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Abstract

Background

Papillary thyroid cancer (PTC) is the most frequent type of thyroid carcinoma, and exhibits
significant molecular and biochemical heterogeneity both within and between populations. It is
indolent in nature, but both its diagnosis and prognosis are difficult to predict given its multiple
oncogenic pathways and hormonal derangements. This study explores novel somatic variants and
their biochemical correlates in a Bangladeshi PTC cohort, aiming to improve risk assessment and

promote personalized cancer treatment in underrepresented populations.

Methods

A cross-sectional comparative study was conducted involving 110 patients with PTC, 100
individuals with benign thyroid conditions, and 100 healthy controls. Targeted next-generation
sequencing (NGS) and Sanger validation were employed to identify hotspot and novel intronic
variants in NRAS, RB1, HRAS, and RET genes. Concurrently, biochemical profiling included
serum thyroid-stimulating hormone (TSH), parathyroid hormone (PTH), calcium, vitamin D, and

thyroglobulin (Tg), with correlations analyzed against genotypic status and clinical features.

Results

Three novel variants -NRAS @.7775T>A, NRAS @.7797G>A, and RB1 c¢.2039T>A
(p.11e680Asn)—were identified, showing significant enrichment among mutation-positive PTC
patients (p < 0.0001), particularly in non-smoking, non-familial cases, suggesting a sporadic
mutational origin. The NRAS ¢.7797G>A variant was associated with early-stage tumors (T1). In
contrast, the RB1 ¢.2039T>A variant was observed in both early and advanced stages, supporting

their involvement in early tumorigenesis.

Biochemically, PTC patients exhibited markedly elevated TSH levels and reduced serum calcium
(p = 0.0305) compared to benign and healthy controls. Individuals carrying the mutation
demonstrated more pronounced hypocalcemia and a significant positive correlation between

calcium and vitamin D (r = 0.3955, p = 0.0455), a pattern not observed in wild-type carriers. No
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significant associations were found for Tg or PTH, possibly reflecting heterogeneous expression
or unmeasured confounders, such as anti-Tg antibodies. These findings suggest genotype-specific
disruptions in calcium—vitamin D—-TSH homeostasis and highlight a potential endocrine—genetic
crosstalk in PTC pathophysiology.

Conclusion

The current study provides the first integrative molecular—biochemical profile of Bangladeshi PTC
patients, identifying novel NRAS and RB1 variants with potential as early detection and
intermediate-risk biomarkers. The observed endocrine dysregulation in mutation carriers
underscores the interplay between genetic alterations and systemic metabolism. These findings
highlight the clinical utility of combining genotypic screening with metabolic markers for cost-
effective, precision-guided management of PTC, especially in resource-limited settings. Future
studies should focus on functional validation of these variants and the development of region-

specific diagnostic and prognostic frameworks.

Keywords:

Papillary thyroid carcinoma, Next-Generation Sequencing, Sanger sequencing, NRAS, RB1,
Somatic mutations, TSH, calcium, vitamin D, Biochemical profiling, Precision oncology,
Bangladesh, Biomarkers.
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1.1 Cancer

Cancer comprises a diverse, biologically complex group of diseases characterized by dysregulated
proliferation and survival of genetically altered cells. Under physiological conditions, cellular
homeostasis is maintained by tightly orchestrated mechanisms that govern proliferation,
differentiation, and apoptosis. In neoplastic transformation, these regulatory networks become
compromised, enabling cells to evade programmed cell death, sustain uncontrolled mitotic
activity, and acquire invasive capabilities. Malignant cells may subsequently disseminate via
hematogenous or lymphatic routes, establishing metastatic foci in distant organs and contributing
to systemic physiological disruption (Li et al., 2025).

From a global health perspective, cancer remains a principal contributor to morbidity and
mortality. According to GLOBOCAN estimates, approximately 19.9 million new cancer cases and
10 million cancer-related deaths occurred in 2020 (GLOBOCAN, 2022) (Figure 1.1). The
geographic distribution of cancer incidence exhibits considerable heterogeneity, influenced by a
complex interplay of genetic predisposition, behavioral factors, and environmental exposures
(Zhao et al., 2023). Epidemiological projections forecast a substantial escalation in the global
cancer burden, with annual incidence expected to reach 28.4 million by 2040 and potentially
exceed 35 million by 2050. This trajectory is primarily driven by demographic shifts, population
aging, urbanization, and increased exposure to carcinogenic risk factors associated with

socioeconomic development and globalization (Singh et al., 2024; Sung et al., 2021).

The most commonly diagnosed malignancies worldwide include breast, lung, colorectal, prostate,
and gastric cancers. Among these, lung cancer continues to represent the leading cause of cancer-
related mortality, underscoring its aggressive clinical course and limited therapeutic

responsiveness in advanced stages (Sung et al., 2021).

A variety of genetic and epigenetic perturbations occur during cancer development, disrupting
normal cellular functions. Mechanistic roles include activation of oncogenes, inactivation of tumor
suppressor genes, and malfunction in DNA repair pathways (Dakal et al., 2024). These alterations
result in the hallmarks of cancer, as identified by Hanahan and Weinberg (2011), namely sustained

proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative
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immortality, inducing angiogenesis, and activating invasion and metastasis. These classic

characteristics support the combative and flexible nature of cancerous cells.
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Figure 1.1: Global Cancer Incidence and Mortality in Absolute Numbers for Both Sexes,
2022. (Global Cancer Observatory, 2022)

In recent years, the role of molecular biomarkers in cancer diagnosis, prognosis, and therapy has
been highlighted. Biomarkers (e.g., genetic mutations, protein expression profiles, and epigenetic
changes) play a crucial role in understanding the molecular pathogenesis underlying cancer and
are essential for the implementation of precision medicine. For example, the discovery of specific
genetic mutations (1)5, such as mutations in the BRAF or EGFR genes, has led to the development

of targeted therapies and improved treatments and outcomes for patients (Jin et al. 2023).

Despite the remarkable advancements, cancer research and treatment continue to face numerous
challenges. It is difficult to devise treatment modalities that are universally applicable because
tumor heterogeneity, both intra- and inter-patient, impedes such approaches. In addition, the
differences in cancer care and outcomes continue to be profound, notably in low- and middle-
income countries, where the availability of cancer prevention, early detection, and treatment
remains limited (Zahedi et al., 2024; Bizuayehu et al., 2024). Such inequalities further highlight
the requirements for worldwide initiatives in enhancing cancer management and producing more

equitable and effective care of cancer patients and confronting the escalating global cancer burden.

2 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Cancer remains an intractable enemy that threatens global health. It affects not only individuals
but also families and societies, resulting in high emotional, financial, and social costs. Ongoing
studies on the molecular mechanisms of cancer and advances in prevention, early detection, and
treatment offer optimism that the global burden and patient outcomes will be further improved in

the years ahead.
1.2 Hallmarks of Cancer

The "Hallmarks of Cancer" model, first introduced by Hanahan and Weinberg in 2000 and updated
in 2011 and 2022, provides a broad framework for examining the fundamental biological processes
by which cancer is initiated and progresses (Figure 1.2). It describes specific functionalities that
cancer cells develop as they progress from normal cells to tumors. This conceptual framework has
revolutionized our perception of tumour biology and remains a cornerstone of cancer research and
therapy development (Hanahan & Weinberg, 2000; Hanahan & Weinberg, 2011; Hanahan, 2022).

1.2.1 Original Hallmarks of Cancer (2000)

1. Sustaining Proliferative Signaling:
Cancer cells gain the ability to promote unregulated cell proliferation either by generating
their own growth signals or by hijacking external signaling pathways. It is commonly
driven by mutations in driver oncogenes, such as RAS and EGFR, leading to persistent

proliferation (Prior et al., 2020).

2. Evading Growth Suppressors:
Deactivation of tumor suppressor genes, specifically TP53 and RB1, interferes with normal
cell-cycle regulation and essential controls on cellular growth, allowing unchecked cellular
multiplication (Levine, 2020).

3. Resisting Cell Death (Apoptosis):
Cancer cells acquire molecular characteristics that make them resistant to programmed cell
death, often through overexpression of antiapoptotic factors (such as BCL-2) or mutations

that impair the function of proapoptotic effector proteins (e.g., TP53) (ElImore, 2007).
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4. Enabling Replicative Immortality:
Tumors promote the generation of new blood vessels by increasing angiogenic factors,
such as vascular endothelial growth factor (VEGF), to grow in a hypoxic environment and
survive (Shay & Wright, 2019).

5. Inducing Angiogenesis:
Tumors promote the generation of new blood vessels by increasing angiogenic factors,
such as vascular endothelial growth factor (VEGF), to grow in a hypoxic environment and

survive (Carmeliet & Jain, 2000).

6. Activating Invasion and Metastasis:
Epithelial-to-mesenchymal transition (EMT) is a process in which cancer cells gain
invasive potential by invading surrounding tissue and traveling to distant organ sites,

thereby promoting cancer metastasis (Kalluri & Weinberg, 2009).
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Figure 1.2: The Hallmarks of Cancer: An Overview. (Hanahan, 2022)
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1.2.2 Expanded Hallmarks and Enabling Characteristics (2011)

In the 2011 update, Hanahan and Weinberg expanded the original framework to incorporate newly

recognized features that further clarify the complexity of cancer development and progression:

1. Deregulation of Cellular Energetics:
Cancer cells change how they metabolize to promote uncontrolled growth, often relying
on aerobic glycolysis — even in the presence of oxygen — a process known as the Warburg
effect. Such a metabolic shift is designed to provide sufficient energy and biosynthetic
elements for the rapid proliferation of the cells (VVander et al., 2009).

2. Avoiding Immune Destruction:
Tumoral cells can develop mechanisms to escape immune surveillance by decreasing major
histocompatibility complex (MHC) expression and secreting immunosuppressive factors,
such as transforming growth factor-p (TGF-p), that prevent the host from developing an

efficient antitumor immune response (Chen & Mellman, 2017).

3. Genome Instability and Mutation:
Genomic instability, which results in high mutation rates, is a defining feature of cancer
and among the cues by which the immune system can recognize a tumour. DNA repair
defects, including those in the BRCA1 and BRCAZ2 genes, contribute to this instability and
are closely associated with certain types of cancers, such as breast and ovarian cancer (Lord
and Ashworth, 2012).

4. Tumor-Promoting Inflammation:
Tumor-promoting functions of chronic inflammation in the tumor microenvironment have
been associated with the release of bioactive molecules (e.g., growth factors, survival
signals, and pro-angiogenic factors, such as interleukins and TNF-a) that drive tumor

growth and metastasis (Grivennikov et al., 2010).
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1.2.3 New Dimensions in the Hallmarks Framework (2022)

As a reflection of continuous advances in cancer biology, the Hallmarks of Cancer, in 2022, was
extended to include developing notions that encompass the heterogeneity and dynamicity of
tumors (Hanahan, 2022):

1. Unlocking Phenotypic Plasticity:

Cancer cells possess the plasticity to change phenotype, allowing them to survive and grow
under various microenvironmental conditions and to respond to therapeutic attack. This

plasticity contributes to dedifferentiation, stemness, and resistance to therapy.

2. Nonmutational Epigenetic Reprogramming:
In addition to mutations, cancer cells also experience epigenetic alterations that, among
other things, affect DNA methylation and histone structure; these changes can affect gene

expression and lead to tumor progression (without affecting DNA itself).

3. Polymorphic Microbiomes:
The microbiome composition and variability can influence cancer initiation, progression,
and treatment. Microbiomes and their effects on host immune responses and metabolic

circuits are of increasing importance in cancer biology (Garrett, 2015).

4. Senescent Cells:
Senescent cells, while incapable of proliferation, are still metabolically active and may
secrete a variety of pro-inflammatory and pro-tumorigenic factors. This senescence-
associated secretory phenotype (SASP) can reprogram the tumor microenvironment to

support tumor promotion.

