-mediated therapies for distant metastatic 
disease have been reported. rhTSH has not been approved for patients 
with metastatic DTC, and, the cost of rhTSH stimulation will cause 
financial stress for DTC patients (Iravani et al., 2019). Patients with 
distant metastases are now more likely to receive THW. 

Differentiation inducers gave the hope of sensitizing RAI therapy 
through a redifferentiation strategy, but subsequent clinical studies have 
been unsatisfactory. Sometimes differentiated DTC cells can be seen, but 
fail RAI uptake, and sometimes even in the presence of RAI uptake, the 
DTC disease keeps on progressing. As for NIS, besides expression and 
membrane localization regulation, NIS is influenced by aberrant miRNA 
expression and increased oxidative stress. The inherent regulatory di
versity significantly increases the complexity of potential therapeutic 
strategies. In conclusion, there is still a long way to go for the rediffer
entiation treatment of RAIR-DTC. 

4.3. Improved drug delivery via extracellular vesicles (EVs) 

Nanomedicine-based approach can be used to reduce the dose of 
radioiodine required for cancer treatment. Due to their distinct physi
cochemical characteristics and high X-ray absorption efficiency, metal 

nanoparticles (NPs), such as those based on platinum or hafnium, are the 
best radiosensitizers. When combined with a low activity of radioiodine, 
which by itself appeared to be essentially ineffective against tumor cells, 
poly (methacrylic acid)-grafted gold nanoparticles (PMAA-AuNPs) 
could effectively cause a marked tumor cell death, based on the in vitro 
clonogenic assays on melanoma and colorectal cancer cells. Tumor 
enrichment with PMAA- AuNPs also increased the ability of a systemic 
RAI treatment to kill cells in vivo (Le Goas et al., 2019). Because of RAI’s 
alleged "cross-fire" effect, some electrons are released when 131I disin
tegrates and can impact surrounding cells and tissues that are rich in 
nanoparticles (Hamoudeh et al., 2008). As for advanced PTC, whose 
insensitivity to RAI is mainly caused by the fact that metastases exhibit 
substantial spatial non-uniformity (Jentzen et al., 2016), using nano
medicine to sensitize the tissues may achieve more uniform coverage 
and overcome RAI resistance. Tian et al. created a novel nanomedicine 
platform by adding 131I to human serum albumin-bound MnO2 
(131I-HSA-MnO2) NPs. In the acidic microenvironment, the 
131I-HSA-MnO2 NPs will break down into 131I-HSA which is conducive 
in penetrating tumor tissues due to its excellent permeability and good 
retention impact (Tian et al., 2017). Additionally, MnO2 can relieve 
TME hypoxia, increasing the tumor cells’ sensitivity to 131I (G. Yang 
et al., 2017). TME-responsive and TME-modulating nanomedicine may 
be of great interest to new generations of RAI combination therapies. 

Son et al. (2019), Lee et al. (2022) transferred NIS proteins into 
hepatoma cells Huh7 and isolation of EVs from Huh7 cells. EVs from 
donor cells contain NIS protein but slc5a5 mRNA was not detected. 
Treated with EV-Huh7/NIS in Huh7 cells, NIS protein was significantly 
elevated and 125I uptake was increased. Pretreatment of EV-Huh7/NIS 
not only increased the affinity of hepatoma cells to RAI but also 
enhanced the cytotoxicity of RAI treatment on HUH7 cells by inducing 
DNA damage. Of note, the increase of RAI uptake peaked at 48 h after 
EV treatment and then gradually decreased. Therefore, the pretreatment 
timeline needs to be considered when designing EVs/NIS delivery 
system. 

TKIs are now routinely used in advanced DTC therapy. The low 
bioavailability of TKI requires high doses, leading to increasing AEs, and 
patient’s financial burden (Sasaki et al., 2020). EV-delivered TKIs can 
enhance the TKI target effect in vitro. EVs were extracted from primary 
human adipose-derived stem cells, and TKIs were loaded into EVs using 
sonication (18 cycles; 4 s per cycle). Compared to TKI single treatment, 
EVs/TKI can increase the iodine-metabolizing protein NIS, TSHR, and 
PAX8 expression, as well as 125I uptake in TC cells SW1736. In addition, 
when treated with KCLO4, a NIS inhibitor (Kang et al., 2005), the 
increased RAI accumulation after EVs/TKI treatment can be completely 
blocked, demonstrating that EVs/TKI promotes cellular RAI uptake by 
enhancing NIS function (Rajendran et al., 2021). This was the first study 
to show that EVs can be used as a TKI vector to restore iodine sensitivity 
in RAIR-DTC cells. The combination of the EVs drug delivery system and 
TKI could be a promising approach to sensitize RAI therapy. However, 
there are some questions which should not be ignored. Firstly, EV 
function has primarily been studied in vitro, cultured cells which spread 
and grow on plastic dishes are far from cells in vivo (Lucien and Leong, 
2019). On the other hand, the large-scale production of EVs must be 
addressed. Further therapeutic and diagnostic platforms need to be 
associated with highly advanced, less time-consuming, and 
high-production yield methods (Saha et al., 2021). 

