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Abstract

Organoid and spheroid technologies have rapidly become pivotal in thyroid cancer research,
offering models that are more physiologically relevant than traditional two-dimensional
culture. In the study of papillary and anaplastic thyroid carcinomas, two subtypes that
differ both histologically and clinically, three-dimensional (3D) models offer unparalleled
insights into tumor biology, therapeutic vulnerabilities, and resistance mechanisms. These
models maintain essential tumor characteristics such as cellular diversity, spatial structure,
and interactions with the microenvironment, making them extremely valuable for disease
modeling and drug testing. This review emphasizes recent progress in the development
and use of thyroid cancer organoids and spheroids, focusing on their role in replicating
disease features, evaluating targeted therapies, and investigating epithelial-mesenchymal
transition (EMT), cancer stem cell behavior, and treatment resistance. Patient-derived
organoids have shown potential in capturing individualized drug responses, supporting
precision oncology strategies for both differentiated and aggressive subtypes. Additionally,
new platforms, such as thyroid organoid-on-a-chip systems, provide dynamic, high-fidelity
models for functional studies and assessments of endocrine disruption. Despite ongoing
challenges, such as standardization, limited inclusion of immune and stromal components,
and culture reproducibility, advancements in microfluidics, biomaterials, and machine
learning have enhanced the clinical and translational potential of these systems. Organoids
and spheroids are expected to become essential in the future of thyroid cancer research, par-
ticularly in bridging the gap between laboratory discoveries and patient-focused therapies.
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1. Introduction

Thyroid cancer stands as the most common endocrine malignancy, with its occurrence
rising steadily across the globe in recent decades [1,2]. Differentiated thyroid carcinomas
(DTCs), which include papillary thyroid carcinoma (PTC) and follicular thyroid carcinoma
(FTC), make up about 90-95% of all cases and typically have positive outcomes when treated
with surgical removal followed by radioiodine (RAI) ablation [3]. Nonetheless, despite
initial treatment success, around 10-15% of PTC patients develop radioiodine-refractory
PTC (RR-PTC), which is linked to decreased survival rates and limited treatment options [4].
Poorly differentiated thyroid carcinoma (PDTC) and anaplastic thyroid carcinoma (ATC),
though less frequent, are highly aggressive forms characterized by swift disease progression,
resistance to conventional treatments, and high mortality rates [5,6].
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Traditional treatment methods for aggressive thyroid cancers, such as kinase inhibitors,
radiation, and chemotherapy, have shown only limited effectiveness, partly due to tumor
heterogeneity and mechanisms of therapy resistance [7]. A crucial factor in the success
of RAI therapy is the expression and membrane localization of the sodium—iodide sym-
porter (NIS); however, in RR-PTC and ATC, NIS expression is often absent or improperly
localized [8]. Molecular changes like BRAFV600E mutations [9,10], RET/PTC rearrange-
ments [11], and activation of the PI3BK-AKT-mTOR pathway [12,13] are frequently involved
in tumor dedifferentiation, treatment resistance, and the suppression of iodine uptake mech-
anisms [14-16]. Although targeted therapies such as BRAF and MEK inhibitors have shown
potential, their effectiveness is often short-lived due to adaptive resistance and the lack of
reliable preclinical models that can replicate in vivo tumor behavior [17]. These clinical and
molecular challenges highlight the urgent need for improved model systems that accurately
represent the pathophysiology and treatment landscape of thyroid cancer.

Despite their widespread use and accessibility, traditional two-dimensional (2D) cell
culture models lack the architectural complexity, spatial heterogeneity, and dynamic cell-
matrix interactions characteristic of solid tumors [18,19]. Furthermore, many therapeutic
agents that demonstrate efficacy in 2D culture fail to achieve clinical success, underscoring
the limitations of such models in replicating drug resistance, metastatic potential, and tu-
mor microenvironmental cues. To address these limitations, three-dimensional (3D) culture
systems—particularly organoids and spheroids—have emerged as advanced platforms
that more accurately capture the in vivo biology of tumors. Organoids are self-organizing,
multicellular structures derived from stem cells or patient tissues that can replicate the
histological and functional features of the organ or tumor of origin [20,21]. Spheroids, al-
though structurally simpler, are formed by forced aggregation of tumor cells and reproduce
essential gradients of oxygen, nutrients, and proliferation observed in avascular tumor
regions. Both systems offer significant advantages over 2D culture, including enhanced
mimicry of tumor architecture, maintenance of genomic and phenotypic heterogeneity, and
suitability for long-term culture and drug testing [22].

While organoids and spheroids have been extensively studied in colorectal, breast,
liver cancer, etc., their application in thyroid cancer is relatively recent but rapidly ex-
panding. Emerging studies have demonstrated the feasibility of generating PTC and
ATC organoids from patient-derived tissues and cell lines, enabling functional assays for
drug response, signaling pathway interrogation, and modeling of tumor progression [23].
In particular, 3D models are increasingly being utilized to evaluate drug resistance pat-
terns, simulate epithelial-mesenchymal transition (EMT), explore cancer stemness, and
characterize the tumor microenvironment in a controlled and reproducible manner [24,25].

In this review, we explore recent advances in organoid and spheroid technologies and
their emerging role in thyroid cancer research. By highlighting key applications in disease
modeling, therapeutic testing, and personalized medicine—particularly in papillary and
anaplastic thyroid cancers—we aim to underscore the potential of 3D models to bridge the
gap between laboratory research and clinical translation.

2. Limitations of Conventional Thyroid Cancer Models
2.1. 2D Cell Culture

For a long time, 2D culture systems have been essential in thyroid cancer research
because they are cost-effective, easy to manipulate, and well-suited for high-throughput
applications. These models have played a crucial role in advancing the understanding
of signaling pathways and drug screening. Nonetheless, their lack of three-dimensional
structure and microenvironmental context limits their adoption in clinical trials. Cells
cultured in 2D monolayers show changes in morphology, polarity, gene expression,
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and drug responsiveness, which often result in discrepancies between preclinical and
clinical outcomes.