1.2.4 Implications for Cancer Research and Therapy

The expanding Hallmarks of Cancer concept provides essential clues for developing increasingly

targeted and efficient anti-cancer measures:
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1. Targeting Angiogenesis:
Anti-angiogenic drugs, such as bevacizumab, target VEGF signaling and block tumor

blood vessel formation, thereby limiting nutrient and oxygen delivery to the tumor.

2. Advancing Immunotherapy:
Immunotherapy, a class of anticancer therapy (pembrolizumab) that works with the
immune system to stop cancer cells from growing, would make the immune system more
effective at identifying and killing tumor cells by blocking a system that turns off immune

cells.

3. Metabolic Intervention:
Some therapeutic approaches that target unregulated metabolic pathways used by cancer
cells, such as inhibitors of glycolytic enzymes, aim to disrupt the energy production and

biosynthetic activities that tumors rely on for continued survival and growth.

The ongoing evolution of the Hallmarks of Cancer epitomizes the progress of cancer scholarship.
It emphasises the importance of incorporating emerging biological knowledge into the

development of novel therapeutic approaches.

1.3 Thyroid Cancer

Thyroid cancer begins when cells in the thyroid gland change and grow uncontrollably, forming a
mass and creating a lump in the neck. These cells can grow together to form a mass or tumor in
the thyroid and, in some cases, spread to nearby lymph nodes or other parts of the body (metastasis)
(Nguyen et al., 2022).

Thyroid cancer begins in the epithelial cells of the thyroid, a critical endocrine gland situated in
the anterior neck. It disrupts the gland’s important duties. The thyroid produces essential hormones
such as triiodothyronine (T3) and thyroxine (T4), which are involved in metabolism, growth, and
energy metabolism. It also produces calcitonin, a hormone involved in calcium regulation. In the
event of neoplastic transformation of thyroid cells, these physiological mechanisms could be lost,
leading to tumor development (Nikiforov & Nikiforova, 2011).
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The clinical course of thyroid cancer is highly variable. Whereas some of these patterns have an
indolent course and remain asymptomatic for many years, the others have an aggressive behavior,
characterized by early metastatic dissemination and poor clinical results. The worldwide increase
in the incidence of thyroid cancer is probably related to better techniques of diagnosis with high-
resolution ultrasonography and fine-needle aspiration cytology, thus allowing for the detection of
subclinical and early-stage tumors that otherwise would have gone undetected until later in their
course (Kitahara & Sosa, 2016).

1.4 Cancer Statistics in Bangladesh

In Bangladesh, cancer has been emerging as one of the alarming public health problems due to
high rates of morbidity and mortality. In 2022, there were an estimated 167,256 new cancer cases
and 116,598 cancer-related deaths (International Agency for Research on Cancer, 2022). The age-
standardized rate of cancer in Bangladesh is 105.6 per 100,000 population and is higher among
males (120.8 per 100,000) than that of females (89.5 per 100,000) (Figure 1.3).

Esophageal cancers are the most common cancers among both men and women in Bangladesh
(Figure 1.4). Esophageal, lip, and oral cavity, and lung are the top three cancers among males,
while breast, cervical, and esophageal cancers are the most frequent in females. These trends are
partly explained by lifestyle, including high rates of tobacco and betel quid consumption in the

population (International Agency for Research on Cancer, 2022).
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Figure 1.3: Bangladesh 2022: Absolute Numbers of Cancer Incidence and Mortality by Sex.
(Global Cancer Observatory, 2022)
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Figure 1.4: Summary of Cancer Burden in Bangladesh, 2022. (Global Cancer Observatory,



1.5 Global Trends in Thyroid Cancer

The most common malignancy of the endocrine system is thyroid cancer, which represents over
90% of endocrine neoplasms. However, it is rare, accounting for approximately 2.5% of all cancers
globally (Kitahara et al., 2022). While it is one of the least burdened cancers globally, the incidence
of thyroid cancer is rising and is the 12th most common cancer diagnosed in the US. Global
incidence Approximately 821,214 new cases were recorded worldwide in 2020, making thyroid
cancer the 7th most common cancer (Figure 1.5) using GLOBOCAN 2022. It is worth noting that
a significant proportion (~91%) of these cases were registered in nations classified as having high
or very high Human Development Indicators (HDI) (Shank et al., 2021; GLOBOCAN 2022).
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Figure 1.5: Global Age-Standardized Incidence and Mortality Rates of Thyroid Cancer
(per 100,000) for Both Sexes, 2022. (Global Cancer Observatory, 2022).
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Regarding gender, thyroid cancer has a significant sexual dimorphism at a worldwide level. In
2020, the ASIR was 10.1 and 3.1 per 100,000 in women and men, respectively, indicating a strong
female predominance. Although the rates were broadly lower, mortality rates showed a similar
pattern, with ASMRs being 0.5 per 100,000 women and 0.3 per 100,000 men (Pizzato et al, 2022)
(Figure 1.6). This gender difference, in combination with other anthropometric and environmental

risk factors, warrants further scrutiny for the etiology and consequences of thyroid cancer.
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Figure 1.6: Age-Standardized Rates (World) per 100,000 for Thyroid Cancer Incidence
and Mortality in Both Sexes, 2022. (Global Cancer Observatory, 2022).
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The better prognosis of thyroid cancer is evidenced by the high 5-year relative survival rate, which
is around 98.4% in high-income countries (American Cancer Society, 2024). This consensual
balance in mortality, despite increasing incidence, attests to the gains from earlier diagnosis and

better treatment.

Thyroid cancer was projected to be responsible for about 44,020 new cases and 2,170 deaths in
2024 in the United States. It is much more prevalent in females, at a male/female ratio of
approximately 1/3. Of particular importance, the general average age at diagnosis in adult
malignancies is younger than 51 years (American Cancer Society, 2024). The growing epidemic
of thyroid cancer around the world has, in part, been associated with the extensive application of
sophisticated diagnostic imaging modalities, allowing the detection of small, otherwise
asymptomatic tumors (Shao et al., 2022). New incidence estimates project an increase from
233,847 in 2019 to 305,587 cases by 2030, a nearly 30% increase (Hu et al., 2024).

1.5.1 Thyroid Cancer in Bangladesh

Thyroid cancer is the 17th most common cancer in Bangladesh, with around 1,671 new cases and
366 deaths per year (GLOBOCAN 2022 — Bangladesh) (Figure 1.2). As elsewhere, the rate of
thyroid cancer in the country is also increasing. Cadaveric studies from Bangladesh have suggested
that the prevalence of thyroid cancer may be around 2%. Thyroid nodules, in contrast, are
discovered in approximately 4-5% of the general population. Notably, malignancy rates also vary
between solitary thyroid nodules (about 10%) and multinodular goiters, suggesting the clinical
relevance of nodule features for determining thyroid cancer risk (Lim et al., 2017; Matin et al.,
2021).

1.6 Types of Thyroid Cancer

Thyroid cancer is a heterogeneous group of cancers arising from different cell types that make up
the thyroid gland, with characteristic pathological and clinical profiles. The major subtypes

include:

12 | Page



1. Papillary Thyroid Carcinoma (PTC)
As the most prevalent subtype, PTC is responsible for approximately 84% of all thyroid
cancer cases (Figure 1.7). It predominantly occurs in adults in their 30s and 40s, with a
female predominance. PTC is slow-growing, but most cases metastasize to cervical lymph
nodes. Prognosis is generally good when diagnosed early and managed appropriately
(Boucai et al., 2024).

2. Follicular Thyroid Carcinoma (FTC)
FTC accounts for approximately 4% of thyroid cancers and arises from follicular epithelial
cells. 1t is generally diagnosed in adults aged 40 to 60. In contrast to PTC, FTC shows a
higher tendency toward hematogenous dissemination, with distant organ involvement, e.g.,
the lung and bone. Hirthle cell carcinoma is classed as a histological variant within this

group to some extent (Grgnlund et al., 2021).
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Figure 1.7: Types of Thyroid Cancer. (cusabio.com)
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3.

6.

Medullary Thyroid Carcinoma (MTC)

Derived from parafollicular C cells, MTC accounts for about 4% of the thyroid cancer
burden. These cells secrete calcitonin, a hormone used as a biomarker for diagnosis and
monitoring. 25% of MTC cases are familial and are frequently associated with RET proto-
oncogene mutations and syndromes (e.g., MEN2). MTC tends to spread to areas including

the liver and lungs (Machens et al., 2022).

Anaplastic Thyroid Carcinoma (ATC)

ATC is an uncommon but very aggressive malignancy, representing 1% of all thyroid
cancers. It is known for rapid growth, insensitivity to standard treatments, and an overall
poor prognosis with a median survival of approximately 6.5 months. ATC mainly occurs
in older populations and frequently exhibits marked locoregional invasiveness (Jannin et
al., 2022).

Poorly Differentiated Thyroid Carcinoma (PDTC)
PDTC accounts for about 5% of all thyroid malignancies and lies on a biological and
clinical continuum between well-differentiated thyroid carcinomas (WDTCs), including
PTC and FTC, and undifferentiated ATC. It is more aggressive than WD types, but is
usually less aggressive than ATC (Tong et al., 2022).

Uncommon Thyroid Malignancies

e Thyroid Lymphoma: Uncommon neoplasm derived from lymphoid tissue of the
thyroid gland, which is often seen with autoimmune thyroiditis. Therapy typically
involves chemotherapy and radiotherapy, consistent with standard lymphoma
regimens (Rovira et al., 2023).

e Thyroid Sarcoma: This is an uncommon malignancy that arises in the mesenchymal
tissue of the thyroid. Treatment could be multimodal, including surgery, radiation,

and even chemotherapy due to its aggressive nature (Seyed et al., 2021).
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1.7 Thyroid Hormone

1.7.1 Thyroid Hormones: T4 and T

Thyroid hormones: thyroxine (T4) and triiodothyronine (Ts), are vital endocrine controllers of a
variety of biological functions, such as metabolism, growth, and tissue differentiation. These
hormones have wide-ranging effects on almost all body compartments, including the regulation of
basal metabolic rate, protein synthesis, and cellular energy use. They are crucial for
neurodevelopment during fetal and early post-infantile life (Salas-Lucia et al., 2022).

1.7.2 Biosynthesis and Secretion

Synthesis of thyroid hormones begins (Figure 1.8) with the transport of iodide ions into the thyroid
follicular cells by the sodium-iodide symporter (NIS) at the basolateral membrane. lodide is then
transferred into the cells and into the follicular lumen, where it is oxidized by thyroid peroxidase
(TPO). The iodine that has been oxidized is then covalently linked to selected tyrosine side chains
of thyroglobulin to give monoiodotyrosine (MIT) and diiodotyrosine (DIT) (Riesco-Eizaguirre et
al., 2021).

These hormones are synthesized through the linking of iodinated tyrosines: one molecule of MIT
with one molecule of DIT generates Ts, and two DIT molecules connect to form Ta. These
iodinated thyroglobulin complexes are extracellularly retained in thyroid follicular colloid until

utilization (Herranen et al., 2025).

