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Abstract
Thyroid cancer (TC) is the most prevalent malignancy of the endocrine system, with its incidence has been increasing WorldWide in r
years. Although it generally has a favorable prognosis, aggresswe forms such as anaplastic TC are associated with high morta
microenvironment interactions largely influence the progression and metastatic behavior of TC; however, the precise mec
these processes remain inadequately understood. One critical factor inﬂuencing metastasis is anoikis, a form of program

of anoikis resistance in metastatic spread and its potential as a therapeutic target.
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Introduction
Thyroid cancer (TC) is the most prevalent malignancy of the endocrine sys
years (1,2). While it can affect both sexes, approximately 75% of TC ¢
in their early 50s but can occur at any age. Notably, TC is the most
years (1). In the pediatric population specifically, TC constitutes
over the past four decades (3,4).

TCs originate from the follicular and parafollicular C cells
(1,5). The most prevalent among them, accounting for ov:
follicular epithelial cells. These include papillary thyroid

incidence has been increasing worldwide in recent

C is most commonly diagnosed in individuals
mong adolescents and young adults aged 16-33

od cancers, with its occurrence showing a marked rise

d are histologically divided into three main categories

C cases, are differentiated thyroid carcinomas (DTCs) derived from
ollicular thyroid cancer (FTC), and Hurtle cell thyroid cancer (1).
nosis, although it frequently presents with multifocal lesions and

often characterized by capsule formation. Thi i re commonly seen in adults and rare in childhood. Cases with only capsular
invasion typically have a favorable prognosi
re more frequently seen in men, typically present as encapsulated masses, and
, compared to adult patients, children and adolescents with DTCs are more prone
to regional lymphatic spread, exten )
In contrast to DTCs, poorly differe yr01d carcinomas (PDTCs) represent a more aggresswe cancer type, also originating from
follicular cells. Histopatholog olog 1cally, they demonstrate characteristics intermediate between well-differentiated carcinomas
By a highly aggressive course and a poor prognosis (1,5). Medullary thyroid cancer (MTC), Wthh

the rarest (<1%) type, and C
ati ubtypes onginates from parafollicular C cells and constitutes approximately 2-3% of all TCs While 70%

differs from the afo

e been made in understanding the molecular and clinical characteristics of TC, yet important gaps remain,
factors that drive differences in aggressiveness and metastatic potential among its subtypes. Anoikis resistance,
or cells to escape apoptosis after detachment from the extracellular matrix, is an important mechanism in metastasis.
ement in TC metastasis is not well understood and studies on this phenomenon in TC are limited (1&13) This review

ysiology and Molecular Mechanisms of Thyroid Cancer

enesis of TC is a complex process influenced by genetic and environmental factors, including iodine deficiency or excess,
exposure to ionizing radiation, and chronic inflammatory conditions (14). The development of TC involves numerous molecular genetic and
igenetic alterations that interfere with fundamental biological functions such as cell division, proliferation, and apoptosis regulation (2,7).
e molecular level, several genetic changes are observed during TC progression, including somatic mutations, gene amplifications, copy
number alterations, and chromosomal rearrangements. These changes are regarded as traditional tumorigenic triggers that drive uncontrolled
cancer cell growth and dissemination (7,14). Additionally, TC exhibits intratumoral heterogeneity, characterized by the presence of
genetically, phenotypically, and behaviorally diverse cell populations within a single tumor. This heterogeneity arises from genetic and
epigenetic factors among tumor subclones, such as copy number changes, point mutations, gene rearrangements, and epigenetic
modifications. Genomic instability and the progressive accumulation of genetic alterations further contribute to the development of new
subclones, increasing tumor complexity and promoting the transition from early-stage tumors to more aggressive cancers (15).

Epigenetic mechanisms, such as DNA methylation, play an important role in TC. DNA methylation can suppress gene expression, thereby
altering cellular behavior and contributing to tumor development. The interplay between genetic alterations and epigenetic modifications
underscores the complexity of tumorigenesis (7). In recent years, non-coding RNAs (ncRNAs) have also been identified as important
molecules that play a regulatory role in TC. ncRNAs are involved in the post-transcriptional regulation of gene expression and imbalances in



these molecules may affect cancer pathogenesis. In particular, microRNAs (miRNAs) may contribute to cancer progression by modulating
oncogenes or tumor suppressor genes in TC (2,16).