5. Other radiopharmaceuticals for RAIR-DTC 

Radiopharmaceuticals for the treatment of RAIR-DTCs have recently 
piqued the interest of researchers. Despite sufficient RAI uptake in the 
targeted regions, some DTC patients are resistant to RAI treatment. 
Astatine (211At) is a halogen element with similar chemical properties to 
iodine but has a higher linear energy transfer than 131I particles (Watabe 
et al., 2022). 211At has been considered as a α-emitter for targeted 
radionuclide therapy. 211At exerts a better therapeutic effect by inducing 
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DNA double strand breaks, and its ability to inhibit colony formation 
was more than ten times that of RAI per becquerel (Bq). In addition, in 
vivo studies also revealed that 211At inhibited tumor growth more than 
six times that of 131I per Bq (Kaneda-Nakashima et al., 2022). The 
mechanism of 211At uptake into thyroid cancer cells is mediated by NIS, 
ascorbic acid could increase the radiochemical purity of astatide and 
enhance 211At uptake (Watabe et al., 2019). 211At is a short-range α 
nuclide, allowing for outpatient treatment is possible with 211At therapy 
(Mease et al., 2022; Watabe et al., 2021), but 131I requires isolated 
hospitalization in a dedicated radiotherapy room. Weight loss, transient 
bone marrow suppression and pathological changes were observed in 
the extended single-dose toxicity study of 50 mBq/kg 211At (Watabe 
et al., 2021). A phase 1 trial is ongoing to determine the safety, phar
macokinetics of 211At (NCT05275946). 

Prostate-Specific Membrane Antigen (PSMA) and Somatostatin Re
ceptors (SSRT) expression were observed in advanced RAIR-DTC, sug
gesting that targeting these receptors with Ga/Lu could evolve as a novel 
therapy option. Assadi et al. revealed that promising results of 177Lu- 
DOTATATE and 177Lu-PSMA therapy in RAIR-DTC patients (Assadi and 
Ahmadzadehfar, 2019). While earlier studies on 177Lu-DOTATATE 
revealed heterogeneous response and efficacy, despite good lesional 
uptake, only one out of five RAIR-DTC patients showed a PR (Roll et al., 
2018). The therapeutic efficacy of 177Lu-DOTATATE in RAIR-DTC pa
tients could not be determined, and further clinical trials are recom
mended (Jois et al., 2014; Chakravarty and Chakraborty, 2021; 
Maghsoomi et al., 2021). RGD tripeptide sequence targets specificity to 
integrin αvβ3, which plays an important role in angiogenesis and is 
overexpressed in advanced DTC (Bergh et al., 2005). RAIR-DTC patients 
reported significant pain relief and clinical benefit after receiving 
177Lu-DOTA-RGD2 (Parihar et al., 2018). Though the preliminary clin
ical study results are promising, randomized clinical trials with a large 
cohort of patients are required to maximize efficacy (Satapathy and Bal, 
2022). Fibroblast activating protein (FAP) is overexpressed and related 
with brafV600E mutation in RAIR-DTC (Nieminen et al., 2020). The 
RAIR-DTC patients who participated in the 177Lu-FAPI-46 radionuclide 
therapy clinical trial (NCT04849247) demonstrated the potential feasi
bility of 177Lu-FAPI (Fu et al., 2022). Recently, fifteen patients were 
enrolled in a pilot study of 177Lu-DOTAGA. (SA.FAPi)2 and molecular 
response evaluation revealed no complete response, but four patients 
achieved PR and three patients had stable disease. None of the patients 
had grade 3/4 AEs (Ballal et al., 2022). It is worth noting that 
177Lu-DOTAGA. (SA.FAPi)2 is safe and appears to be effective in the 
treatment of aggressive RAIR-DTC patients who have exhausted all 
standard treatment options. More research into the pharmacokinetic 
properties of FAP-targeting vectors may be required. 