Following stimulation with TSH, released from the anterior pituitary, thyroglobulin is internalized
via endocytosis, processed within lysosomes, and the bioactive hormones T3 and T4 are released
into the blood. While Ta is produced in larger amounts, Ts is the more biologically active form and
is predominantly formed in the periphery, mainly the liver and the kidneys, by deiodination of T4
(Benvenga et al., 2018).
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Figure 1.8: Thyroid Hormone Synthesis. (KEGG Pathway)

1.7.3 Regulation of Thyroid Hormone Levels

The hypothalamic-pituitary-thyroid (HPT) axis coordinates the production and release of thyroid
hormones, and represents a typical endocrine feedback loop (Figure 1.9). The process starts in the
hypothalamus when thyrotropin-releasing hormone (TRH) is released, which causes the anterior
pituitary gland to make and release thyroid-stimulating hormone (TSH). This, in turn, stimulates
TSH to bind to the receptors on the thyroid follicular cells and to increase production and secretion
of thyroxine (T4) and triiodothyronine (Ts) (Feldt-Rasmussen et al., 2021).
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Increasing levels of T4 and Ts in the circulation feed back both at the hypothalamus and the anterior
pituitary gland to inhibit further release of TRH and TSH. This negative feedback loop helps
maintain thyroid hormone levels within a narrow physiological range, thereby controlling

metabolic and developmental homeostasis (Al-Suhaimi et al., 2022).
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Figure 1.9: Regulatory Mechanisms of Thyroid Hormone Secretion. (BrainKart, 2017)

1.7.4 Mechanism of Action

The physiological effects of thyroid hormones are partly mediated by their binding to nuclear
intracellular receptors (TRs) in target organs. After being transported into a cell, physiologically
less active hormone thyroxine (T4) is converted by a (usually intracellular) deiodinase to Ts, which
binds with higher affinity to the thyroid hormone receptor and causes a conformational change in
the receptor protein. After the conformational change, the receptor complex dissociates from
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caveolin (if caveolin is bound) or binds to nuclear export protein division cycle 4 (NEDD4) bound
by ubiquitin. Although thyroxine (T4) is the main form of thyroid hormone within the blood, it acts

mainly as a prohormone, being converted to Ts in peripheral tissues (Brtko, 2021; Tanda et al.,
2022).

The effects of thyroid hormone action, such as stimulated mitochondrial function, increased heat
production (thermogenesis), and increased protein synthesis, are vital in the body for maintaining

some systemic metabolic equilibrium and energy homeostasis (Zekri et al., 2021).

1.7.5 Physiological Roles of Thyroid Hormones

1. Metabolic Regulation:
Thyroid hormones play a pivotal role in modulating basal metabolic rate by activating
mitochondrial function, increasing ATP synthesis and oxygen consumption. They
participate in the catabolism of fats, proteins, and carbohydrates, which are closely related
to energy homeostasis and body weight (Sinha et al., 2024).

2. Cardiovascular Function:
They exert a considerable influence on cardiac function; they increase heart rate,
myocardial contractility, and cardiac output. Furthermore, they exert peripheral
vasodilatory effects to reduce vascular resistance and enhance organ perfusion according

to metabolic needs (Soetedjo et al., 2024).

3. Neurodevelopment:
Thyroid hormones are vital for the maturation of the CNS (central nervous system),
especially during the fetal and early postnatal period. Insufficient support during these
vulnerable periods can lead to long-lasting neurodevelopmental impairments, resulting in

long-term deficits in cognitive function (Vujovic et al., 2025).
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4. Heat Production:
They play a role in thermoregulation by stimulating heat production, mainly through the
induction of brown adipose tissue thermogenesis, a central mechanism for body

temperature regulation (Taylor et al., 2023).
1.7.6 Clinical Significance of Thyroid Hormones

1. Hypothyroidism:
It is a result of the body not producing enough thyroid hormone, and is characterized by
symptoms such as feeling sluggish, gaining weight, and intolerance to cold temperatures.
Primary causes include autoimmune-mediated thyroid gland destruction (e.g., Hashimoto's
thyroiditis) and iodine deficiency. Conventional treatment consists of hormone
replacement treatment by synthetic levothyroxine (Wilson et al., 2021).

2. Hyperthyroidism:
Characterised by the persistent production of excessive amounts of thyroid hormones,
features including involuntary weight loss, heat intolerance, and a rapid heart rate
accompany hyperthyroidism. One of the significant causes of hyperthyroidism is Graves’
disease, for which treatment options include antithyroid drugs, radioactive iodine ablation,

or surgery (Wiersinga et al., 2023).

1.8 Risk Factors for Thyroid Cancer

Papillary thyroid carcinoma (PTC) may be the result of a complex combination of inherited/genetic
factors, environmental components, environmental influences, and individual lifestyle. The
precise mechanisms underlying PTC have not been fully elucidated; however, several contributing

factors have been identified (Faten et al., 2019).

The epidemiological study of thyroid cancers has also faced problems in diagnosis, particularly in
identifying the aetiological factors involved. This challenge is quite clearly attributed to the

indolent course of a majority of thyroid tumors, usually discovered incidentally (on imaging tests
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performed for other health issues, or when being examined for another benign thyroid condition).
Therefore, in thyroid cancer, there is a widespread use of the term “risk factor” to indicate a
condition or an exposure for which there is a high probability of developing the disease (Pellegriti
etal., 2013).

For a more discriminating approach, causative or etiologic risk factors fulfilled specific critical
criteria of causation, such as temporality, consistency, strength of association, dose-response,
specificity, plausibility, and coherence with current knowledge. Conversely, modifiable risk
factors are variables or behaviors that can be modified to decrease or increase the probability of

developing thyroid cancer (Kitahara et al., 2022).

1.8.1 Radiation Exposure

Radiation exposure is a known environmental factor for the risk of induction of thyroid cancer.
Depending on the type of exposure (external or internal, accidental or occupational, therapeutic),
the radiation levels that reach the thyroid gland may differ, which, in turn, may determine its

carcinogenic potential (Saenko et al., 2024).

The known risk factors for papillary thyroid cancer (PTC) include ionizing radiation and are well-
established, especially at a young age. The connection between radiation and PTC first became
evident based on clinical presentation and was later supported by epidemiological data. A pooled
analysis of seven cohort studies demonstrated a linear dose-response, best described by a line
representing linear >1 (Fig. 57.1, left panel), and the association was strongest in subjects exposed
at a young age (Veigaet al., 2016). This age group, including children under five years of age who
were exposed during events such as the 1986 Chornobyl nuclear explosion, demonstrated a
dramatic increase in cases of PTC. These tumors were frequently more aggressive histologically,
showing characteristics such as a higher frequency of solid variant, which is very uncommon in
unexposed groups, illustrating the greater sensitivity of young thyroid tissue to radiation (Iglesias
etal., 2017; Handkiewicz et al., 2016; Suzuki et al., 2015).
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Medical radiation sources of ionizing radiation (i.e., computed tomography and radioactive iodine
therapy) also cause increased risk of thyroid cancer. Although CT accounts for only about 15% of
imaging procedures, it contributes more than 50% of the overall medical radiation exposure,
especially to the thyroid gland during head and neck imaging. Even modestly low total exposures
(50-100 mGy) have been shown to double the thyroid cancer risk (Su et al., 2014). In the same
line, RAI, used for the treatment of hyperthyroidism or thyroid cancers, has been linked to
increasing incidences of thyroid as well as other solid tumors. Exposure to higher RAI doses has
also been associated with increased deaths from cancers, including, for example, breast cancer
(Shim et al., 2021; Saenko et al., 2024).

1.8.1.1 Molecular Mechanisms of Radiation-Induced PTC

While RET/PTC rearrangement is more frequent in PTC that developed following radiation than
in PTC that occurred without radiation, the specific mechanisms underlying radiation-induced

PTC remain unclear.

The carcinogenic potential of radiation is mainly due to DNA damage, especially double-strand
breaks (DSB), which can lead to somatic mutations and chromosomal changes that contribute to
the initiation phase of tumorigenesis (Hecht et al., 2024; Su et al., 2016). RET/PTC rearrangement,
which is prevalent among PTC patients associated with the Chornobyl incident Liu et al., 2024, is

a central molecular feature of radiation-related PTC.

Elisei et al. (2001) reported RET/PTC rearrangements in both sporadic and radiation-induced PTC,
suggesting a common pathway in thyroid carcinogenesis. Additional studies by Hecht et al.
emphasize that postirradiation replicative stress in thyroid cells causes the focused formation of
double-strand breaks in the RET gene, which serve as a starting point for chromosomal
translocations specific to these cancers (Hecht et al., 2024). These results highlight the importance

of ionizing radiation in the pathogenesis of RET/PTC-driven thyroid carcinogenesis.
1.8.2 Benign Thyroid Diseases

Benign thyroid disorders such as thyroid nodules, goiter, thyroiditis, hyperthyroidism, and

hypothyroidism commonly occur before thyroid cancer is diagnosed (Schonfeld et al., 2020;
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Kitahara et al., 2018). But it is unclear if these conditions directly promote or retard malignancy.
Diagnosis of thyroid cancer is frequently an incidental finding in the clinical assessment or follow-
up of these benign diseases. This detection bias is reduced by excluding thyroid cancer cases that
were diagnosed shortly after a benign disease (Macvanin et al., 2023).

Recent epidemiologic studies have investigated the risk of thyroid cancer in relation to benign
thyroid diseases. An extensive cohort study found increased risks of benign thyroid nodules and
adenomas, with relative risks of approximately 30 for nodules and 5 for adenomas, and of goiter,
with a relative risk of 5 (Kitahara et al., 2018). The association between functional thyroid diseases
(i.e., hyperthyroidism and hypothyroidism) and risk of cancer, however, is less stable. Although
several studies report a positive association, others report no such correlation, indicating no
consensus in the available data (Yuan et al., 2020). Similarly, the information concerning
autoimmune thyroiditis and its possible role in thyroid carcinogenesis is scant and inconclusive
(Resende et al., 2017).

Given the prolonged surveillance and diagnostic imaging frequently used in individuals with
benign thyroid conditions, there may be a tendency for coincidental thyroid cancer ascertainment,
thereby making it difficult to separate real causal relations from detection bias (Kitahara et al.,
2023). Solitary thyroid nodule (SN) has the highest malignancy rate (about 5%) among benign
thyroidal diseases, including multinodular goiter [2]. However, findings are highly context-
specific, depending on iodine sufficiency and geographical location, as evidenced by recent meta-
analytic research (Rehman et al., 2022; Lau et al., 2021; Mu et al., 2022). Future studies are needed
to elucidate the effect of genetic predisposition, environmental exposure, and dietary factors on

the progression from benign thyroid disease to malignancy (Shen et al., 2024).

1.8.3 lodine Intake

lodine is an essential bioelement for the normal regulation of thyroid metabolism, and its balance
is crucial during key periods of life, such as the perinatal period and pregnancy, when the thyroid
is particularly susceptible to the effects of antithyroid agents, especially iodine excess. Long-term
iodine deficiency can result in elevated TSH, and elevated TSH has been linked to an increased

risk of FTC, presumably due to continuous TSH stimulation. Nevertheless, their mechanisms of
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action have not yet been completely unraveled (Bogovi¢ et al., 2020). Iodine status is associated
with histological patterns of thyroid cancer based on epidemiological data; as found, FTC tends to
account for a larger portion of thyroid cancer cases in iodine-deficient areas, whereas PTC is more
common in iodine-sufficient regions (Kwon et al., 2024; Zhang et al., 2022; Fan et al., 2021). For
instance, after the Chornobyl nuclear disaster, an increased incidence of thyroid cancer was noted
in regions with an inadequate iodine intake, which reflected the capacity of iodine to regulate the

risk of cancer (Bogovi¢ et al., 2020).

Nevertheless, it remains challenging to establish a direct link between | intake and the risk of TC,
also due to methodological limitations of dietary assessments and the paucity of long-term
prospective studies (Candido et al., 2023). There is some evidence that iodine supplementation
programs have changed the balance from FTC to PTC in former iodine-deficient areas with little

concern about the oncogenic capacity of iodine excess exposure (Kim et al., 2021).

Specific dietary sources of iodine and their potential relevance to thyroid carcinogenesis have also
been investigated recently. A Japanese cohort study found that high seaweed intake was directly
associated with increased PTC risk, although this association has not been replicated broadly
(Smyth et al., 2021). By contrast, pooled international analysis has suggested that fish intake may
be protective against thyroid cancer in iodine-deficient areas, whereas in iodine-replete areas, an
inverse association has been observed between cruciferous vegetable intake and thyroid cancer
risk (Hong et al., 2024; Bath et al., 2024).