Genetic Alterations in Thyroid Cancer

Over the past three decades, advancements in genome sequencing technologies have facilitated a deeper understanding of the molecular
mechanisms underlying TC. Although TC was considered a disease with a relatively low somatic mutation burden, driver mutations
triggering cancer development have been identified in more than 90% of cases (7). The most frequently observed genetic alterations are point
mutations in the BRAF and RAS genes, which are often followed by RET/PTC rearrangements. Less common mutations include alterations in
PIK3CA, TP53, TSHR, PTEN, GNAS, and CTNNBI genes, all of which contribute to tumorigenesis (14). Notably, oncogenic gene fusions are
much more prevalent in pediatric TC, present in 50-60% of cases, compared to only 15% in adults. Conversely, point mutations are less
frequent in pediatric cases, observed in approximately 30% of pediatric TCs, compared with nearly 70% in adults (4).

The BRAF gene belongs to the serine-threonine kinase family and regulates the expression of genes involved in cell proliferation,
differentiation, and apoptosis through the MAPK/ERK signaling pathway. The most frequently reported mutation is BRAF-V600E, whig
associated with increased invasion, tumor growth, and loss of cell differentiation, particularly in PTC (2,4,7). BRAF mutations are fo
up to 60% of adult PTC cases but are significantly rarer in pediatric PTC, appearing in only about 25% of cases, indicating age-relate
differences in the molecular drivers of TCs (3).

RAS gene mutations are among the most important genetic alterations following BRAF mutations (17). RAS functions as a G

NRAS. Mutations in the NRAS gene, which primarily affect the PI3 IQAKT pathway, are frequently implicated in thyr01d
However, these mutations also activate both the MAPK/ERK and PI3K/AKT signaling pathways While RAS mutatien

frequency of RAS mutations varies between subtypes, occurring in 10—20% of PTC cases and 40-50% of FT
mutations are notably rare in pediatric TCs (18).

is expressed in neuroendocrine C cells and its mutations are primarily associated with MTC (7). Ho ¢ arrangements have
been implicated in PTC carcinogenesis by leading to uncontrolled activation of MAPK/ERK and PI3K
prevalence of RET/PTC rearrangements differs between adult and pediatric cases, occurring in 5-15% @
25-65% in pediatric cases (19).

PAX8/PPARy fusion protein is one of the most common genetic alterations in PTC after R¢ ations and hag been associated with invasive
tumors occurring at a younger age. This fusion protein has also been detected in follic C, follicular adenoma, and Hurthle cell

f erse transcriptase (TERT) promoter
mutations in aggressive and undifferentiated tumors. These mutations, observed i ieal subtypes of TC, underscore their
critical role in TC progression (Fig 1) (7,21).
Meanwhile, most cases of MTC are caused by mutations in the RET proto- ations can occur as inherited germline
mutations in MEN2A and MEN2B syndromes or arise sporadically. Mu i
number of sporadic MTC cases (7,22).
Signaling Pathways in Thyroid Cancer
Disruptions in the MAPK/ERK and PI3K/AKT signaling pathwa jtical rol¢ in the molecular pathogenesis of thyroid cancer (7).
The MAPK/ERK pathway, one of the key signaling cascade, i i
progression. Genetic alterations, including mutations in A nd EIF1AX, which activate the MAPK/ERK pathway, have
been discovered in cases where BRAF and RAS mutation: is pathway is particularly significant in the development of PTC
(22). BRAF-V600E mutation activates the MAPK/E i lmg pathway and interacts w1th extracellular matrix (ECM) proteins in the

leading to cancer progression (2).
PI3K/AKT pathway, another critical signa
PIK3CA and AKT1 genes or inactivatj i in addition to RAS mutations and PAXS8/PPARy fusion protein (16). Furthermore,

Inducing Factor 1-a (HIF1a), FOXO3@ndN actor Kappa B (NF-kB) (2).