CT or ultrasound guided 125I seed implantation has received a lot of 
attention in the field of tumor therapy in recent years (Huang et al., 
2016). The first TC patient who received 125I seeds in his tumor bed had 
no cerebral metastases recur, despite the tumor reappearing in other 
locations (Parker et al., 1986). 125I seed brachytherapy was used on 15 
patients with recurrent DTC, no patients developed locoregional recur
rence, and only 3 developed new metastases. There were no significant 
AEs reported in any patients (Yu et al., 2022). Ultrasound-guided im
plantation of 125I seed reduced the volume of the nodules from 523 mm3 

to 53 mm3 (p < 0.01) which indicated that 125I seed brachytherapy is 
feasible for RAIR-DTC (Chen et al., 2021). Furthermore, 125I seed im
plantation can be performed under local anesthesia with minimal pain 
and discomfort during hospitalization. CT or ultrasound guidance pro
tects healthy organs from tissue damage (Zhu et al., 2013). However, 
125I seed brachytherapy is a difficult procedure, requiring skilled 
puncture techniques and thorough understanding of radiation dosim
etry. For tumors with a huge volume, 3D printed template-guided 125I 
enabled needles to insert more quickly and accurately, resulting in a 
better dose distribution (Gao et al., 2021). 125I seed brachytherapy 
provided a superior therapeutic rate and allowed for curative dose 
treatment with significant therapeutic enhancement. Additional 

research is needed to determine the role of 125I seed brachytherapy in 
RAIR-DTC treatment. 

6. Summary and Prospect 

Over the past decade, research into the treatment of metastatic DTCs 
has evolved from an initially empirical administration of non-selective 
agents based on multi-target therapy. To date, emphasis has been 
placed on more precise management based on gene mutations and pa
tient clinicopathologic features. Objective response rates observed with 
MKI in patients with metastatic DTC were about 50%, with a prolonged 
response duration. The combination effect of selective TKI is better than 
MKI. However, the rate of complete response remains far from satis
factory, and the OS has not improved. Pausing, stopping, or switching is 
common during TKI treatment owing to the adverse effects. In addition, 
rare and severe AEs cannot be predicted due to the short history appli
cation of TKI. With the emergence of drug resistance in tumors, once 
new TKI drugs are available, resistance to TKI will develop, meaning 
that nearly all patients will develop resistance to TKI sooner or later. 
Experimental approaches for restoring radioiodine avidity may be a 
better option for future advanced DTC treatment. 

Redifferentiating DTC cells to sensitize RAI therapy has been a hot
spot for many years, although have historically yielded disappointing 
results. Traditional redifferentiation therapy, represented by RA, has 
had encouraging results in initial preclinical and small-scale clinical 
trials, but subsequent studies have found little clinical significance. 
Increased iodine uptake has been observed with many agents, but it is 
likely to have no iodine response. A retrospective study of 444 patients 
with TC relapses found that about 30% of PTC patients with normal RAI 
uptake remained insensitive to RAI treatment (Durante et al., 2006), 
suggesting that NIS-regulated RAI uptake is not the only factor affecting 
RAI refractoriness in PTC patients. In conclusion, several questions 
remain unsolved and high-level research is needed to explore the com
mon molecular mechanism of RAI resistance, to bolster RAI efficiency 
and diminish cancer recurrence. 
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Delcorte, Ophélie, Degosserie, Jonathan, Pierreux, Christophe E., 2022. Role of 
extracellular vesicles in thyroid physiology and diseases: implications for diagnosis 
and treatment. Biomedicines 10 (10), 2585. https://doi.org/10.3390/ 
biomedicines10102585. 
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Roll, Wolfgang, Riemann, Burkhard, Schäfers, Michael, Stegger, Lars, Vrachimis, Alexis, 
2018. 177Lu-DOTATATE therapy in radioiodine-refractory differentiated thyroid 
cancer: a single center experience. Clin. Nucl. Med. 43 (10), e346–e351. https://doi. 
org/10.1097/RLU.0000000000002219. 