In addition to modulating cancer rates, iodine is likely to affect tumor biology. Elevated iodine
exposure was associated with a higher proportion of BRAF-mutated PTCs, a genetic aberration
frequent in these cancers and possibly contributing to the worldwide surge in PTCs (Xiao et al.,
2022; Kim et al., 2018). These results indicate that iodine has a more general role in influencing
the risk of thyroid cancer and in changing the molecular and histological features of this type of
tumor. Furthermore, stronger prospective studies with valid and reliable pre-diagnostic iodine

levels are needed to elucidate these relationships (Lin et al., 2023).
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1.8.4 Thyroid-Stimulating Hormone (TSH)

TSH is a primary hormonal controller of thyroid physiology, governing thyroid cell proliferation,
differentiation, and hormone synthesis. The association between high TSH and the risk of
developing PTC is increasingly recognized, revealing new biological mechanisms and prognostic

considerations.
1.8.4.1 Biological Role of TSH in Thyroid Carcinogenesis

The action of TSH is mediated by the thyroid-stimulating hormone receptor (TSHR), which is
expressed in benign and malignant thyroid tissues. This triggers the Gas—adenylyl cyclase—protein
kinase A—cAMP pathway, which enhances proliferation and hormone production in thyroid cells
(Leandro et al., 2023). Chronically elevated TSH may promote neoplastic transformation,
especially in oncoprotein mutations such as BRAFV600E and TERT promoter mutations, which
are frequently found in PTC (Kim et al., 2022).

1.8.4.2 Clinical Associations between TSH and PTC Risk

Several clinical studies have demonstrated a positive association between serum TSH levels and
the occurrence of PTC. The subjects with TSH levels in the upper quartile of the reference range
have a much greater risk of PTC and may have more aggressive tumor features (Fan et al., 2024;
Liu et al., 2024). Alaraifi et al. (2023) reported that patients with malignant thyroid lesions had
higher TSH values than those with benign nodules. Furthermore, prolonged exposure to elevated
TSH enhances the likelihood of somatic mutations and cellular proliferation (Liu et al., 2024). Of
note, sex-specific patterns have been observed: females with TSH suppression and males with
TSH elevation are at greater risk of PTC. An inverse correlation between the risk of PTC and TSH
levels within the physiological range was established in both males and females in these mean

experimental models (Huang et al., 2017).
1.8.4.3 Molecular Insights: TSH and Genetic Pathways in PTC

Furthermore, experimental studies have shown that TSH can promote oncogenic transformation

via a cAMP-dependent pathway, thereby making thyroid cells more susceptible to oncogenic
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mutations, such as BRAFV600E (Ran et al., 2022). TSH could also regulate the levels of long non-
coding RNAs (IncRNAs), such as LncPVT1, which modulates cancer cell proliferation by
regulating TSHR expression through EZH2-mediated epigenetic regulation (Macvanin et al.,
2023; Zhao et al., 2021; Peng et al., 2020). Moreover, genome-wide association studies (GWAS)
have identified several low-frequency variants (e.g., rs965513, rs944289) associated with lower
TSH levels and greater susceptibility to thyroid cancer, indicating a genetic component that may

underlie this hormone—cancer connection (Zhang et al., 2020).

1.8.4.4 Diagnostic and Prognostic Relevance of TSH

In addition to the risk estimation, the diagnostic and prognostic relevance of TSH levels in thyroid
cancer has been investigated. Elevated TSH levels have been correlated to advanced tumor stage
and recurrence at surgery. Receiver operating characteristic (ROC) analysis has defined a TSH
level of 2.4 mIU/L as a diagnostic threshold with sensitivity and specificity greater than 70% for
differentiating malignant from benign thyroid nodules (Liu et al., 2024). Moreover, elevated TSH
enhances the sensitivity of thyroglobulin as a diagnostic marker for PTC relapse (Prpi¢ et al.,
2018).

1.8.4.5 Modifying Factors in the TSH-PTC Relationship

Several exogenous factors may affect the correlation between TSH and PTC. Higher body mass
index (BMI) and excessive iodine exposure have both been found to correlate negatively with TSH
levels (Liu et al., 2024; Kim et al., 2023; Son et al., 2018). Although serum uric acid has been
associated with thyroid nodule formation, its direct influence on thyroid carcinogenesis remains

unclear (Huang et al., 2022).

To summarize, TSH is a potent mitogen and regulator in thyroid oncogenesis. Serum levels are
invariably associated with elevated PTC risk, aggressive tumor behavior, and recurrence. The
interactions between TSH and genetic mutations, and their molecular signaling, are complex,
underscoring the need for further study. From a clinical perspective, attentive follow-up of TSH
levels and judicious use of TSH-suppressive therapy with levothyroxine are key measures in

managing both the risk and recurrence of PTC.
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1.8.5 Gender

Thyroid cancer has one of the most significant gender disparities of any cancer, with rates 2-5
times higher in women than men. This observance underscores female sex as a major
epidemiological risk factor for thyroid cancers, most notably papillary thyroid carcinoma (PTC)
(Remer etal., 2022; LeClair et al., 2021). Based on population data (derived from the Surveillance,
Epidemiology, and End Results [SEER] program and the International Agency for Research on
Cancer [IARC]), the average male-to-female ratio for thyroid cancer is about 0.3. Diagnoses also
differ by sex, with earlier age at diagnosis among women (40-49 years, the reproductive years)
compared with men (60-69 years) (Kitahara et al., 2022; Bray et al., 2022).

Although thyroid cancer is seen more commonly in females, compared to their female
counterparts, men tend to have a more aggressive clinical presentation. Men are more predisposed
to be accompanied by larger tumors, more LNM, higher TNM stage, and more mortality person-
time (Suteau et al., 2021; Wang et al., 2022). Analyses of tissue specimens have shown that early-
stage (T1-T2) and less aggressive (tumor subtypes) are over-represented in women, whereas
advanced-stage (T3-T4) and more aggressive (histologic variants) are found much more often in
men (Lorenz et al., 2020; Lu et al., 2023).

The following explanations have been suggested to explain these discrepancies in the reported sex-

related effects:

1. Hormonal and Physiologic Influences: Estrogen and androgen hormones are known
contributors to thyroid cell growth and cancer, with potential sex-dependent activity of
tumor sex hormone receptors. Differential expression of sex hormone receptors at both the
MRNA and protein levels in normal and neoplastic thyroids indicates a biological substrate
for sex-specific tumor behavior (Suteau et al., 2021; Zhang et al., 2023).

2. Presentation and prognosis: Men are found at an older age than women, and suffer from
shorter disease-free survival. Investigations, such as those conducted by the SEER and
Canadian registries, indicate that male gender is a risk factor for increased recurrence and

a more unfavorable prognosis (Li et al., 2021; Sawka et al., 2021; Zahedi et al., 2020).
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3. Sex-Specific Prognosis: Women Patients with differentiated thyroid carcinoma (DTC)
present less aggressive disease than men, with less recurrence. Nonetheless, gender
disparities in prognosis appear to diminish as the disease progresses to advanced stages,
and male and female patients have comparable rates of recurrence in contemporary cohort
studies (Moleti et al., 2017; Park et al., 2021).

4. Epidemiological and Hormonal Aspects: The rising incidence of PTC among women of
childbearing age has led many investigators to speculate that sex hormones are involved in
tumorigenesis. Conversely, the more advanced (and aggressive) disease in men could be
related to lead and lag times in disease detection and/or inherent biological differences in
tumor behavior (Moleti et al., 2017; Douglas et al., 2020).

The significant sex differences in prevalence, pathogenesis, pathology, and prognosis of thyroid
cancer underline the importance of including gender as a critical variable in research and
therapeutic strategies. Elucidating these differences can allow for personalized therapeutic

strategies and better prognostication in the management of thyroid cancer.

1.8.6 Age

The prognostic role of age at the time of diagnosis of thyroid carcinoma is a well-demonstrated
factor, especially in papillary thyroid carcinoma (PTC). In the past, age thresholds of 45 years or
55 years have been the rule for determining the assignment to a particular risk group, yet new
evidence indicates there may be a continuum of age and prognosis. Older age is closely associated

with increased risk of mortality, more aggressive tumor features, and worse clinical outcomes.
Prognostic Relevance of Age Thresholds

« Historical and Revised Cutoffs: The AJCC 7th Edition staging system has established 45
years as the breakpoint for risk stratification. However, based on emerging data suggesting
declining survival beyond midlife, the 8th Edition increased this threshold to 55 years
(Morosan et al., 2022).
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e Continuous Risk Progression: Studies, including those of Adam et al. (2016),
demonstrate that PTC-related death increases in a stepwise manner with increasing age,

further supporting the notion that age is a continuous rather than a categorical risk factor.

Tumor Behavior across Age Groups

1. Older Age and Tumor Aggressiveness: Patients aged 55 and older more often have high-
risk features, such as extrathyroidal extension (ETE), capsular invasion, lymph node
metastases (LNM), and higher stage of the disease (Marongiu et al., 2024; Papaioannou et
al., 2020).

2. Thyroid Cancer in Younger Populations: PTC is the leading thyroid cancer in children
and adolescents, with a significant female bias in teenagers (Stenman et al., 2021). In
children, including those with HT, the chances of HT progressing to PTC are notably
higher, with the prevalence rates for this pathology varying between 0.67—7.87% (Gallant
et al., 2023). Pediatric PTC typically presents as a unilateral thyroid nodule and often

involves a cervical lymph node (Sur et al., 2020).

Molecular Associations with Age

The BRAF V600E mutation, a necessary PTC driver mutation, is more often identified in older
patients. This mutation has been linked to poor clinical outcomes, with higher rates of recurrence
and PTC-specific death (Gan et al., 2020; Shen et al., 2018). Its modifying effect by patient age
also suggests a joint effect, such as BRAF V600E being compounded with an aging effect on a

worse outcome.

Clinical and Staging Implications

« Prognostic Weight in Staging: Age is currently the only patient-related factor that the
AJCC staging system includes, and itself highlights the significance of age in

prognostication of thyroid cancer (Kaliszewski et al., 2020; Kazaure et al., 2018).
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e Recurrence Considerations: Current staging systems vary as to their emphasis on
survival outcome in MTC and, as a consequence, do not comprehensively address the
impacts of age on recurrence potential after surgery, particularly among younger patients
in whom, despite favorable survival, prevalent regional spread of disease occurs (Tuttle et
al., 2019).

Age is one of the most complicated factors in the prognosis of thyroid cancer. Older patients
experience higher mortality and aggressive disease behavior, and younger patients, while having
good outcomes in general, may demonstrate greater recurring and nodal spread. These
complexities underscore the need to evaluate biological/molecular age-associations, including but
not limited to BRAF V600E mutation status, to predict prognosis and treatment approaches

sensitive to age in patients with thyroid cancer.

1.9 Anatomy and Histological Features of Papillary Thyroid Carcinoma

1.9.1 Gross Morphology

Papillary thyroid carcinoma (PTC) has a widely variable gross appearance and can originate from
anywhere in the thyroid gland. Lesions are generally between 2 and 3 cm in size, but size may
vary, with some microcarcinomas measuring less than 1 cm. PTC tumors are macroscopically a
firm, whitish tumor that often has an infiltrating appearance (Zhao et al., 2022). Tumoral
calcification is frequent, and it creates stromal sclerosis, which appears as fibrous scars. The
masses are frequently adjacent to the thyroid capsule, and a cystic change sometimes occurs, with
some lesions demonstrating nearly complete cystic transformation, which could make radiological

and pathological interpretation challenging (Harahap et al., 2024).
1.9.2 Microscopic Features

Histopathologically, PTC is characterised by branching papillae with central fibrovascular cores
that are lined by atypical epithelial cells (Pusztaszeri et al., 2023). Their nuclei are particularly
striking diagnostically, their nuclei usually being enlarged, elliptical, overlapping, and having a

distinctly clear or "Orphan Annie eye" like appearance that is predictive of chromatin distributed
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finely and peripheral micronucleoli (Dhingra et al., 2022). Other nuclear characteristic feature

includes grooves and intranuclear cytoplasmic inclusions, seen in > 80% (Suzuki et al., 2021).