The progression of TC and itggfra ition into poorly differentiated TC or ATC is driven by additional mutations affecting key signaling
pathways. Notably, disrupti B-catenin signaling pathways play an important role in this transformation. The NF-xB
signaling pathway also c0
malignancy (7).

ed cell death triggered by the detachment of cells from the ECM. This term, which means ‘homelessness’ in

Greek, i the inabili cells to survive if they lose their connection with the ECM. Integrin receptors, which mediate cell-ECM
intera stablish a physical connection to the cytoskeleton but also regulate various cellular processes, including cell migration.
proli rvival, by transmitting signals from the ECM to the cell (23,24).

crucial defense for the organism by preventing the reattachment and uncontrolled growth of misplaced cells within the
ing tissue homeostasis (25). When anoikis is dysregulated, cells may survive or proliferate in inappropriate environmets,
cer cells that facilitates metastases to distant organs (26).

nd Extrinsic Pathways of Anoikis

n01kis is a process initiated by the activation of caspases and leads to the activation of endonucleases, DNA fragmentation, and cell death.
process is orchestrated through the two main pathways of apoptosis, intrinsic, and extrinsic pathways (Fig 2). Bel-2 family proteins play
a central role in both pathways and this family is divided into three main groups consisting of anti-apoptotic proteins such as Bcl-2, Bel-XL,
Mcl-1, pro-apoptotic proteins such as Bax, Bak and Bok, and pro-apoptotic proteins with BH3-only proteins such as Bid, Bad, Bim, Bmf,
Noxa, Puma (23).

The intrinsic pathway is activated by intracellular stress factors, such as DNA damage or endoplasmic reticulum stress, leading to
mitochondrial dysfunction. During this process, pro-apoptotic Bax and Bak proteins are transported from the cytosol to the outer
mitochondrial membrane, where they oligomerize and form pores that increase mitochondrial permeability. This leads to the release of
cytochrome-C, which combines with apoptosis protease activation factor (Apaf) and caspase-9 to form a complex called apoptosome. The
apoptosome initiates apoptosis by activating caspase-3 (23,27). BH3-domain proteins, particularly Bid and Bim, play a crucial role in the
intrinsic pathway of the anoikis. They are rapidly activated when cells detach from the ECM, facilitating the oligomerization of Bax and Bak,
which in turn promotes the release of cytochrome C from the outer mitochondrial membrane. Furthermore, other BH3-only proteins, such as
Bad, Bik, Bmf, Noxa, Puma, and Hrk indirectly promote Bax-Bak oligomerization by inhibiting the anti-apoptotic effects of Bcl-2 (28).




The extrinsic pathway is initiated by ligand binding to death receptors belonging to the tumor necrosis factor (TNF) receptor superfamily,
such as Fas, TNFR1, and TRAIL receptor-1 and -2. The death-inducing signaling complex (DISC) is formed as a result of this binding.
Caspases 8 are activated as a result of DISC's interactions with adaptor proteins, such as Fas-associated death domain protein (FADD). Once
released into the cytoplasm, active caspase-8 activates effector caspases such as caspase-3, caspase-6, and caspase-7, leading to cell death
(23,29). Furthermore, the Bid protein is cleaved and activated by caspase-8, which starts the release of mitochondrial cytochrome-C and
apoptosome formation. This mechanism establishes a functional link between extrinsic and intrinsic pathways (30). Detachment of cells from
the ECM increases the expression of Fas and Fas ligands.These changes reveal the important role of the extrinsic pathway in anoikis (31).
Furthermore, alteration of cell shape may also lead to activation of Fas receptors and initiation of extrinsic anoikis (32). Anti-apoptotic
signals contributing to anoikis resistance are summarized in Table 1.