Since the late 1950s, thyrocytes have been cultivated in 2D monolayer systems [26].
However, a key drawback of this method is that thyrocytes fail to organize into their
natural follicular structures when grown on standard adherent plates [27]. Instead, they
form a continuous epithelial sheet, where the apical side faces the culture medium, and
the basal side is in contact with the dish surface. When cultured in suspension within
non-adherent vessels, thyrocytes naturally assemble into follicular structures. However,
their orientation results in an “inside-out” follicle, where the apical surface with microvilli
is exposed to the surrounding culture medium [27]. To correct this polarity, a collagen
gel-based culture system was introduced in the 1970s. In this system, embedding these
follicles into a 3D matrix resembling the thyroid extracellular matrix (ECM) allows for their
orientation to be reversed. This adjustment positions the microvilli inward toward the
follicular lumen, restoring the structure of a functional thyroid follicle. Thus, 3D culture
provides a more functionally appropriate model for studying thyroid function by closely
mimicking the natural microenvironment. Additionally, they allow researchers to study
thyrocyte responses to thyroid-stimulating hormone (TSH) and iodine in a more accurate
and functional setting [28]. These advantages make 3D culture systems an essential tool for
exploring thyroid function and disease mechanisms.

2.2. Animal Models: Challenges in Translation

Animal models, including genetically engineered mouse models (GEMMSs) and patient-
derived xenografts (PDXs), have played a crucial role in enhancing our understanding of
the pathophysiology and treatment response of thyroid cancer. These models provide a
more biologically relevant environment than 2D culture, allowing for in vivo drug testing
and metastasis studies. Nonetheless, species-specific differences in tumor biology, immune
interactions, and metabolism often impede the translation of animal study findings to
humans. Additionally, the high cost, ethical concerns, and time-consuming nature of
animal experiments restrict their extensive use in preclinical research. Mouse models have
contributed greatly to thyroid cancer research by allowing for precise genetic manipulation
to explore oncogenic drivers and molecular changes. They provide a clinically pertinent
platform to examine tumor-immune interactions, disease progression, and metastatic
potential over time. Furthermore, these models are essential for preclinical assessment of
new therapeutic agents [29].

Differentiated thyroid cancers, including papillary and follicular types, comprise the
majority of thyroid cancer cases. The combination of foundational research and clini-
cal knowledge has led to the creation of genetically modified mouse models that mimic
significant mutations found in human differentiated thyroid cancers, such as RET/PTC re-
arrangements and BRAFV600E mutations [30,31]. These models have played a crucial role
in clarifying the functions of the MAPK, PI3K-AKT, and cAMP/PKA signaling pathways
in the development of thyroid tumors. For example, mice with an overactive PI3BK-AKT
pathway have been observed to develop follicular thyroid cancer, which parallels the pro-
gression of the disease in humans. New inducible systems are being developed to represent
sporadic, non-hereditary thyroid cancers more accurately, thereby increasing the relevance
of preclinical research [32,33]. Moreover, progress in in vivo imaging has enhanced the
ability to track tumor growth and spread, offering essential tools for preclinical assessment
of therapeutic agents [34].

Despite these advantages, translational challenges persist due to interspecies differ-
ences in immune function, metabolism, and genetic complexity. The biological differences
between mice and humans can impede the direct application of research findings. Moreover,
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the creation and maintenance of genetically modified mouse models require significant
resources. Some models may not accurately represent the genetic diversity of human
tumors, show unnaturally fast tumor growth, or fail to effectively simulate metastasis. Ad-
ditionally, variations in immune system function between species can restrict the precision
of immune-oncology research [35]. Given these constraints, there is a pressing demand for
more sophisticated preclinical models that can better mimic the in vivo tumor environment.

3. Organoids and Spheroids: An Emerging Paradigm in Thyroid
Cancer Research

The shortcomings of traditional 2D cell culture systems and in vivo models have
spurred the advancement of 3D cell culture platforms, particularly organoids and spheroids,
as more biologically accurate models for cancer research. These platforms replicate the
structure, diversity, and microenvironment of tumors more accurately, thereby improving
the translational relevance of preclinical studies.

3.1. Organoids: Advancing Complexity and Relevance

Organoids are a sophisticated three-dimensional culture system that exhibits self-
organization, multicellularity, and functional similarity to natural tissues. Originating from
stem cells, adult, embryonic, or induced pluripotent organoids can replicate the histological
and functional characteristics of their source organs [36]. Organoids are characterized by
their ability to encompass various differentiated cell types, sustain prolonged growth, and
react to physiological signals, making them excellent tools for studying organ development,
disease progression, and therapeutic effects. In thyroid cancer, organoids derived from
tumors preserve the genetic, epigenetic, and phenotypic diversity of the original tumor,
rendering them especially useful for personalized treatment approaches. Unlike spheroids,
which are created through the forced aggregation of cells, organoids naturally form from
patient-derived cells following inherent developmental pathways. This ability enables
them to accurately replicate tumor structure and disease-specific characteristics in vitro [37].
Furthermore, organoids are cost-efficient and ethically sound substitutes for patient-
derived xenografts (PDX), offering enhanced scalability and consistency in experiments [38].
Their swift adoption in cancer research is attributed to these benefits, which include ef-
forts to simulate treatment resistance, pinpoint actionable mutations, and evaluate new
therapeutic combinations.

3.2. Spheroids: Structure, Development, and Utility

Spheroids are multicellular aggregates, typically composed of a single-cell type that
self-assembles under non-adherent conditions. This model represents one of the earliest
3D culture methods, dating back to 1956, when Ehrmann and Gey observed cellular
aggregates forming on rat collagen matrices [39]. In the decades that followed, especially
between the 1970s and the 1980s, researchers began exploring the influence of the tumor
microenvironment (TME) in 3D contexts [40].

Spheroid formation is largely driven by cell-cell and cell-matrix interactions with
adhesion molecules such as integrins, cadherins, and extracellular matrix (ECM) proteins,
which play critical roles in mediating compaction and stabilization. The architecture
of spheroids closely recapitulates the in vivo tumor microenvironment, exhibiting three
distinct zones: an outer layer of proliferating cells, a middle layer of quiescent cells, and a
necrotic core resulting from limited oxygen and nutrient diffusion, mirroring the hypoxic
gradient observed in solid tumors [41]. Multiple methodologies have been developed
to generate spheroids and organoids (Figure 1), including the hanging drop method,
low-adhesion plates, spinner flasks, and bioreactor-based suspension culture [42]. These
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methods facilitate the formation of spheroids of varying sizes and densities, making them
suitable for use in drug testing, cancer biology research, and modeling radiotherapy
resistance. The 3D culture models surpass traditional 2D culture and animal models by
mimicking tumor cellular diversity and spatial arrangement. These models enable patient-
specific therapeutic evaluations and bridge the gap between in vitro and in vivo research,
advancing thyroid cancer studies and clinical outcomes.
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Figure 1. Generation of 3D thyroid cancer models. A conceptual overview of developing 3D thyroid
cancer models involves using embryonic tissues, patient-derived tumors, normal tissues, and stem
cells to create three-dimensional culture systems by technical methods such as hanging drop culture,
hydrogel matrices, ultra-low attachment plates, spinner flasks, and microfluidic devices (Created in
https:/ /BioRender.com).