Psammoma bodies, concentric, laminated calcifications, are typical in the papillae, tumor stroma,
or the lymphatic channels (Elsheikh et al., 2024; Rossi et al., 2024). These calcifications are
thought to develop from necrosis or infarction of the tumor papillae with subsequent calcification.
However, psammoma bodies in lymph nodes are an excellent histological sign of metastatic PTC
(Dinets et al., 2024) (Figure 1.10).

1.9.2.1 Patterns of Spread

PTC commonly invades along lymphatic channels with multifocal intrathyroidal involvement and
regional lymph node metastasis. More than 50% of patients have nodal metastasis at diagnosis
(Wang et al., 2024; Lei et al., 2022). Despite frequent lymphatic invasion, long-term follow-up is
favorable, particularly in patients younger than 45 years of age (Wang et al., 2023; Song et al.,
2023). Distant metastases, usually to the lungs or bones, are uncommon, found in 2—-3% of cases.
However, patients may still experience prolonged survival, particularly if the metastases are

amenable to treatment with radioactive iodine (Vuong et al., 2022).

The source of multifocality in PTC remains controversial. Although swamp fever and equine
leukosis are diseases caused by retroviruses, it is known that retroviral infection is another possible
source of T-lymphoma in individual sites of the body, such as the eye gland, consistent with the
intraglandular lymphatic metastasis theory, or that it may give rise to multiple independent
neoplastic clones. Usually, one predominant lesion with multiple satellite foci favors a lymphatic
route of dissemination, whereas many of similar size are suggestive of a multiclonal origin (Zhang
etal., 2024; Sun, 2024; Can et al., 2024).
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Figure 1.10: Cytopathology of Papillary Thyroid Carcinoma with Pap Stain. (Wikipedia)

1.9.2.2 Cellular and Ultrastructural Characteristics

Cells of PTC are usually cuboidal or columnar and demonstrate papillary and follicular
architectural patterns (Lee et al., 2023). The presence of follicles indicates the follicular variant
only when the architecture is entirely follicular. When analyzed by electron microscopy, PTC cells
have increased numbers of mitochondria, abundant rough endoplasmic reticulum (RER), and

prominent apical microvilli, all of which suggest increased metabolism and secretory activity.
1.9.3 Histological Variants of Papillary Thyroid Carcinoma

Papillary thyroid carcinoma (PTC) is a histologically heterogeneous tumor with different types

demonstrating unique morphologic characteristics and clinical behaviors (Ravindran et al., 2022):
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Classic Variant — This corresponds to the most common type of PTC, which shows classic
papillary architecture and typical nuclear features.

Follicular Variant — These tumors primarily have a follicular pattern of growth; however,
they still maintain the nuclear features of PTC. The encapsulated noninvasive subtype has
been reclassified as Noninvasive Follicular Thyroid Neoplasm with Papillary-like Nuclear
Features (NIFTP), because these tumors carry a favorable prognosis with low risk of
malignancy.

Tall Cell Variant — Made up of cells that are greater than twice as tall as they are wide,
this variant has been shown to display a more aggressive clinical behaviour and poor
prognosis.

Columnar Cell Variant — Markedly elongated columnar cells (hyperchromatic nuclei). It
tends to be more aggressive and more challenging to treat.

Hobnail Variant — This variant has been described to have micropapillary formation and
prominent nuclear atypia, and is associated with a worse prognosis.

Diffuse Sclerosing Variant — Seen in younger patients with lymphocytic infiltration and
extensive fibrosis, often with many psammoma bodies, which may reflect a more

disseminated disease process.

1.9.4 Papillary Microcarcinoma

Eligible papillary microcarcinomas are defined as PTC tumors with a maximum diameter of 1 cm,

which are often coincidentally detected through surgery or based on autopsy reports (Ma et al.,

2021). While most of these tumors have an indolent behavior, a subset can have aggressive

behavior, supporting the importance of a personalized clinical evaluation. The term “occult

papillary tumor™ has been proposed to reduce undue psychological impact on telling a patient their
diagnosis (Chin et al., 2023).
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1.9.5 Encapsulation and Invasion Patterns of PTC

The majority of PTC lesions are not encapsulated and tend to metastasize via lymphatics rather
than the bloodstream. Metastases to regional lymph nodes may infrequently undergo cystic
change, which may be confusing with limited numbers of malignant cells present. Distant
metastatic disease, especially to the lungs, may radiologically appear as multiple discrete nodules
or, in rare cases, a diffusely spread snowflake-like pattern (Akbulut et al., 2021).

Papillary thyroid carcinoma (PTC) is a specific malignant tumor that has characteristic gross,
histologic, and cytologic findings. Its typical nuclear appearance, penchant for lymphatic spread,
and often multicentric nature are the hallmark features for diagnosis. Although the disease carries
an overall favorable prognosis, particularly in young patients, specific aggressive variants may
require close observation and more aggressive therapeutic measures to achieve better clinical

outcomes.

1.10 Molecular Mechanisms Underlying Papillary Thyroid Carcinoma (PTC)

Papillary thyroid cancer (PTC), the most common type of thyroid cancer, develops as a result of
consecutive genetic lesions that constitutively activate oncogenic signaling pathways.
Understanding this molecular event is crucial for designing targeted therapies and improving

clinical decision-making.
1.10.1 Activation of the MAPK/ERK Signaling Cascade

A central molecular hallmark of PTC is the abnormal activation of the MAPK/ERK pathway,
which is mainly driven by mutations in regulatory genes (Figure 1.11). The BRAF V600E
mutation, identified in 40-60% of PTC patients, constitutively activates the MAPK pathway,
leading to uncontrolled cellular proliferation and differentiation, as well as tumor survival (Wei et
al., 2022). This mutation is closely correlated with poor clinical outcomes, including extrathyroidal
extension, lymph node metastasis, and poor response to radioactive iodine (Zhang et al., 2024).
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The MAPK pathway is also essential for cell cycle control, differentiation, and survival. In PTC,
its overactivation is frequently linked to genetic aberrations, including BRAF V600E and RAS
mutations (including NRAS, HRAS, and KRAS) and gene rearrangements such as RET/PTC
fusions (Musholt et al., 2019). Furthermore, ALK mutations have been described as infrequent and

consequently relevant contributors to PTC oncogenesis (Murugan et al., 2021).

1.10.1.1 Oncogenic Signaling and Downstream Molecular Effects

Aberrancy in the MAPK pathway triggers a downstream signaling network that, in turn, promotes
tumor growth and progression through various molecular mechanisms. These are, for example,
complete epigenetic resetting (e.g., global hypomethylation and hypermethylation) and
upregulation of proteins derived from traits convenient to tumors (Marczyk et al., 2023). Key

upregulated factors include:

Angiogenesis-promoting molecules: Vascular endothelial growth factor A (VEGFA)

(Razy et al., 2019)

o Extracellular matrix (ECM) remodeling enzymes: Matrix metalloproteinases (MMPS),
urokinase-type plasminogen activator (uPA), and its receptor (UPAR) (Piperigkou et al.,
2021)

« Inflammatory cytokines: Nuclear factor-kB (NF-xB), transforming growth factor-1
(TGFB1) (Mojsilovic et al., 2023)

o Cell adhesion and migration markers: Thrombospondin-1 (TSP1), prokineticin-1

(PROK1), prohibitin, and vimentin (Shafabakhsh et al., 2023)

These mediators collaborate to promote tumor cell survival, invasion, metastasis, and the

formation of new blood vessels.
1.10.1.2 Tumor Microenvironment and ECM Remodeling in PTC

The tumor microenvironment (TME) is a dynamic factor in PTC development. Formerly
considered an inert substance, the extracellular matrix (ECM) has been redefined as a biologically
active matrix affecting tumor biology. Oncogenic mutations, such as the BRAF V600E mutation,

dictate ECM composition and remodeling, leading to tumor potency:
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« BRAF V600E promotes TSP1 secretion, which binds to integrins, cytokines, growth
factors, such as VEGFA, MMPs, etc, contributing to increase malignancy (Melaccio et al.,
2021).

o« TGFB1, when released by MAPK activation, supports ECM remodeling and the
establishment of an inflammatory and pro-tumorigenic milieu (Jarboe et al., 2021).

« Reactive oxygen species (ROS) produced from inflammatory signals may subsequently

activate MAPK signaling, thus maintaining an oncogenic loop (Eng et al., 2023).
1.10.1.3 Contribution of Stromal Cells in Tumor Progression

In particular, non-cancerous stromal cells in the TME, such as tumor-associated macrophages
(TAMs) and cancer-associated fibroblasts (CAFs), are essential regulators of PTC progression.
TAMs promote inflammation via TGFB1 expression, and CAFs regulate tumour dynamics via
FGFR2 activation. It is interesting to note that the FGFR2 isoforms — FGFR2-I1Ib (in tumor cells)
and FGFR2-1llc (in fibroblasts), which are differentially expressed, can also mediate tumor—
stroma interaction and can lead to a faster transition into a malignant stage (Tao et al., 2023; Xu et
al., 2022).

1.10.1.4 MAPK Signaling Crosstalk with Other Oncogenic Pathways

Outside of the MAPK pathway, PTC pathogenesis is influenced by crosstalk with other signaling
pathways:

e NF-kB Pathway: Upregulation of the NF-«B signaling, frequently associated with BRAF
V600E, results in the transcription of genes involved in inflammatory response, anti-
apoptosis, and invasion. This represents a further level of oncogenic addiction (Crescenzi
etal., 2024).

e FOXO3 Suppression: During normal conditions, activation of the tumor suppressor
FOXO3 is conducted by RASSF1A-MST1 and tends to cause apoptosis. Precise data
demonstrate that BRAF V600E also enters this pathway but disrupts it, sending it in the
wrong direction to diminish apoptosis and favor tumor survival (Yu et al., 2024).
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Figure 1.11: The MAPK Pathway and Its Associated Signaling Networks in Thyroid

Cancer. (Mingzhao Xing; 2013)

PTC originates from an intricate interplay of molecules, the most important

of which is the

MAPK/ERK pathway. Genetic and epigenetic mutations, as well as alterations in the TME,

cooperate in cancer development. Cross-talk between MAPK and its downstream targets, such as

NF-kB, FOXO3, etc., increases tumour aggressiveness, immunoevasion, and chemo- and radio-

therapy resistance. Such findings suggest potential targets for focused therapy, including MAPK

inhibitors, extracellular matrix (ECM)/tumor microenvironment (TME) targeting agents, and

immunological manipulation of the tumor-stromal dialogue.
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1.10.2 RET/PTC Rearrangements

The most common genetic lesions in the papillary thyroid carcinoma (PTC) are represented by
RET/PTC rearrangements, particularly those occurring in radiation-induced and pediatric tumors.
These rearrangements consist of the RET proto-oncogene's tyrosine kinase domain fused to the 5’
sequences of several partner genes, resulting in constitutive activation of RET signaling cascades.
Over 15 RET/PTC fusion types have been described, with RET/PTC1 and RET/PTC3 being the

most commonly observed forms (Elisei et al., 2023).

These fusions constitutively activate the RET kinase in a ligand-independent manner and
subsequently lead to activation of oncogenic signaling pathways that result in cellular proliferation
and resistance to apoptosis (Ullmann et al., 2022). Tumors harboring RET/PTC are typically of
classic papillary morphology and present as a tumor in younger patients, especially those with a
history of exposure to ionizing radiation (Soares et al., 2021).

The heterogeneous nature of the RET/PTC fusions in multifocal PTC cases also indicates that,
rather than occurring at late stages of tumorigenesis, these genetic events must be independently
acquired in a neoplastic-prone thyroid gland, thus backing the idea that RET/PTC may be an early

driver in tumor initiation rather than in progression (Hu et al. 2021).