Protection Against Anoikis Under Physiological Conditions

Epithelial cells are protected against anoikis when they bind to ECM proteins under physiological conditions. Studies have revealed that
integrins suppress apoptosis and transmit cell survival signals through cell-ECM interactions (34). Various integrin subunits (a5p1, avf3
alPl, a6P1) activate different signaling pathways that promote cell survival. These pathways include key signaling cascades such as
adhesion kinase (FAK), Src kinase, integrin-linked kinase (ILK), PI3K/AKT, and MAPK/ERK. FAK, which is rapidly activated after
with ECM, regulates cell survival, proliferation, and motility. PI3K/AKT pathway prevents cell death by inhibiting the activation of ca

(PDGFR), and epidermal growth factor receptor (EGFR), can be triggered by ECM interaction. This activation activates tl

PI3K/AKT pathways and transduces signals that inhibit cell death (23,35).

During cell migration, cells may temporarily lose their attachment to the ECM. Mesenchymal motility is the progéss b

using specific adhesion points, driven by proteolysis of the ECM. During this type of migration, cell-ECM intg @
)

Cell-cell contacts play a crucial role in cell survival. Cadherins act as fundamental membrane protei ide binding between cells and
interact with integrins and growth factor receptors to transmit survival signals to the cell. E-cadherin blegk@de triggers anoikis, while 8
catenin overexpression increases anoikis resistance in epithelial cells. N-cadherin transduces survival signals,via the PI3K/AKT pathway
(38). Other cell surface molecules such as P- and L-selectin are also involved in this procgs Vating the FAK, Src, PI3K/AKT, and

to an increase in reactive oxygen
species (ROS) and trigger cell death. However, autophagy comes into play as a t i echanism under these conditions.

Anoikis Resistance in Cancer Cells
In normal cells, anoikis functions as a vital mechanism for elimination
cancer cells can develop resistance to anoikis, enabling them to evads

maintenance of tissue homeostasis. In contrast,
ed from the ECM. This resistance plays a

processes, cancer cells can survive at the primary tumor site and to distant organs. These resistance mechanisms involve several
key processes such as changes in integrin profile, epithelial-
pathways, and metabolic adaptations, including Warburg
One of the most important mechanisms enabling cancer c
profile of integrins. These changes allow cancer cel

espite detachment from the ECM is changes in the expression
e to anoikis and survive both in the early stages of oncogenic

triggering PI3K/AKT and MAPK/ERK signali ays (Eig 3). These pathways transmit signals that promote cell survival, inhibit
caspase activation, and lead to inactivatiQ 2 i i

motility of cancer cells (23,42,43).
Epithelial-mesenchymal transition
losing connections, and acquiring a

1 " In cancer cells, EMT has been shown to enable detachment from neighboring cells,
sues, and invasion. During EMT, the expression of cell-cell adhesion molecules like E-cadherin is

nd protect against cell death (Fig 3) (33) Hyp0x1a inducible factors (HIFs), partlcularly HIF-1, trigger
irconments by increasing Twist and NF-«kB activation and promoting Snail expression. Furthermore, HIF-1
eading to the degradation of pro-apoptotic proteins and increasing anoikis resistance (45).

cells is closely associated with the reprogramming of apoptotic mechanisms despite the loss of integrin

enhanced when negative regulators of this pathway, such as PTEN, are inactivated (23,33). In addition, Src family
engthen resistance to anoikis, promoting ECM-independent survival, invasion, and metastasis. (47).

oikis resistance in cancer cells due to oxidative stress and hypoxia plays a critical role in tumor survival, proliferation,
read. Chronic ROS production enhances survival signaling and suppresses apoptotic pathways by activating enzymes like
oxidase, leading to sustained PI3K/AKT and MAPK/ERK pathway activity (Fig 3). Redox-sensitive transcription factors such as
F-1a, and p53 also contribute to anoikis resistance (48). The continuous generation of ROS leads to the inhibition of enzymes
involved in apoptotic processes, such as PTEN and PTP-1B, through oxidative modification of phosphatases. Increased ROS levels also
ivate antioxidant responses, enabling cancer cells to persist even without ECM attachment. (23,41).