4. Applications of Organoids and Spheroids in Thyroid Cancer Research

Organoids and spheroids have quickly become sophisticated tools for studying thy-
roid cancer biology, offering greater physiological relevance, predictive accuracy, and
translational potential than traditional 2D culture systems. These models replicate the
three-dimensional structure, cellular diversity, and tumor microenvironment, enabling
extensive applications in disease modeling, drug screening, personalized treatment, and
microenvironmental research. Table 1 provides a comparative summary of key studies
utilizing organoid and spheroid models in thyroid cancer, highlighting their applications,
experimental context, and translational maturity to assist readers in evaluating their rele-
vance and impact. Figures 1 and 2 provide a visual overview of the sources, development
techniques, and key translational applications of organoid and spheroid models, contextu-
alized for their relevance in thyroid cancer research.
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Table 1. Summary of 3D culture-based studies in thyroid cancer.
. . Applications and .
3D Model Focus Developmental Experimentation Effects of 3D Models Translational References
Methods Model . . Stage
in Thyroid Cancer
Drug sensitivity
profiling and
Matrigel-based 3D personalized

culture of patient
biopsy tissues

Locally advanced

neoadjuvant therapy.
PDO-guided therapy

Clinically relevant

Patient-derived grown in thyroid cancer achieved 32.7% ORR Sinele-arm phase
- thyroid-specific tissues (LATC), overall, 50% in ATC, & P [43]
organoids (PDOs) y P II study
medium used for including DTC, improved RO/R1 (NCT06482086)
PDO expansion MTC, and ATC. resection to 34.5%, and
and drug validated feasibility of
screening. PDO-based treatment
selection in clinical
setting.
Patient-derived
organoid culture .
(VWL-T5 and Four ATC spheroid 1nII)1}1]l§Ytch;rmsTI alz\glsl; d
VWL-T60)ina  cell lines (THJ-16T, o irf)i"r o
24-well low TH]J-21T, THJ-29T, ‘z heroids and Clinically relevant
Oreanoids and attachment plate and THJ-11T) and orparfoi ds across Patient-derived
g heroids containing 5% two primary BRg 'AF models. Tt organoids tested [44]
P Matrigel and patient-derived surpassed BRAF/'MEK with therapeutic
complete media. ATC organoid thgra and showed comparison.
ATC Spheroid cultures (VWL-T5 ad ditiI:\)/ }é combination
culture in a and VWL-T60).
384-well effects.
cell-repellent plate.
Spheroid culture: PTC organoids
Seeding and maintained
culturing. self-renewal and gene
Organoid culture: expression, while
patient-derived RAIRD organoids
PTC tissue Patient-derived showed Clinicallv relevant
mechanically and PTC tissues, dedifferentiation and Patien t?]derive d
Organoids and chemically RAIRD thyroid NIS loss. Early oreanoids used to [45]
Spheroids digested, cancer tissues NIS/TSHr regdict radioiodine
resuspended in Nthy-ori3-1, TPC-1 upregulation in p response
DMEM/F12 cell lines. RAIRD organoids P '
medium, and indicated failed
combined with compensation, with
Basement NIS expression
Membrane correlating to
Matrigel. treatment outcomes.
mESCs were The BrafV637E thyroid
senetically cancer organoid model
modified to allow | Hmes
for the inducible patient-derived PTC,
. showing MAPK
overexpression of activation and Exploratory
o id the murine BrafV637E induced dedifferentiation. Tt Murine model, [46]
THAnoIes BrafV637E mESCs. ecrierentiaion. mechanistic tumor
. enables studying S
mutation. ; initiation study.
Hanging drop tumor progression and
method and therapeutics, with
embedding in transcriptomes
Ma trige% reflecting PTC

pathways.
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Table 1. Cont.

. . Applications and .
3D Model Focus Developmental Experimentation Effects of 3D Models Translational References
Methods Model . . Stage
in Thyroid Cancer
Freshly resected Patient-derived PTC
PTC tissue was .
. organoids
mechanically and . . .
. recapitulated original
enzymatically
dissociated into tumors and enabled
sinele cells and Patient-derived drug testing. While Clinically relevant
snr?all clusters PTC tissues with BRAFV600E inhibitors = Drug response tied
Organoids . g BRAFV600E showed limited to [47]
which were then . . -
. mutation or efficacy alone, genotype-specific
embedded in . .. .
. wild-type. combination therapies outcomes.
Matrigel and
. enhanced responses,
cultured in a .
1 demonstrating
specialized .,
. organoids’ value for
organoid growth .
. treatment strategies.
medium.
Human embryonic
stem cell-derived
Modified human thyroid organoids
. produced hormones
embryonic stem in vitro and in vivo
cells (hESCs) are Human embryonic ’
. . . . Transplanted .
differentiated into stem cell line oreanoids restored Preclinical
Oreanoids embryoid bodies (HES3-NKX2- h c%rmone levels in In vivo application, [48]
& (EBs) using the 1WT/GFP) and . . . but not
. . thyroidectomized mice o
Hanging drop derived hESC- and formed cancer-specific.
technique, and NKX2-1-PAXS8 line. . . .
. angiofollicular units.
then embedded in . .
Matricel Single-cell sequencing
e showed diverse
thyroid cells at varying
maturation stages.
PTC organoids
mirrored tumor
Dissociation of . . hlStOpéthOIOgy a nd
. Patient-derived genetics, enabling ..
surgically resected . Clinically relevant
PTC primar PTC tissues and drug response Drue response
Organoids P y NTG (nodular profiling. Estradiol & resp [49]
tissues for . . . . relevant to
. thyroid goitre) promoted proliferation . .
organoid . . i proliferation.
S tissues. in ERa-positive
derivation. . .
organoids, showing
ERo's role in PTC
growth.
Human thyroid
Method 1: Primary organoids from adult
human thyroid tissue expressed
cells digested a'nd thyroid-specific and Preclinical
resuspended in Pri . stem cell markers,
. rimary murine . . Relevance to
. culture medium or showing regenerative . .
Organoids seeded in Matrigel and human otential. Upon thyroid physiology [50]
e thyroid cells. P P but not specific to

Method 2: Primary
sphere-forming
assay in Matrigel
with passaging.

transplantation into
hypothyroid mice,
they formed functional
tissue and improved
survival.