In summary, RET/PTC rearrangements have a significant role in the early molecular pathogenesis
of PTC, particularly in pediatric and radiation crisis-related cases. Their discovery highlights the
importance of chromosomal rearrangements in thyroid tumourigenesis and suggests new

molecular targets for improved diagnosis and early treatment of thyroid tumors.

1.10.3 RAS Mutations

The RAS oncogene family, including HRAS, KRAS, and NRAS, is mutated in 10-20% of PTCs,
although at an incidence five times higher in the follicular variant. These mutations allow the
dysregulated activation of the MAPK and PI3K/AKT signaling pathways, leading to tumorigenesis
(Haghzad et al., 2024).
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RAS-mutant PTCs tend to display a less aggressive clinical behavior compared to BRAF-mutant
tumors. They generally have a more indolent disease course and lower rates of recurrence and

metastasis, and are sometimes more responsive to traditional therapies (Boucai et al., 2022).

Translational relevance: Due to their inherent dual-activation potential, RAS mutations represent
an intersection of the primary signaling pathways that drive PTC, underscoring their importance
in thyroid cancer biology.

1.10.4 PISK/AKT/mTOR Pathway

While the MAPK pathway is the predominant force in PTC development, evidence has emerged
suggesting the importance of the PISK/AKT/mTOR axis in tumor growth and carcinogenesis.
Genetic mutations in this pathway (PIK3CA, AKT1, PTEN) are more frequent in aggressive,
poorly differentiated, and therapy-resistant PTC (Pappa et al., 2021).

PI3K/AKT signaling has been constitutively activated in a variety of oncogenic processes, leading
to increased cell proliferation, inhibition of apoptosis, metabolic reprogramming, and
chemotherapy resistance (Fig. 1.12). Such molecular changes can occur by means of direct gene
mutations or by interaction with other oncogenic signaling pathways (Crezee et al., 2020).

Notably, PI3BK/AKT/mTOR pathway activation has been frequently associated with poor clinical-
pathological factors, high tumor aggressiveness, and poor survival (Liu et al., 2024). This has led
to the pathway being established as an attractive potential target for directed therapy, and several
inhibitors are currently being evaluated for advanced or refractory thyroid carcinoma. The
PIBK/AKT/mTOR signaling pathway is the second-most-important molecular driver in PTC,

playing a significant role in disease aggravation and treatment resistance.
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Figure 1.12: The PIBK-AKT Pathway and Its Associated Signaling Networks in Thyroid
Cancer. (Mingzhao Xing; 2013)
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1.10.5 Interplay between MAPK and PISBK-AKT Pathways in Advanced Disease

There is crosstalk between dedifferentiated and anaplastic forms, in which both MAPK and PI13K—
AKT pathways are concomitantly activated during thyroid tumorigenesis. It has been well
established that 80-81% of cases of ATC have concurrent activation of both these signaling
pathways, which is consistent with the highly aggressive nature of this cancer type (Pozdeyev et
al., 2020; Zeng et al., 2024). This dual activation is reportedly less common in well-differentiated
thyroid cancers, for instance, follicular thyroid adenocarcinoma (FTA). [Google Scholar])
However, its incidence is notably higher in PDTC and ATC, attesting its key role in malignant

progression (Cabanillas et al., 2023).

Immunohistochemistry studies showed a common co-expression of phospho-ERK and phospho-
AKT proteins in ATCs, indicative of concurrent MAPK and PI3BK-AKT pathway activation,
unlike that observed in well-to-moderately differentiated thyroid carcinomas (Lasolle et al., 2024).
This is strongly supported by mouse studies in which loss of PTEN and activation of KRAS
cooperatively drive aggressive thyroid tumorigenesis. In contrast, the stimulation of either pathway
alone does not (Haghzad et al., 2024). Similar findings have been proven in melanoma, where
high-metastatic disease develops after BRAFV600E expression is combined with PTEN loss,
further emphasizing the transferability of this dual-pathway model (Florent et al., 2023).

1.10.6 Proposed Model of Thyroid Cancer Evolution

The molecular pathogenesis of thyroid cancer can be conceptually divided into distinct categories
based on the prevailing signaling defects. Mutations in the MAPK pathway, including
BRAFV600E and RET/PTC rearrangements, are major drivers of PTC, whereas alterations in the
PI3BK-AKT pathway, including RAS and PIK3CA mutations as well as PTEN loss, prevail in FTA
and FTC (Wang et al., 2023; Rangel-Pozzo et al., 2020). As disease develops, these pathways
intersect, and co-activations foster PDTC. Additional drivers, such as TP53, CTNNB1, and ALK
(Cirello et al., 2024; Singh et al., 2021) mutations, drive the progression to full-blown ATC, the

most severe subtype of thyroid cancer.
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Additionally, ATC can arise de novo or can progress from underlying PTC or FTC lesions as key
mutations accumulate. Other oncogenic drivers, such as loss of epigenetic control or activation of
secondary signaling cascades (e.g., Wnt—3—catenin, NF-xB, and HIF-1a)), promote further tumor
progression and dedifferentiation (Zhang et al., 2023). This integrative paradigm highlights thyroid
cancer as a dynamic process of multistep evolution, where the sequential accumulation of “hits”—
of both genetic and epigenetic nature—underlies the passage from indolent to aggressive clinical

disease (Figure 1.13).
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Figure 1.13. A Model lllustrating Thyroid Tumorigenesis Progression Driven by the
MAPK and PI3K-AKT Pathways. (Mingzhao Xing; 2013)

1.10.7 TERT Promoter Mutations

Mutations in the telomerase reverse transcriptase (TERT) gene promoter are detected in about 10—
15% of papillary thyroid carcinoma (PTC) cases and are associated with an aggressive phenotype,
including a high incidence of tumor recurrence and shorter overall survival (Sako et al., 2024).
These mutations increase telomerase activity, allowing continued proliferation and cellular

immortality — key characteristics of cancer.
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TERT promoter mutations coexisting with the BRAF V600E mutation are associated with greater
tumor aggressiveness. It is a strong predictor of poor clinical outcomes, making this molecular

combination a highly predictive indicator of high-risk disease (Gerwen et al., 2023).

Thus, the TERT promoter mutations are prognostically advantageous and potential molecular

markers for the sub-classification of patients with higher-grade disease.

1.10.8 Epigenetic Alterations

In addition to genetic mutations, epigenetic changes, including DNA methylation, histone
modifications, and microRNA (miRNA) dysregulation, play crucial roles in PTC pathogenesis. It
is worth mentioning that the hypermethylation of tumor suppressor genes, including RASSF1A
and SLC5AS8, has been extensively observed, leading to their transcriptional repression and loss

of the tumor-suppressive capacity (Acufia et al., 2023).

At that time, dysregulated expression of miRNAs, mainly those of the miR-146b and miR-221
families, plays an essential role in regulating cell proliferation, migration, and resistance to

apoptosis by modulating major oncogenic and tumor suppressor pathways (Galuppini et al., 2022).

Such epigenetic alterations not only associate with tumorigenesis and progression but also present

potential for diagnostic and therapeutic applications.

1.10.9 Immune Microenvironment

Regulatory immune cells, particularly tumor-associated macrophages (TAMSs) and regulatory T
cells (Tregs), play an essential role in creating an immune-suppressive microenvironment that
enables immune evasion and tumor progression (Song et al., 2023). High levels of TAMs are
associated with lymph node metastasis and later stages of disease, indicating their involvement in

promoting tumor aggressiveness and metastasis (Katoh et al., 2024).
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Awareness of immunological mechanisms in the PTC microenvironment is enlightening regarding
the tumor's behavior. It opens a door for immunotherapies that can manipulate immune cell

functions to suppress tumor growth.

1.11 Metastatic Behavior of Papillary Thyroid Carcinoma (PTC)

PTC is the most common type of thyroid cancer and typically has an excellent prognosis. However,
a select group of patients has a more aggressive form of the disease, characterized by regional and

distant spread, which negatively impacts the disease course and treatment (Figure 1.14).

1.11.1 Regional (Lymph Node) Metastasis

The rate of lymph node metastases in PTC is between 30% and 50%, and most commonly they
occur in the central and lateral compartments of the cervical lymphatic chain (Yu et al., 2024).
While nodal metastasis may not adversely affect survival in low-risk groups, it does increase the
risk of local and regional recurrence. In contrast, among high-risk patients (extranodal extension,
bulky nodal disease), the outcomes are much worse (Kang et al., 2023; Stenman et al., 2022).
Diagnostic imaging, in particular high-resolution ultrasound, often depicts microcalcifications and
cystic metamorphosis in lymph nodes, which strongly indicate metastatic dissemination (Xue et
al., 2021).

The tumor microenvironment is pivotal in promoting nodal spread. CAFs and TAMSs secrete pro-
tumorigenic cytokines and growth factors, which potentiate the invasive ability of cancer cells
(Febrero et al., 2024). Furthermore, high stromal fibrosis at the tumor—host interface has been

associated with a higher risk of lymphatic invasion (Avagliano et al., 2022).
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Figure 1.14: Metastatic Traits of PTC. (Zhang et al., 2024)

1.11.2 Distant Metastasis

In about 5-10% of PTC cases, distant metastases occur, with the most common target organs being
the lungs, followed by bone, liver, and brain (Toraih et al., 2021). Pulmonary involvement may
manifest in an indolent, micro-nodular pattern or as a more aggressive, macro-nodular pattern,
having poor prognostic impact (Chua et al., 2024). Certain genetic mutations, such as TERT
promoter and BRAF V600E, are strongly correlated with increased metastatic potential (Landa et
al., 2023). Survival rates are highly variable, with 5-year survival rates for patients with distant
metastases ranging from 24% to 76%, depending on the number of organs involved and the
effectiveness of therapy. The presence of multi-organ metastasis or brain disease is also correlated

with a much worse prognosis (Toraih et al., 2021).
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1.11.3 Molecular Basis of PTC Metastasis

The metastatic capability of PTC is driven by molecular aberrations, mainly involving the MAPK
and PIBK-AKT cascades, which promote cellular maotility, invasiveness, and survival (Zhang et
al., 2024). The BRAF V600E mutation is widely associated with adverse clinicopathologic
characteristics, including extrathyroidal extension, nodal metastasis, and treatment refractoriness.
In addition to these genetic drivers, epigenetic mechanisms, including promoter hypermethylation
and histone modifications that repress genes key to cell adhesion, extracellular matrix degradation,
and angiogenesis, are also involved (Hu et al., 2021). For example, hypermethylation of the TIMP3
promoter has been linked to enhanced invasiveness and metastatic potential in tumors (Sabi et al.,
2024).

Although PTC frequently follows a slow and favourable course, the development of metastases
requires vigilance and personalized therapeutic management. Given the complex interplay
between genetic alterations, epigenetic modifications, and the tumor microenvironment, it is of

fundamental importance to develop targeted therapies to control advanced PTC.

1.12 Clinical Manifestations of Thyroid Cancer

Symptoms Thyroid cancer frequently does not cause any symptoms in early stages, and only in
later stages do they appear. Symptoms vary depending on the type of cancer, the size of the tumor,
and the extent to which it has spread locally or to other parts of the body (NHS, 2024; Mayo Clinic,
2024). Although some features are indistinguishable from benign thyroid diseases, patients with
signs or symptoms that persist or worsen after initiation of synthetic levothyroxine replacement

should be thoroughly evaluated for the earliest possible diagnosis and targeted treatment
1.12.1 Common Clinical Signs

o Often asymptomatic in the early stages: Frequently asymptomatic at first: Thyroid
cancer is often discovered by chance during a check-up, or other unrelated tests and scans,

as patients don’t usually have early symptoms (Song et al., 2024).
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e Neck lump/swelling: A steadily increasing, non-tender, firm nodule in the anterior neck
area that is not easily moved is a typical clinical feature of cancer (Chowdhury et al., 2024);
this is commonly referred to as an open neck mass or swelling.