Y. Liu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1111/cen.12057
https://doi.org/10.1007/s12020-016-1200-6
https://doi.org/10.1007/s12020-016-1200-6
https://doi.org/10.2967/jnumed.121.262098
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref164
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref164
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref164
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref164
https://doi.org/10.1111/j.1365-2265.2007.03008.x
https://doi.org/10.1097/PAP.0000000000000113
https://doi.org/10.1097/PAP.0000000000000113
https://doi.org/10.1111/cen.13109
https://doi.org/10.1111/cen.13109
https://doi.org/10.1089/cbr.2006.316
https://doi.org/10.1089/thy.2016.0350
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref170
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref170
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref170
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref170
https://doi.org/10.1089/thy.2019.0561
https://doi.org/10.1111/cen.13154
https://doi.org/10.1111/cen.13154
https://doi.org/10.4158/EP-2019-0374
https://doi.org/10.4158/EP-2019-0374
https://doi.org/10.7150/thno.57689
https://doi.org/10.7150/thno.57689
https://doi.org/10.1128/MCB.19.3.2051
https://doi.org/10.1128/MCB.19.3.2051
https://doi.org/10.1093/ajcn/32.12.2522
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref177
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref177
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref177
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref177
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref177
https://doi.org/10.1159/000484206
https://doi.org/10.1007/s00259-018-4036-x
https://doi.org/10.1089/thy.2005.15.222
https://doi.org/10.1089/thy.2005.15.222
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref181
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref181
http://refhub.elsevier.com/S1368-7646(23)00022-5/sbref181
https://doi.org/10.1073/pnas.240336397
https://doi.org/10.1073/pnas.240336397
https://doi.org/10.1093/jnci/djp354
https://doi.org/10.1016/j.mce.2010.01.008
https://doi.org/10.1530/EJE-08-0505
https://doi.org/10.1530/EJE-08-0505
https://doi.org/10.1097/00006231-200412000-00005
https://doi.org/10.1016/j.addr.2014.07.001
https://doi.org/10.5306/wjco.v13.i1.9
https://doi.org/10.1038/s41467-021-26343-3
https://doi.org/10.1038/300539a0
https://doi.org/10.1038/300539a0
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.3390/pharmaceutics13020248
https://doi.org/10.1016/j.ejca.2017.01.029
https://doi.org/10.1016/j.ejca.2017.01.029
https://doi.org/10.1146/annurev-physiol-022516-034125
https://doi.org/10.1158/0008-5472.CAN-11-0720
https://doi.org/10.1016/j.chembiol.2021.07.016
https://doi.org/10.1186/s40170-016-0155-7
https://doi.org/10.1186/s40170-016-0155-7
https://doi.org/10.1677/erc.1.01119
https://doi.org/10.1158/0008-5472.CAN-14-3547
https://doi.org/10.1158/0008-5472.CAN-14-3547
https://doi.org/10.1097/RLU.0000000000002219
https://doi.org/10.1097/RLU.0000000000002219


Drug Resistance Updates 68 (2023) 100939

21

Romei, Cristina, Ciampi, Raffaele, Elisei, Rossella, 2016. A comprehensive overview of 
the role of the RET proto-oncogene in thyroid carcinoma. Nat. Rev. Endocrinol. 12 
(4), 192–202. https://doi.org/10.1038/nrendo.2016.11. 

Rosenbaum-Krumme, S.J., Bockisch, A., Nagarajah, J., 2012. Pioglitazone therapy in 
progressive differentiated thyroid carcinoma. Nukl. Nucl. Med. 51 (4), 111–115. 
https://doi.org/10.3413/Nukmed-0474-12-01. 

Rothenberg, Michael, S., McFadden, David G., Palmer, Edwin L., Daniels, Gilbert H., 
Wirth, Lori J., 2015. Redifferentiation of iodine-refractory BRAF V600E-mutant 
metastatic papillary thyroid cancer with dabrafenib. Clin. Cancer Res.: Off. J. Am. 
Assoc. Cancer Res. 21 (5), 1028–1035. https://doi.org/10.1158/1078-0432.CCR-14- 
2915. 

Rowe, Christopher W., Paul, Jonathan W., Gedye, Craig, Tolosa, Jorge M., 
Bendinelli, Cino, McGrath, Shaun, Smith, Roger, 2017. Targeting the TSH receptor in 
thyroid cancer. Endocr. -Relat. Cancer 24 (6), R191–R202. https://doi.org/10.1530/ 
ERC-17-0010. 

Saha, Priyanka, Datta, Suchisnigdha, Ghosh, Sukanya, Samanta, Anurima, 
Ghosh, Paramita, Sinha, Dona, 2021. Bioengineering of extracellular vesicles: 
exosome-based next-generation therapeutic strategy in cancer. Bioengineering 8 
(10), 139. https://doi.org/10.3390/bioengineering8100139. 

Santhanam, Prasanna, Taieb, David, Solnes, Lilja, Marashdeh, Wael, Ladenson, Paul W., 
2017. Utility of I-124 PET/CT in identifying radioiodine avid lesions in differentiated 
thyroid cancer: a systematic review and meta-analysis. Clin. Endocrinol. 86 (5), 
645–651. https://doi.org/10.1111/cen.13306. 

Santos, Maria C.S., Louzada, Ruy A.N., Souza, Elaine C.L., Fortunato, Rodrigo S., 
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Strickaert, Aurélie, Corbet, Cyril, Spinette, Selim-Alex, Craciun, Ligia, Dom, Geneviève, 
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