cancer models.
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Table 1. Cont.
. . Applications and .
3D Model Focus Developmental Experimentation Effects of 3D Models Translational References
Methods Model . . Stage
in Thyroid Cancer
EpCAM expression
Hangmg-drop Patient-derived was elevz%ted in poor'ly
technique, . differentiated thyroid .
tissue samples and Preclinical
poly FRO, SW1736 cancers and ATC Mechanistic
Spheroids (2-hydroxyethyl ! . spheres, showing . [51]
HTCC3, SW579, . findings, no
methacrylate) resistance to BRAF . .
. B-CPAP, FTC133 .l patient material.
non-adhesive . inhibition and
cell lines. . .
substrate. correlation with
tumor-initiating traits.
The ex vivo ATC
Dissociation of spheroid model
tumor tissue, replicated patient
aggregation in 8505C, SW1736, tumors’ structure, Preclinical
AggreWell plate, =~ C643, THJ-16T cell ~ gene expression, and No valid clinical
Spheroids transfer to lines and ATC01 drug response, apolication [52]
low-attachment (Patient tumor showing EMT traits pr}Z)Vi ded
plates, Matrigel sample). and varied sensitivity P ’
embedding, and to BRAF/MEK
Matrigel drops. inhibitors by mutation
status.
Dexamethasone
inhibited spheroid
formation in
metastatic thyroid
Cells rotated on a cancer cells through
Random enhanced cell Preclinical
Positioning adhesion and stress Validated in
Machine (RPM) Nthy-ori 3-1, ML-1,  signaling disruption, metastatic vs.
Spheroids and Floating WRO, FTC-133 cell while benign cells benign cell lines, [53]
spheroid formation lines remained unaffected. but no
in 96-well Mechanical stress and patient-derived
U-bottom plates MUC1 regulation confirmation.
with static force. modulate DEX
sensitivity, suggesting
DEX’s potential as an
anti-metastatic agent
in thyroid cancers.
A screen of 1525
compounds in 2D and
3D ATC models
Seeded cellsin s m 3 cuture,
ultra-low 8505C, CAL-62, EN Preclinical
. attachment plates  Kat-4, SW579, T238 . ! Robust screening,
Spheroids cabazitaxel, and . . [54]
to allow for (all human ATC no patient-derived
. . YM155 emerged as
spheroid cell lines). . - models.
formation leading candidates,
’ demonstrating 3D

screening’s value for
preclinical drug
evaluation.
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Table 1. Cont.
. . Applications and .
3D Model Focus Developmental Experimentation Effects of 3D Models Translational References
Methods Model . . Stage
in Thyroid Cancer
RSL3, a GPX4 inhibitor,
disrupted spheroid
formation and reduced
viability in K1 thyroid Preclinical
Ultra-low-binding cancer cells through ¢ .C .
late for ferroptosis Mechanistic
Spheroids p . K1 thyroid cells PLosis. insight, validated [55]
tumor spheroid Ferrostatin-1 .
. in 3D culture, not
formation. co-treatment reversed atient-derived
these effects, showing P '
GPX4 inhibition as a
strategy against
thyroid cancer growth.
8505C, BHT101, Thyroid cancer
CAL62, Hth7, spheroids better mimic
The 1% SW1736 in vivo tumors than
agarose-coated (anaplastic); and 2D culture, showing Preclinical
plates for spheroid BCPAP, reduced proliferation Validated for
formation. BHP10-3SCp, K1, and loss of thyroid comparison
Spheroids Cultured in 2D and TPC-1 markers in inner P [56]
P between 2D and
and formed into (papillary). layers. Normal thyroid ..
. . . .. 3D, but no clinical
spheroids using Nthy-Ori 3-1, cells maintained correlation
the hanging drop FTC-133 (human differentiation in 3D, ’
method. follicular thyroid supporting spheroid
carcinoma) cell models for drug
lines. testing.
The 3D in vitro tumor
models usin;
Hras®12V /Pten—/~ /TPO-
Method 1: Cells Cre-derived thyroid
eml?edded in Hras1, H245T, and cancer lines pr.oduc.ed P.rechmca!
Matrigel matrix. . viable spheroids via Validated with
H340T cell lines, . .
. Method 2: . Matrigel and hanging encapsulated
Spheroids . derived from . [57]
Hanging drop drop methods, matrix, but lacks
mouse models of L . ..
method for FTC providing a platform direct clinical
spheroid ’ for drug screening and correlation.
formation. mechanistic research
by mimicking the
tumor
microenvironment.
Alginate-based 3D
culture of anaplastic
thyroid carcinoma
cells showed higher
o . ICyq values for Preclinical
The 1% Sodium BI-847325 versus 2D Validated with
. alginate hydrogel C643, SW1736 cell g
Spheroids . . culture, indicating encapsulated [58]
encapsulation lines d f i i b
method. rug resistance. This matrix but no

model better mimics
the tumor
environment for
studying drug
responses.

clinical correlation.
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Table 1. Cont.
. . Applications and .
3D Model Focus Developmental Experimentation Effects of 3D Models Translational References
Methods Model . . Stage
in Thyroid Cancer
Genetically distinct
thyroid cancer
spheroids showed
varied morphology
and
K1, MDA-T32, E-cadherin/ 3-catenin Preclinical
MDA-T68, TPC1 expression, enabling Dr:ecrelglcoarme
Spheroids Cells grown in (PTC); THJ-11T, 3D drug screening. mo dglin pin 3D [59]
P Matrigel discs ~ THJ-16T, THJ-21T,  Differential dabrafenib ing 1 o
. not linked to
and THJ-29T responses in K1 versus clinical samples
(ATC) TPC1 spheroids ples.
demonstrated the
value of 3D models for
identifying drug
sensitivities and
cytoskeletal changes.
Dexamethasone
inhibited FTC-133 cell
Cells cultured as spheroid formation
monolayers and under simulated
ther} exposed to FTC-133 (human microgravity by . Explqratory
. simulated - - modulating Biophysical focus,
Spheroids . . . follicular thyroid . y [60]
microgravity using carcinoma) Wnt/ 3-catenin and limited
a Random ’ TGEF-p signaling, translational data.
Positioning affecting cell adhesion,
Machine (RPM). EMT, and apoptosis
resistance in thyroid
cancer growth.
Cancer stem-like cells
Method: Sorted were more abundant
cells (Aldefluor- in anaplastic thyroid
positive and cancer than
negative) were well-differentiated
seeded. at .low Thyroid cancer cell types, Wlth . .
density in . Aldefluor-positive Preclinical
lines: FRO, Kat18, . .
ultra-low . cells showing higher CSC-focused,
. NTHY-Ori-3, - L
Spheroid attachment plates stemness. CSC validated in vitro, [61]
. . 8505C, BCPAP, s .
with spheroid TPC-1, THJ-16T spheroid lines showed not linked to
media (serum-free ! ! enriched traits, which ~ patient treatment.
. and THJ-21T.
with growth resveratrol and
factors and B27 valproic acid reduced,
supplement) to indicating potential for
promote spheroid targeting CSCs and
formation. thyroid cell
differentiation.
BCPAP cells failed to
form spheroids and
were sensitive to
Double-layered BCPAP (PTC) and MAPK inhibitors, Preclinical
while SW1736 cells 3D co-culture,
collagen gel model SW1736 (ATC), .
. . . formed 3D structures translational
Spheroids for analysis of both harbouring . . . [62]
. with reduced growth implication, and
directed tumor cell BRAFV600E
invasion mutation upon treatment. The lab-based
) ' 3D culture enhanced validation.