« Voice alterations or hoarseness: Pressure from the tumor on, or interference with, the
recurrent laryngeal nerve may alter the voice or cause persistent hoarseness (Cipolla et al.,
2021).

« Swallowing difficulties (dysphagia): As the tumor grows, it can compress the esophagus,
causing pain or a blocked sensation during swallowing (Santa Maria et al., 2024).

e Chronic cough: A long-lasting cough, particularly in the absence of an infection or allergy,

may indicate a progressing tumor (Sun et al., 2024).
1.12.2 Advanced and Progressive Symptoms

o Localized pain: Tumor involvement of adjacent structures such as the jaw, ear, and neck
due to pain reflects local advancement of tumor into surrounding structures (Chowdhury
etal., 2024).

o Cervical adenopathy: The most frequent finding in the late stages is enlargement of the
cervical lymph nodes due to metastatic spread (Ji et al., 2023).

o Difficulty breathing: Compression from a tracheal tumor may cause difficulty in
breathing, shortness of breath, and a feeling of choking (Kinuya et al., 2006).

o Facial flushing: There may be episodic facial flushes in medullary thyroid carcinoma
(MTC) secondary to the release of calcitonin-related peptides, especially in those with light
skin (Cohen et al., 2023).

o Gastrointestinal Symptoms: MTC-associated hormonal hypersecretion can induce bowel
movement changes, exceptionally prolonged diarrhea (Mosiychuk et al., 2021).

e Systemic symptoms: Unintentional weight loss, fatigue, and general malaise can occur

with advanced or metastatic disease (De Leo et al., 2021).

As benign and malignant thyroid diseases overlap considerably, the presence, persistence, or
worsening of symptoms should all prompt comprehensive clinical and instrumental investigation.

Due to the difficulty of detection, early detection is essential for a better prognosis and treatment.
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1.13 Thyroid Cancer Diagnosis

The diagnosis of thyroid cancer is multifaceted, which comprises clinical assessment, imaging
modalities, laboratory studies, and cytological examination. The prompt and accurate diagnosis is

of paramount importance for an appropriate therapeutic approach and a better prognosis.

1.13.1 Clinical Assessment

Diagnosis The diagnosis of thyroid cancer starts with a complete clinical assessment, including a
full medical history and a neck examination in search of palpable thyroid nodules or
lymphadenopathy (Grani et al., 2024). Major risk factors include a history of previous exposure to
radiation, a family history of thyroid malignancy, and symptoms that are indicative of thyroid
problems. A detailed record of these factors is crucial for accurate risk estimation (Berinde et al.,
2022).

1.13.2 Imaging Techniques

« Ultrasonography: High-resolution neck ultrasound is the imaging modality of choice for
thyroid nodules. It describes characteristics of a nodule, including its size, internal
composition, echogenicity, margin, and microcalcification (Ghai et al., 2024). Suspicious
features such as hypoechogenicity, irregular shape, microcalcifications, and a taller-than-
wide shape are more frequently associated with cancer (Russell et al., 2022). The American
College of Radiology's TIRADS classification is frequently used to assess the risk of
malignancy and guide fine-needle aspiration (Strieder et al., 2022).

e CT and MRI: Despite not often being used as a primary diagnostic approach, CT and MRI
may be useful for the evaluation of large tumors, in particular regarding local invasion and
distant spread (Giovanella et al., 2022). Administering iodinated contrast in conjunction
with CT should be carefully weighed, because it may interfere with subsequent radioiodine
therapy (Alabousi et al., 2022).
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Thyroid Scintigraphy: The imaging method by means of radiotracers, like technetium-
99m or iodine-123, to assess the morphology and functioning of the thyroid (Trimboli et
al Investigator 2024). It helps differentiate hyperfunctioning (‘“hot”) nodules, mostly
benign, from hypofunctioning (“cold”’) ones, which are more often malignant (Giovanella
etal., 2022).

SPECT/CT: The integration of functional and anatomical imaging in SPECT/CT offers
better localisation and characterisation of abnormal thyroid tissues. It is especially helpful
in locating ectopic thyroid tissue, in detecting metastasis, and in writing on the remaining
post-surgical tissue (Pestean et al., 2024).

PET/CT: PET/CT using 18F-FDG is useful to detect recurrence or metastases of thyroid
cancer, especially in those patients with increased thyroglobulin but with negative
radioiodine scanning. It is also useful for identifying metabolically active aggressive
subtypes, such as poorly differentiated and anaplastic thyroid cancer (Zampella et al.,
2021).

1.13.3 Laboratory Evaluation

Thyroid Function Tests: The primary test for thyroid cancer is a TSH level. Most patients
are euthyroid, although changes in TSH may serve as a hint to other coexisting functional
thyroid diseases (Andersen et al., 2022; Haymart et al., 2021).

Calcitonin and CEA: Medullary thyroid carcinoma has as one of its tumor markers
increased serum calcitonin, and CEA serves as an additional tumor marker (Wang et al.,
2024).

1.13.4 Fine-Needle Aspiration Biopsy (FNAB)
Ultrasound-guided FNAB is considered the gold standard for evaluating thyroid nodules (Tarigan

et al., 2022). It includes cellular aspiration for cytologic examination. The Bethesda System

characterizes the results in six diagnostic categories and provides malignancy risk and

management recommendations based on the results (Ali et al., 2023):

1. Non-diagnostic/Unsatisfactory
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Benign

Atypia or Follicular Lesion of Undetermined Significance (AUS/FLUS)
Follicular Neoplasm or Suspicion for Follicular Neoplasm

Suspicion of Malignancy

© g k~ w DN

Malignant

These categories guide clinical decisions ranging from observation to surgical intervention.

1.13.5 Molecular Diagnostics

For inconclusive results following FNAB, one can perform molecular analyses for mutations (e.g.,
BRAF, RAS, RET/PTC, PAX8/PPARY) to help stratify the risk of malignancy and guide therapy
(Patel et al., 2023; Kannan et al., 2022). This molecular understanding enhances diagnostic

accuracy and assists in individualized treatment approaches.

1.13.6 Emerging Technologies in Diagnosis

Novel diagnostic methods, such as radiomics and artificial intelligence (Al), are being explored to
enhance diagnostic power. Radiomics derives image-based features, and Al models can analyze
these features to enhance the discrimination between benign and malignant nodules. These
advances are expected to facilitate more precise and individualized diagnostics (Toro-Tobon et al.,
2023; Habchi et al., 2023).

The diagnosis of thyroid cancer is an integrated approach that includes clinical decision-making,
state-of-the-art imaging, biochemical evaluation, cytology, and molecular genotyping. Continued
technological development will enhance diagnostic roadmaps and potentially improve patient

outcomes through precision medicine.

1.14 Thyroid Cancer Management Approaches

Therapy of thyroid cancer is a very individualized process, taking into account tumor histology,
staging, and molecular profile. A multidisciplinary treatment approach is often required and
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includes surgery, RAI therapy, TSH suppression, external beam radiation therapy (EBRT), and
targeted therapies toward altered molecular markers. For the most common type of DTC (papillary
and follicular), surgery remains the standard of care. On the other hand, more aggressive variants,

such as ATC and MTC, require global cases to improve patients' survival (Prete et al., 2024).
1.14.1 Surgical Treatment Strategies

Surgical resection is still considered the first choice of treatment for most thyroid cancers,
especially for the DTC types like the papillary and follicular carcinomas (Stewart et al., 2021).
Surgical modalities are basically standard cervicotomy and laparoscopic approaches, consisting of
lobectomy and total thyroidectomy, dictated by the size of the tumor, anatomical spread, and
lymph nodal involvement. Total thyroidectomy is the treatment of choice for lesions>4 cm,
extracapsular extension, or clinically positive lymphatic metastases (Xu et al., 2023). In cases
involving lymph node involvement, central or lateral neck dissection may be required (Agcaoglu
etal., 2024; Lo et al., 2022). For smaller and lower-risk tumors, such as papillary microcarcinomas,
lobectomy may be sufficient (Bi et al., 2023). Robotic-assisted thyroidectomy. This technique,
subject to ongoing technological advancements, uses a robotic system to provide minimally
invasive access, a short hospital stay, and a lower complication rate, and represents an attractive
alternative for selected patients (Park et al., 2024).

1.14.2 Radioactive lodine (RAI) Therapy

RAI therapy is an essential adjuvant for DTC after thyroidectomy, focusing mainly on residual
thyroid tissue or metastases, and is administered with iodine-131 (Valerio et al., 2023). This is
especially useful in the case of large high-risk tumors with involvement of the local tissues or
distant metastasis (Mayson et al., 2021). But in low-risk patients, RAI is generally not indicated,
and the therapeutic advantage is lacking (Zhao et al., 2022). Tailored dosing schedules are being

investigated to improve drug effectiveness and reduce toxicity (Pacilio et al., 2022).
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1.14.3 Thyroid Hormone Suppression Therapy

Postoperative thyroid hormone treatment is required in the treatment of DTC to suppress TSH and
prevent recurrence. Levothyroxine (LT4) is given lifelong to maintain euthyroidism and to
minimize TSH-stimulated growth of any residual tumor (Miccoli et al., 2021). The degree of TSH
suppression is classified by risk of recurrence: TSH is severely suppressed (below 0.1 mU/L) in
high-risk patients and moderately suppressed (0.5-2.0 mU/L) in low-risk patients (Giovanella et
al., 2023; Lee et al., 2024). Current studies aim to individualize the LT4 dosing regimens to achieve
oncological benefits and prevent long-term complications, such as osteoporosis and cardiovascular
disease (Silaghi et al., 2022; Yang et al., 2022; Ku et al., 2021).

1.14.4 Molecular Targeted Therapies in Advanced Thyroid Cancer

Targeted therapies play a crucial role in the management of advanced thyroid cancer by targeting
abnormal molecular pathways involved in tumor growth and survival (Zhang et al., 2023). Among
these therapies are the tyrosine kinase inhibitors (TKIs) lenvatinib and sorafenib, which inhibit
tumor proliferation and angiogenesis, as well as inhibitors of the inappropriately activated MAPK
and PI3K-AKT pathways (Kedzierska et al., 2024; Fallahi et al., 2022). Patients with RAI-
refractory DTC and notably patients with poorly differentiated and anaplastic features derive the
greatest benefit from these therapies (Prete et al., 2021). In these populations, TKIs such as
lenvatinib and sorafenib have significantly increased progression-free survival (Kim et al., 2023,
Karapanou et al., 2022). In addition, more targeted options are now also available for patients with
RET gene rearrangements, including selective RET inhibitors such as selpercatinib (Hamidi et al.,
2024; Roman-Gil et al., 2022).

1.14.5 Immunotherapeutic Approaches

Immunotherapy is emerging as a treatment option for advanced thyroid cancers, particularly those

unresponsive to conventional treatment options including surgery, RAI, and TKIs (Song et al.,
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2024). This strategy leverages the immune system to identify and kill tumour cells, usually with
immune checkpoint inhibitors. Medications such as pembrolizumab and nivolumab—anti-PD-1
monoclonal antibodies—restore immunosurveillance by interfering with the PD-1/PD-L1 axis
(Chera et al., 2022; Pinheiro et al., 2024). These therapies have shown hopeful outcomes in more
aggressive forms of ATC (Shobab et al., 2024; Zhu et al., 2024). Current clinical trials report the
combination of checkpoint inhibitors with TKIs to overcome resistance and improve treatment
response (Kobayashi et al., 2024; Gao et al., 2023; Ragusa et al., 2022). While still experimental,
immunotherapy appears to be a promising therapeutic option in refractory cases or for patients
with metastatic disease, provided that additional predictive biomarkers and the optimal treatment

regimen are identified.
1.14.6 Role of Chemotherapy

Chemotherapy, using also cytotoxic drugs to stunt the division of cancer cells, has a restricted, but
targeted, role in the management of thyroid carcinoma (Behranvand et al., 2022). Even though
DTC is usually sensitive to RAI and targeted agents, chemotherapy could be considered in the
refractory setting or in extremely aggressive histologies such as ATC that are generally refractory
to all treatment approaches (Jannin et al., 2022). Standard chemotherapies, such as doxorubicin,
cisplatin, and paclitaxel, have been administered in both palliative and multimodal settings, often
in combination with radiation and immunotherapies (Mirzaei et al., 2023; Pavlidis et al., 2023).
For instance, paclitaxel is beneficial when combined with targeted or immune-based treatments
(Yang et al., 2021). Nevertheless, chemotherapy, because of its systemic toxicity and small
survival benefit, is recommended only for patients with rapidly progressive courses (Mathur et al.,
2022).