Cancer cells reprogram their metabolic pathways to sustain survival under ECM-deprived conditions. Unlike normal cells, which rely on
oxidative phosphorylation for energy production, cancer cells shift their metabolism to glycolysis, a process known as the Warburg effect.
Upon detachment from the ECM, glucose uptake, glycolysis, and mitochondrial respiration typically decrease, leading to ATP depletion and
energy deficiency. However, cancer cells compensate by maintaining energy production through glycolysis, achieved by increasing glucose
uptake and activating signaling pathways such as PI3K/AKT and HIF-1a (23,42). In addition, cancer cells activate the autophagy pathway to
manage metabolic stress. During autophagy, these cells maintain energy balance and suppress apoptotic signaling. By integrating metabolic
reprogramming and autophagy, cancer cells effectively adapt to hostile environments, ensuring survival and facilitating metastatic
progression (42).

Cancer progression to malignancy consists of a series of steps, including carcinogenesis, sustained proliferative signaling, the formation of a
hypoxic tumor environment, angiogenesis, lymphangiogenesis, interaction with tumor microenvironment, ECM migration and invasion,
intravasation into the bloodstream, survival in circulation, extravasation, metastatic niche preparation, and proliferation in distant organs



(49). Resistance to anoikis plays a critical role in many of these processes. Therefore therapeutic approaches targeting anoikis resistance hold
important potential for halting cancer progression. (23).

Role of Anoikis in Thyroid Cancer

TC subtypes exhibit significant differences in biological behavior and therapeutic response. PTC is the most common subtype and is
typically associated with a favorable prognosis (1). However, 15-50% of PTCs exhibit local invasion and regional lymph node metastases. In
contrast, FTC is more invasive and tends to metastasize to distant organs with a rate of 20%. ATC is the most aggressive subtype and exhibit
metastases to distant sites in over 98% of cases. These differences in metastatic characteristics make TC a valuable model for exploring the
underlying mechanisms of metastasis (1,10).

Investigation of cell death processes is crucial for understanding the molecular mechanisms driving metastasis in TC. Among these
processes, apoptosis is the most extensively studied (50-52). According to existing research, one of the most prevalent molecular changes in
TC is the activation of the PI3K/AKT signaling pathway, which promotes cancer cell survival by triggering anti-apoptotic signals.
Furthermore, overexpression of Bcl-2 family proteins plays an important role in the suppression of apoptotic processes (50). Specifical
mutations in the p53 tumor suppressor gene, which are prevalent in ATC, affect the operation of apoptotic processes, which in turn leads
more aggressive phenotype of cancer cells (53).

Anoikis resistance is essential for TC cells to detach from the ECM and survive during the metastatic process. Although studies on ano

interest. Recent findings highlight various molecular pathways and cellular interactions that contnbute Q i
revealed that TC cells detached from the ECM communicate with each other through gap junctions tg @

particular, sustained activation of the AKT signaling pathway in cells carrying the BRAFV600E mutati0 been shown to develop
resistance to anoikis. Furthermore, inhibition of gap junction-mediated intercellular communication (GJIC)suppressed AKT activation and
led to apoptosis in cells with high PTEN expression. These ﬁndlngs suggest that GJ IC co

vitro studies have demonstrated that tumor cells' resistance to invasion, mi
upregulated, whereas these functions are diminished when 4 is suppres;
Zhao et al. investigated the role of cell cycle checkpoint kinase 2 (C
a tumor suppressor kinase that maintains genomic integrity in res
PTC tissues but significantly reduced in lymph node metastases.
particularly lymph node metastasis. Moreover, CHK2 was f
PRAS40 is an AKT kinase-dependent substrate that prom cell growth and Strvival by regulating mTORCI activity. It was observed that
suppressmn of CHK2 prevented anoikis by i 1ncreas1ng p- in a p53-independent manner. In conclusion, CHK?2 regulates the

anoikis via PRAS40, presenting a potential therape reatment (11). Yi Pan et al. found that anoikis resistance in PTC

could be inhibited by miR-363-3p targeting inte
potential in preventing metastasis (60). These
anti-metastatic agents in metastatic processes, 1
A study investigating anoikis-related gene

rlier research demonstrating the dual functions of miRNAs as pro- and
, cell migration, anoikis resistance, and EMT (61,62).