drug sensitivity and
enabled tracking of
tumor cell migration.
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Table 1. Cont.
. . Applications and .
3D Model Focus Developmental Experimentation Effects of 3D Models Translational References
Methods Model . . Stage
in Thyroid Cancer
Under simulated
microgravity, normal
and cancerous thyroid
cells formed spheroids,
Nthy-ori 3-1 with FTC-133
(normal thyroid producing larger
Random cells), FTC-133 structures. Expression Exploratory
. Novel model
Positioning (poorly of growth factors concept. limited [63]
Machine (RPM). differentiated NGAL, VEGFA, OPN, v lfd/ tion
follicular thyroid IL-6, and IL-17 audation.
cancer cell line). indicates
gravity-sensitive
signaling influences
spheroid formation in
thyroid cancer.
PLLA scaffolds with
micropores effectively
Cultured on mod.eled ar.laplastlc
polymeric thyroid carcinoma by
Poly-L-Lactic Acid enhancing Vlablhty .
and tumor-like Preclinical
(PLLA) scaffolds . .
. aggregates in C643 Functional 3D
. produced via C643 (human ATC) )
Polymeric scaffold . cells. The 3D scaffold study; no [64]
Thermally Induced cell line. . . .
. environment patient-derived
Phase Separation upregulated cancer material
(TIPS) with highly preg '
. stem cell markers and
interconnected

porous matrix. . .
resistance, advancing

ATC research and
therapy development.

4a. Study selection criteria:

To compile the studies summarized in Table 1, a focused literature search was con-
ducted using databases including PubMed, Scopus, and Google Scholar through March
2025. The search employed combinations of the terms: “thyroid cancer” AND (“organoids”
OR “spheroids” OR “3D culture”) AND (“papillary” OR “anaplastic” OR “differentiated”).
Eligible studies included original research articles that utilized three-dimensional (3D) cul-
ture models—specifically spheroids or organoids—derived from thyroid cancer cell lines,
patient tissues, or pluripotent stem cells. This approach aimed to provide a representative
and balanced overview of the current applications of 3D models in thyroid cancer research.

4.1. Disease Modelling: Mimicking Tumor Architecture and Pathophysiology

In thyroid cancer, modeling approaches differ between well-differentiated types, such
as papillary thyroid carcinoma (PTC), and undifferentiated, aggressive subtypes such
as anaplastic thyroid carcinoma (ATC). Patient-derived organoids and spheroids enable
subtype-specific modeling by preserving histological and molecular traits, including mu-
tational landscapes, hormone responsiveness, and microenvironmental features, making
them essential tools for capturing disease heterogeneity and therapy response. Organoids
from patient PTC tissues accurately mimic primary tumors” histological and molecular
features. For instance, Chen et al. demonstrated that PTC organoids retained the original
tumor’s genomic and pathological features, and notably, responded to estradiol in an
ER«&-dependent manner. This highlights the relevance of hormone receptor signaling in
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certain PTC subtypes and supports the use of organoid models in exploring sex hormone
influences and potential therapeutic targets in hormone-responsive thyroid tumors [49].
Similarly, Romitti et al. and Ogundipe et al. created functional thyroid organoids using
embryonic stem cells and adult human tissue, respectively [48,50]. These organoids exhib-
ited thyroid-specific markers, such as PAX8 and NKX2.1, and were able to restore hormone
production in mice with hypothyroidism, highlighting their potential for regeneration and
disease modeling.
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Figure 2. Overview of Organoid and Spheroid Applications in Thyroid Cancer Research. The
schematic illustration highlights the primary translational uses of organoid and spheroid models in
thyroid cancer studies. These three-dimensional cultures facilitate disease modeling, drug screening,
and personalized medicine initiatives. In the context of drug screening, these in vitro platforms are
employed to evaluate the cytotoxicity and targeted therapy effects of chemical agents. Models derived
from patients are also utilized for mutational and transcriptomic analysis, high-throughput drug
evaluation, and the creation of organoid biobanks. The incorporation of microfluidic systems enables
the simulation of the tumor microenvironment (TME), epithelial-mesenchymal transition (EMT),
and stemness characteristics [PDOs: Patient-Derived Organoids; EMT: Epithelial-Mesenchymal
Transition; TME: Tumor Microenvironment] (Created in https:/ /BioRender.com).

Spheroid systems play a crucial role in replicating the structural intricacies of thyroid
tumors. A recent study highlighted that layered ATC and PTC spheroids developed
a hypoxic core, central necrosis, and reduced proliferation, characteristics that are not
found in 2D culture [56]. Additionally, Ghiandai et al. revealed that 3D ATC spheroids
showed varied cleavage patterns of EpCAM, indicating its potential as a biomarker for
thyroid cancer dedifferentiation [51]. Kopp et al. adopted a novel method of creating
multicellular spheroids in simulated microgravity, emphasizing the role of biophysical
stimuli on thyroid cancer growth and angiogenesis [63]. Collectively, these models have
enhanced the biological significance of in vitro thyroid cancer systems and paved the
way for understanding the dynamic progression of the disease across various subtypes,
including well-differentiated and anaplastic thyroid cancers.
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4.2. Drug Screening and Therapeutic Evaluation

Organoid and spheroid models in thyroid cancer research enable better prediction of
therapeutic outcomes and drug-resistance patterns. Unlike 2D cultures that overestimate
drug effectiveness, 3D models provide a more reliable platform for preclinical drug screen-
ing by replicating tumor environments. In drug screening studies, 3D models of both ATC
and PTC have been employed to evaluate the efficacy of chemotherapeutics, targeted thera-
pies, and pathway inhibitors. Due to differences in mutation burden, differentiation status,
and treatment resistance, findings from ATC and PTC models are interpreted separately,
highlighting subtype-specific therapeutic vulnerabilities.

Numerous studies have demonstrated the improved predictive accuracy of spheroid
models for evaluating anti-cancer agents. Bergdorf et al. performed a high-throughput
screening of 1525 compounds on anaplastic thyroid cancer (ATC) cell lines using both
2D and 3D formats. Among these, 33 compounds remained effective in spheroids, and
bortezomib, cabazitaxel, and YM155 were identified as strong candidates for ATC treatment.
These results highlight the limitations of traditional models in identifying clinically viable
compounds and emphasize the importance of 3D validation in drug development [54].

Similarly, Diaz et al. combined ATC spheroid culture with patient-derived organoids
to assess the effectiveness of pyrvinium, a CKlx agonist that targets the Wnt pathway.
Pyrvinium demonstrated superior performance compared to the standard treatment
(dabrafenib + trametinib), even in BRAF-wild-type organoids, indicating its potential
as a therapeutic option across various mutational profiles [44]. Patient-derived organoids
have also been instrumental in the evaluation of targeted and combination therapies. For
example, Chen et al. found that BRAFV600E-mutant PTC organoids showed a limited
response to BRAF inhibitors alone, but when combined with MEK, RTK, or chemotherapeu-
tic agents, a marked increase in cytotoxicity was observed [47]. Additionally, it has been
reported that ATC spheroids derived from both cell lines and primary tumors exhibited
varied responses to BRAF/MEK inhibition depending on their mutational status, effectively
reflecting clinical treatment resistance [52].

Several pioneering studies have used 3D environments to investigate new treatment
methods. Sekhar et al. demonstrated that RSL3, a GPX4 inhibitor, triggers ferroptosis in
thyroid cancer spheroids, an effect that could be reversed by ferroptosis inhibitors [55].
Similarly, Samimi et al. evaluated the efficacy of BI-847325, a dual MEK and Aurora kinase
inhibitor, using alginate-encapsulated ATC spheroids. This compound targets both the
MAPK pathway and mitotic regulation, offering a potential strategy to overcome resistance
in aggressive thyroid cancers. Notably, the 3D spheroids exhibited greater resistance to BI-
847325 compared to 2D cultures, underscoring the importance of 3D models in uncovering
drug resistance dynamics [58]. In addition to cytotoxic profiling, 3D systems enable the
observation of therapy-induced phenotypic changes. For instance, it has been reported that
dabrafenib alters actin cytoskeleton organization and migratory behavior in a genotype-
specific manner in ATC and PTC spheroids, further supporting the functional significance
of these models [59]. Together, these studies emphasize the importance of 3D organoid and
spheroid platforms as vital tools in translational pharmacology for thyroid cancer, as they
effectively capture complex drug—tumor interactions and aid in the development of more
effective and personalized therapies.

4.3. Personalized Medicine and Patient-Specific Therapeutic Responses

The advent of organoids and spheroids as instruments for personalized medicine has
transformed thyroid cancer research by providing models that maintain the unique traits
of tumors in patients. These three-dimensional culture systems preserve the molecular,
histopathological, and phenotypic diversity of the original tissue, allowing for ex vivo drug
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response testing that is directly applicable to clinical outcomes. Patient-derived organoids
(PDOs) from papillary thyroid carcinoma (PTC) are particularly beneficial in this regard.
Organoids from various thyroid patients revealed that their response to estradiol was
specifically dependent on ERx expression, underscoring how receptor status can affect
hormonal sensitivity in PTC [49]. Similarly, Sondorp et al. created organoids from both
PTC and radioactive iodine-refractory differentiated (RAIRD) thyroid tumors, demonstrat-
ing varied expression of the sodium iodide symporter (NIS) and thyroid differentiation
markers such as paired box 8 (PAX8) and thyroid-stimulating hormone receptor (TSHr).
These results provide a promising framework for evaluating iodine avidity and predicting
responses to radioiodine therapy, particularly in treatment-resistant cases [45].

Patient-derived models also support the evaluation of targeted therapies tailored to
specific genetic mutations. For example, it has been documented that BRAFV600E-mutant
and wild-type PTC organoids can be employed to evaluate various drug combinations,
demonstrating that single-drug therapies frequently proved ineffective, whereas dual-
targeting strategies exhibited patient-specific effectiveness. These organoid-based systems
could eventually support real-time personalized treatment plans and customized regimens
according to the tumor’s genetic and phenotypic characteristics [47]. In anaplastic thyroid
carcinoma (ATC), the application of patient-derived spheroids and organoids for person-
alized drug response profiling is equally compelling. Scientists have created an ex vivo
ATC spheroid model that retains the patient’s tumor features, including gene expression
profiles and EMT markers. Their research showed differing sensitivity to dabrafenib based
on BRAF mutation status, with 3D models revealing resistance patterns not detectable
in 2D culture. This underscores the importance of advanced models for capturing clin-
ical diversity [52]. A groundbreaking phase II clinical trial (NCT06482086) has recently
highlighted the practical use of PDOs in directing neoadjuvant therapy for patients with
locally advanced thyroid cancer (LATC). This single-arm study, which included 75 par-
ticipants, utilized PDOs derived from tumor biopsies to conduct ex vivo drug sensitivity
assessments. The drugs demonstrating the highest relative efficacy were chosen for tai-
lored treatment, leading to an overall objective response rate (ORR) of 32.7%. Notably,
the results were particularly promising for anaplastic thyroid carcinoma (ORR 50%) and
differentiated thyroid cancer (ORR 32.6%). Additionally, a resection rate of RO/R1 was
achieved in 34.5% of the participants, highlighting the potential of PDO-based approaches
to transform inoperable tumors into ones that can be surgically addressed. This trial marks
a significant advancement towards incorporating organoid-guided precision therapy into
clinical management strategies for aggressive thyroid cancers and underscores the necessity
for future randomized trials to confirm these findings [43].

These applications are supported by advancements in genomic and transcriptomic
characterization, which further confirms the accuracy of these patient-derived models.
Organoids can be quickly expanded, cryopreserved, and subjected to multi-omics analysis,
thus providing a sustainable and reproducible system for long-term studies. To sum up,
patient-derived thyroid cancer organoids and spheroids function as effective personalized
models, facilitating tailored therapy evaluation, biomarker identification, and immediate
clinical decision-making, thereby enhancing their role in translational medicine.