PRKCQ strengthens anoikis re51stanc gthe MAPK/ERK pathway through its kinase act1v1ty, and blocking CD36 eliminates
stratlon INHBB has been shown to 1nh1b1t cell migration by suppressmg anmkls resistance

anoikis resistance by reduci

through the TGF-} signalin@p ‘

been shown to trigger and ing intercellular binding components and acting on the epithelium. The contribution of these genes to
d in detail and ROC curves confirmed that these six genes are a strong indicator for prognosis prediction in

he risk scores, patients were divided into high and low-risk groups; immunological analyses revealed that

patients with PT
plasma cells, T

ression of TSG101 has been shown to arrest the cell cycle in these cancers, suggestlng 1ts potentlal as a therapeutic target
These findings reveal that TSG101 plays a pivotal role in regulating anoikis resistance in TC and may serve as a molecular

target against metastatic TC (10).

conclusion, these studies highlight that anoikis resistance plays a critical role in tumor progression and metastasis in TC. Molecules such
SG101, CHK2, integrin 4, and miR-363-3p have emerged as potential therapeutic targets, especially in metastatic TC. Additionally,
genes such as EZH2, PRKCQ, CD36, INHBB, TDGF 1, and MMP9 have been demonstrated to play important roles in anoikis resistance and
tumor progression. These findings offer potential advancements in the treatment of metastatic TC by providing a promising foundation for
the development of new strategies targeting anoikis resistance.
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Table 1. Overview of anti-apoptotic mechanisms contributing to anoikis resistance in thyroid cancer.

Mechanism / Pathway

Key Molecules

Mechanism of Action in Anoikis Resistance

Intrinsic apoptotic pathway
inhibition

Bcl-2, Bel-XL, Mcl-1

Prevents mitochondrial cytochrome-C release and caspase-9
activation.

Extrinsic apoptotic pathway
suppression

Fas, FasL, FADD, Caspase-8

Inhibits caspase-8-mediated apoptosis and maintains Bid in an
inactive form.

PI3K/AKT pathway activation

PI3K, AKT, PTEN (loss)

Suppresses pro-apoptotic proteins and promotes survival under
ECM-detached conditions.

MAPK/ERK pathway activation

BRAF (V600E), MEK, ERK

Enhances cell proliferation and survival, suppresses prg
signaling, and supports EMT induction.

NF-kB pathway activation

NF-«kB

Integrin-mediated survival
signaling

avP3, a5B1, FAK, Src, ILK

Induces transcription of anti-apoptotic genes (e. g Be
Maintains survival via ECM-independent acti §
signaling.

Growth factor receptor activation

VEGFR, HGF-R, PDGFR, EGFR

Activates PI3K/AKT and MAPK/ERK pathw
independent signaling, enhancmg surv1val

Hypoxia response and ROS
adaptation

HIF-1a, NADPH oxidase, ROS,
NF-kB, p53

EMT

Snail, Twist, ZEB1/2, N-cadherin,

Vimentin

Suppresses E-cadherin, promd
motility, invasion, and ang

Cadherin switching and f-catenin
signaling

E-cadherin (downregulated), N-
cadherin (upregulated), B-catenin

Reduces intercellular
detachment.

Metabolic reprogramming

(Warburg effect)

GLUT1, LDHA, HIF-1a

Autophagy activation

Beclin-1

Abbrevtatzons ECM extracellular matr1x FAK focal adhesion kinase; Src, Src famll

hypoxia-inducible factor l-alpha.

Extracellular
matrix

Cytoplasma

TP53
4 Nucleus

Growth
factors @)

RTK

BRAF
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B-Catenin

, integrin-linked kinase; PI3K,
endothelial growth factor receptor;
epidermal growth factor receptor; EMT,

RET/PTC
m
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Figure 2. Activation of anoikis mechanism. Adapted from Taddei et al., 2012 (33).
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Figure 3. Molecu) Mmechanisms of anoikis resistance in cancer cells. Adapted from Taddei et al., 2012 (33).