4.4. Studying Tumor Microenvironment, EMT, and Stemness

Understanding the complex interactions within the tumor microenvironment (TME),
such as epithelial-mesenchymal transition (EMT), cancer stem cells (CSC) activity, and
extracellular matrix (ECM) remodeling, is crucial for understanding thyroid cancer pro-
gression and resistance to treatment. The 3D culture systems, especially spheroids and
organoids, provide a more functionally appropriate context for examining these processes,
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which are challenging to replicate in two-dimensional monolayers or traditional animal
models [65]. Spheroid culture has been particularly successful in mimicking EMT and
invasive traits in aggressive thyroid cancer types. For instance, thyroid cancer spheroids
exhibit a layered structure with central necrosis, HIF1-« expression, and altered levels
of E-cadherin and other cell adhesion markers, all of which signal EMT and dedifferen-
tiation [56]. These 3D spheroid systems effectively recapitulate hypoxic gradients, EMT
marker shifts, and stemness features—hallmarks of dedifferentiated thyroid tumors that
often confer poor prognosis and therapy resistance. Likewise, a recent study revealed that
EpCAM cleavage in ATC-derived spheroids was associated with dedifferentiation and
resistance to BRAF inhibitors, suggesting its role in maintaining tumor-initiating cell (TIC)
properties [51].

Three-dimensional models are instrumental in capturing the concept of cancer stem-
ness. Hardin et al. successfully isolated Aldefluor-positive CSC populations from different
thyroid cancer cell lines, showing that these cells could form highly tumorigenic spheroids
rich in stemness markers, such as SOX2 and OCT4. When treated with agents such as resver-
atrol and valproic acid, these cells exhibit reduced proliferation and invasiveness during
differentiation, suggesting that spheroid models are effective for evaluating CSC-targeted
therapies [61].

Organoid models have also enhanced our understanding of the genetic and epigenetic
factors that regulate thyroid cancer stemness and differentiation. Lasolle et al. developed
organoids with inducible expression of BrafV637E, a murine equivalent of BRAFV600E, and
noted significant activation of MAPK signaling, EMT, p53, and ECM-interaction pathways,
offering a comprehensive system to study early thyroid tumorigenesis and dedifferentiation
events [46]. Beyond classical organoid and spheroid models, researchers have also explored
the impact of physical cues and biomaterials in shaping thyroid cancer behavior through
TME-dependent mechanisms. Ingeson-Carlsson et al. used a double-layered collagen gel
model to assess directed tumor cell invasion in BRAFV600E-mutant PTC and ATC cells.
Although MAPK inhibitors reduced growth and invasion in both SW1736 (ATC) cells, they
continued to migrate despite treatment, highlighting real-world challenges in managing
invasive thyroid tumors [62].

Biomaterial-based scaffolds have introduced another layer for 3D modeling. Lombardo
etal. cultured ATC cells on poly L-lactic acid (PLLA) scaffolds with microporous structures
and observed increased CSC marker expression and chemoresistance [64]. Similarly, Melnik
et al. explored the effects of simulated microgravity on spheroid formation and stress-
response pathways, revealing the role of Wnt/ 3-catenin and TGF-f3 signaling in regulating
adhesion, apoptosis resistance, and EMT [53,60].

Together, these models offer a comprehensive framework for exploring the cellular
and molecular mechanisms underlying thyroid cancer progression, including EMT, CSC
plasticity, and tumor-ECM interactions. Their ability to replicate the complex tumor
environment in vitro is vital for identifying new therapeutic targets and understanding the
mechanisms of resistance and metastasis.

5. Challenges and Limitations of Organoid and Spheroid Models in
Thyroid Cancer Research

Although there have been encouraging developments in the use of organoid and
spheroid models for thyroid cancer, numerous obstacles and limitations still hinder their
widespread adoption in research and clinical applications. A major challenge is the lack of
standardization and reproducibility of 3D culture. Differences in culture conditions, such as
the composition of the matrix, concentrations of growth factors, and passaging techniques,
can result in significant variations in experimental results, especially for organoids created
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from patient tissues. The use of Matrigel, an undefined animal-derived ECM substitute,
introduces variability between batches and limits its clinical use because of its non-human
origin [66].

Another significant issue is the cellular heterogeneity and representation. Although
organoids can reflect some aspects of intertumoral diversity, they often do not fully repli-
cate the tumor microenvironment, including immune and stromal components, which
are crucial for assessing immunotherapies and stromal interactions. Although advanced
co-culture systems and organoid-on-a-chip platforms have been suggested to address this,
their use in thyroid cancer is still limited and technically challenging [67]. Furthermore,
the stability and scalability of long-term culture remain unclear. Some organoid lines,
particularly those from aggressive subtypes, such as ATC, may lose phenotypic charac-
teristics or genetic integrity over extended passages. This temporal drift can undermine
their effectiveness in longitudinal drug testing or biobanking [68]. Additionally, creating
patient-derived organoids is a time-consuming and resource-intensive process, often re-
quiring fresh surgical tissue, which limits their practicality in urgent situations, such as
rapid treatment decision-making.

One significant drawback of spheroids is their basic structure and dependence on
self-aggregation, which may not accurately mimic the complexity of glandular or metastatic
thyroid cancers. In contrast to organoids, spheroids generally comprise a single cell type,
which restricts their use in modeling multilineage differentiation or intricate tissue interac-
tions [69]. Additionally, the absence of vascularization in both organoids and spheroids
hampers the diffusion of nutrients and oxygen, often resulting in necrotic cores that may
not precisely represent physiological hypoxia [41]. From a technical perspective, imaging
and conducting high-throughput analyses of dense 3D structures present further chal-
lenges. The uneven penetration of antibodies or drugs into organoid cores complicates
the interpretation of immunostaining results or assessment of therapeutic effectiveness.
Moreover, current data analysis pipelines are primarily optimized for 2D systems, necessi-
tating adjustments to volumetric imaging and single-cell resolution within 3D matrices [70].
Finally, ethical and regulatory issues must be considered, particularly when using stem
cell-derived organoids or human tissue models. The use of embryonic stem cells, for exam-
ple, is subject to stringent regulatory frameworks in many countries, and the application of
organoid-based drug testing in clinical decision-making still lacks well-defined validation
protocols and regulatory approvals [71,72]. In summary, while organoid and spheroid
models represent significant advancements in thyroid cancer research, addressing these
biological, technical, and translational challenges is crucial for their successful integration
into mainstream preclinical pipelines and personalized medicine frameworks.

6. Future Perspectives and Clinical Implications

The incorporation of organoid and spheroid models in thyroid cancer research rep-
resents a pivotal advancement in the pursuit of personalized medicine and enhanced
therapeutic approaches. As these three-dimensional systems progress, they are anticipated
to close the translational gap between laboratory research and clinical applications, provid-
ing more precise forecasts of drug effectiveness, resistance mechanisms, and personalized
treatment responses. A significant challenge lies in the integration of multicellular complex-
ity within organoid systems. Future models are expected to encompass cancer epithelial
cells along with stromal, immune, and endothelial cells to replicate the tumor microenvi-
ronment (TME). Co-culture systems featuring tumor-associated fibroblasts and immune
cells could facilitate the exploration of tumor-immune interactions and effectiveness of
immune checkpoint inhibitors in aggressive thyroid cancers such as anaplastic thyroid
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carcinoma (ATC). Recent advancements in assembloids may allow for modeling of the
tumor-thyroid axis or metastatic progression [73].

Microfluidics and organoid-on-a-chip technologies present an alternative approach,
enabling precise manipulation of the culture environment to mimic physiological processes,
such as blood flow and drug delivery [74,75]. While there are limited studies on incorporat-
ing thyroid cancer cells into organ-on-chip models, research on normal thyroid function
shows promise. Carvalho et al. created a thyroid organoid-on-chip system using thyroid
organoids derived from mouse embryonic stem cells. They observed increased thyroxine
production under dynamic conditions, and exposure to benzo[k]fluoranthene led to a
significant decrease in thyroperoxidase and NIS expression [76]. Karwelat et al. developed
a multi-organ thyroid-liver organ-on-a-chip model that combined thyroid follicle-like struc-
tures with liver 3D spheroids. Their findings showed that compounds such as methimazole
and 6-propylthiouracil inhibited thyroxine synthesis without affecting hepatic conjugation,
whereas liver enzyme inducers enhanced thyroxine glucuronidation [77]. These studies
highlight the potential of organ-on-chip technologies for modeling thyroid function and
interorgan interactions.

Artificial Intelligence (Al) and machine learning have become crucial tools for analyz-
ing data from 3D culture systems. Al can identify biomarkers for treatment stratification
by predicting drug responses to profiling single cells [78-80]. The integration of patient
clinical data with 3D model data can lead to Al-driven decision support systems for man-
aging thyroid cancer. The clinical translation of organoid platforms is ongoing. Organoid
biobanks from patients with various thyroid cancer subtypes, such as papillary, follicular,
and ATC, could facilitate both population and personalized studies [81]. These biobanks,
coupled with clinical and genomic data, can inform therapeutic decisions and evaluate in-
vestigational therapies. The success of PDO-guided treatment for colorectal and pancreatic
cancers suggests a similar potential for thyroid cancer [82].

The application of multi-omics technologies, including genomics, transcriptomics,
proteomics, and metabolomics, is being increasingly investigated to enhance the clinical
relevance of 3D culture systems in thyroid cancer studies. While many recent large-scale
omics investigations have yet to directly incorporate organoid or spheroid models, their
results provide a foundational basis for improving the precision and functional significance
of these platforms. For example, recent multi-omics studies have enhanced the translational
utility of organoid models in thyroid cancer research through molecular subtyping and
treatment stratification. In a proteogenomic study of 348 PDTC and ATC samples, TP53
(48%), TERT promoter (36.5%), and BRAF (23%) were the most mutated genes, while
ribosome biogenesis was a hallmark of ATC. Proteomic clustering (Pro-I, Pro-II, Pro-III)
revealed signaling differences from insulin and DNA repair to immune infiltration by
C5AR1+ myeloid cells, highlighting immunomodulatory targets for ATC management [83].
In papillary thyroid carcinoma (PTC), proteogenomic and metabolomic analysis of patients
with varying recurrence risks revealed mutation enrichment in MUC16, TERT promoter,
and gene fusions like NCOA4-RET. Multi-omics clustering identified four subtypes with
different prognoses, with subtype CS2 showing worst outcomes, providing insights for
risk assessment and metabolic targeting [84]. A complementary transcriptomic analysis
revealed distinct somatic SN'Vs, notably in DCTN1 and TRRAP, along with variations in
pathway enrichment related to tyrosine kinase, Jak-STAT, and Notch signaling pathways in
PTC subtypes, highlighting possible mechanistic differences in tumor development [85].
Further genomic analysis of widely invasive follicular thyroid carcinomas (wiFTCs) and
Hurthle cell carcinomas (HCCs) has revealed frequent mutations in FAM72D, TP53, and
DGCRS. The latter is associated with changes in microRNA processing and a unique
miRNA profile, underscoring its significance as a molecular classifier and a potential target
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for therapy [86]. Recent findings from models of EMT-driven progression in head and
neck squamous cell carcinoma (HNSCC) have demonstrated translational significance,
especially highlighting the EGFR-mediated EMT signature and ITGB4 as a predictive target.
These insights could guide therapeutic targeting strategies in thyroid tumors enriched with
EMT characteristics [87].

The adaptation of molecular signatures into 3D thyroid cancer cultures offers promise
for drug screening, therapy matching, and biomarker validation. Future studies should
combine real-time sequencing with PDO/spheroid assays to create predictive platforms
for clinical decisions, particularly for aggressive cases. With organoid biobanking and Al
analytics advancing, omics data integration will connect molecular diagnosis to person-
alized therapeutic response in a clinical framework. To achieve these goals, collaboration
is essential to establish standardized protocols, ensure reproducibility, and define regula-
tory pathways for clinical applications. Integration of clinical trials and patient outcome
data will validate the predictive capabilities of these models. In conclusion, organoids
and spheroids hold promise in advancing thyroid cancer research and care. By refining
these systems and integrating them with organ-on-a-chip, multi-omics, and Al analytics,
researchers can push the boundaries of precision oncology and tailor treatments to both the
tumor genotype and functional responses in thyroid cancer patients.

7. Conclusions

Organoids and spheroids have revolutionized thyroid cancer research by allowing
for more precise modeling of tumor diversity, drug efficacy, and treatment resistance,
particularly in aggressive forms such as anaplastic and radioiodine-resistant papillary
thyroid carcinomas. Their combination with omics technologies, organ-on-a-chip systems,
and Al-driven analytics presents a promising path toward personalized medicine and
functional diagnostics. Although there are still current challenges, the field is progres-
sively moving toward more standardized and clinically applicable 3D models. Ongoing
refinement and collaborative validation will be crucial to fully leveraging their potential
to enhance therapeutic outcomes for thyroid cancer patients. Their implementation will
not only deepen biological understanding but also aid in the development of genuinely
personalized medicine for patients with difficult thyroid cancers.
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