Novel therapies, such as TKIs (sorafenib, lenvatinib), RET inhibitors (pralsetinib), and PD-1
immunotherapies, have reshaped the treatment landscape for advanced or RAI-refractory thyroid
cancers (Su et al., 2024; Turner et al., 2024; Chen et al., 2024). Studies on efficient drug
combinations and molecular markers that tailor treatments to individual patients are being pursued
(Bhattacharya et al., 2023; Shi et al., 2023).
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1.15 Recent Advances in Blood-Based Biomarkers for Thyroid Cancer

Detection and Prognostication

The identification, prognosis, and treatment of thyroid cancer primarily rely on imaging, histology,
and blood markers (Das et al., 2023). These biomarkers are crucial for assessing thyroid gland
function and cancer-related molecular signaling, as well as for monitoring disease progression or
relapse (Chen et al., 2024; Belousov, 2022).

1.15.1 Conventional Thyroid Function Tests and Their Diagnostic Constraints

Thyroid function is regularly evaluated by standard tests, including thyroid-stimulating hormone
(TSH), triiodothyronine (T3), and thyroxine (T4) (Yazdaan et al., 2023). Although thyroid
hormones are useful for assessing endocrine activity, they often remain within the reference range
in cases of thyroid cancer, limiting their ability to diagnose it (Van et al., 2023; Andersen et al.,
2022). High TSH, on the other hand, has been associated with high-grade tumors and clinic stage
in DTC (Fan et al., 2024; Avram et al., 2022). As a result, while these tests are good at picking up

benign conditions, they are not good at detecting cancers.
1.15.2 Core Tumor Biomarkers in Thyroid Cancer

1.15.2.1 Biomarkers in Differentiated Thyroid Cancer (DTC)

Thyroglobulin (Tg) is an essential marker for PTC and FVPTC and is also useful for follow-up of
patients after total thyroidectomy and radioactive iodine (RAI) ablation (Giovanella et al., 2024;
Lu et al., 2024). After therapy, elevated or rising Tg levels imply remaining or recurrent disease
(Signore et al., 2023; Chou et al., 2022). Nevertheless, anti-thyroglobulin antibodies (TgAb) can
affect Tg measurements; therefore, T3- and T4-based Tg assays will also require antibody testing

for reliable calculation (Giovanella et al., 2023).

1.15.2.2 Biomarkers in Medullary Thyroid Cancer (MTC)

A special medullary thyroid carcinoma marker, calcitonin, is widely accepted for diagnosis and
follow-up (Liu et al., 2024; Kiriakopoulos et al., 2022). Elevated calcitonin during and after
therapy indicates persisting disease or relapse (Wang et al., 2024; Censi et al.,, 2023).
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Carcinoembryonic antigen (CEA) is also helpful in monitoring disease, particularly when

associated with calcitonin (Passos et al., 2021).
1.15.3 Novel and Inflammation-Related Biomarkers

1.15.3.1 Inflammatory Parameters

The prognostic importance of systemic inflammation markers in thyroid cancer is increasingly
recognized (Cai et al., 2024; Huang et al., 2022). Elevated NLR has been associated with advanced
stage, extrathyroidal invasion, and lower disease-free survival (Modica et al., 2023; Offi et al.,
2021). Similarly, increased PLR is an indicator of aggressive behavior in PTC (Li et al., 2022;
Martin et al., 2021). Higher levels of C-reactive protein (CRP) are associated with lymph node

invasion and adverse prognoses (Marqgues et al., 2021; Offi et al., 2021).

1.15.3.2 Liquid Biopsy and Molecular Biomarkers

Liquid biopsy tools offer non-invasive approaches to analyze CTCs, ctDNA, and cfDNA (Allen
et al., 2024). This real-time molecular tracking of tumor processes is achieved noninvasively.
However, clinical use is still hindered by the high fraction of non-cancer cfDNA, which is also
elevated in benign settings (Wang et al., 2024). While infrequent at early stages, CTCs are
frequently detected at the case level in metastatic disease, paralleling tumor burden and disease
prognosis (Lawrence et al.,, 2023; Nguyen et al., 2023). Moreover, cfDNA analysis can
additionally detect tumor-specific mutations, including BRAFV600E, RAS, and TERT promoter
mutations, which offer diagnostic and prognostic value (Wijewardene et al., 2025; Niedziela et al.,
2024; Sato et al., 2021; Suh et al., 2021).

1.15.4 Serum Calcium and Parathyroid Hormone (PTH) Dynamics in Thyroid

Cancer

It is essential to monitor the calcium and PTH levels, particularly after thyroidectomy (Chen et al.,
2021; Bumber et al., 2020). Surgical injury to the parathyroid glands can lead to temporary or
persistent hypocalcemia; as a result, intensive monitoring of the patient and replacement therapy

are necessary (Maheshwari et al., 2024; Sepek et al., 2023). Ongoing hypocalcaemia might also
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imply that of irreversible hypoparathyroidism, where calcium and vitamin D supplementation is
needed (Staubitz-Vernazza et al., 2024; Casey et al., 2023; Khatiwada et al., 2021). Similarly,
unexplained PTH levels increasing without simultaneous hypocalcemia may also be indicative of
parathyroid carcinoma — a deadly form of cancer which is frequently misdiagnosed as thyroid

cancer (Yabanoglu et al., 2024; Sawhney et al., 2022).

1.15.5 Vitamin D's Role in Thyroid Cancer Risk and Progression

Furthermore, Vitamin D insufficiency has recently been associated with a higher risk of thyroid
cancer, as well as more aggressive histopathological features and a worse clinical course (Babi¢
Leko et al., 2023; Abuduwaili et al., 2022; Palanca et al., 2022). It could promote cancer by
immune modulation and chronic inflammation (Mufioz et al., 2022; Bikle et al., 2022). On the
contrary, if these levels are sufficient, they could exert a protective effect; if this is a real clinical
correlation, a potential therapeutic strategy remains to be addressed in future investigations
(Dallavalasa et al., 2024).

1.15.6 Thyroglobulin in Long-Term Surveillance

Thyroglobulin remains the most widely used biomarker for long-term surveillance of patients with
differentiated thyroid cancer (Giovanella et al., 2024; Li et al., 2022). Target Tg level is
undetectable after thyroidectomy; any subsequent detectable rise indicates possible recurrence
(Giovanella et al., 2023; Zahra et al., 2021). Interference caused by TgAb must be corrected in Tg
measurements to interpret the levels correctly. The sensitivity of technological assays enhances

the accuracy of recurrence detection (Dwivedi et al., 2023).

While regular thyroid function tests are essential for overall endocrine evaluation, they are not
particularly helpful in diagnosing cancer. Tumor markers such as thyroglobulin (TG) and
calcitonin (CT) are essential tools for diagnosing and monitoring thyroid cancer. Emerging

biomarkers, such as inflammation indices and liquid biopsy markers, show potential to improve
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early diagnosis, risk stratification, and personalized treatment. Nonetheless, further prospective
studies are warranted to validate these new markers and to successfully integrate them into clinical

protocols for better treatment of thyroid cancer.
1.16 TNM Staging of Thyroid Cancer (AJCC, 8th Edition)

Thyroid cancer is staged using the AJCC 8th Edition TNM system, which is based on the size of
the primary tumor (T), involvement of regional lymph nodes (N), and presence of distant
metastasis (M) (Lamartina et al., 2018). It is widely accepted for DTC (including PTC and FTC)
and MTC only. This is not true for anaplastic thyroid cancer (ATC), which is classified as Stage
IV by definition due to its aggressive nature (Tuttle et al., 2017).

Table 1.1: TNM Staging Criteria for Thyroid Cancer (AJCC 8th Edition)

Category Description

Primary Tumor (T)

TX Primary tumor cannot be assessed.

TO No evidence of primary tumor.

T1 Tumor <2 c¢m in the most significant dimension, limited to the
thyroid.

Tla Tumor <1 cm.

Tlb Tumor >1 cm but <2 cm.

T2 Tumor >2 cm but <4 cm, limited to the thyroid.

T3 Tumor >4 cm or with minimal extrathyroidal extension (e.g., into

sternothyroid muscle or perithyroid soft tissues).

T3a Tumor >4 c¢cm but limited to the thyroid.

T3b Tumor of any size with gross extrathyroidal extension into strap

muscles (sternohyoid, sternothyroid, thyrohyoid, or omohyoid).

T4 Tumor with extensive extrathyroidal extension.
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T4a Tumor invades subcutaneous soft tissues, larynx, trachea,
esophagus, or recurrent laryngeal nerve.
T4b Tumor invades prevertebral fascia, mediastinal vessels, or

encases the carotid artery.

Regional Lymph Nodes (N)

NX Regional lymph nodes cannot be assessed.

NO No evidence of regional lymph node metastasis.

N1 Regional lymph node metastasis.

Nla Metastasis to Level VI or VII (pretracheal, paratracheal, or
prelaryngeal/Delphian lymph nodes).

N1b Metastasis to unilateral, bilateral, or contralateral cervical

(Levels I-V) or retropharyngeal lymph nodes.

Distant Metastasis (M)

MO

No distant metastasis.

M1

Distant metastasis present (e.g., to lungs, bones, liver, or brain).

Table 1.2: Staging of Differentiated Thyroid Cancer (PTC and FTC) (AJCC 8th Edition)

Age Group Stage T Category N Category M Category
<55 Years I Any T Any N MO

T Any T Any N M1
>55 Years I T1-T2 NO/NX MO

I T1-T2 N1 MO

I T3 Any N MO

Il T4a Any N MO

IVA T4b Any N MO
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1.17 Grading Thyroid Cancer: Integrating Histological and Molecular Insights

Thyroid cancer grading is a crucial histological tool that assesses tumor differentiation, structural
patterns, and cellular proliferation. While staging systems like the TNM assess tumor size, nodal
involvement, and distant metastasis, grading primarily focuses on the tumor's intrinsic biology,

which helps predict its clinical behavior and guides treatment planning.

1.17.1 WHO Classification of Thyroid Tumors (2022 Update)

The 2022 WHO classification system integrates histological details with molecular findings,
providing a comprehensive framework for grading thyroid tumors. Including intermediate-grade
(Grade 2) lesions and proliferation markers, such as the Ki-67 index, enhances diagnostic precision
and supports personalized treatment planning. Molecular markers, such as BRAF V600E and

TERT mutations, further assist in stratifying risk and identifying potential therapeutic targets.

The 2022 version of the World Health Organization (WHO) classification brings into focus a more
refined approach by combining histological morphology with molecular changes (Jung et al.,
2022; Juhlin et al., 2022):

* Benign Lesions: Comprise FA and its variants, which may be papillary or oncocytic.

* Low-Risk Neoplasms: This category includes the noninvasive follicular thyroid
neoplasms with papillary-like nuclear features (NIFTP) and hyalinizing trabecular tumors,

which are considered indolent.
» Malignant Tumors: Subdivided into:

o Well-differentiated carcinomas: PTC and FTC, which are usually associated

with a good prognosis.
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0 High-Grade Carcinomas: Consist of PDTC and ATC, which are well-known

for aggressive behavior and poor prognosis.

Differentiated High-Grade Thyroid Carcinoma (DHGTC) is a significant new inclusion

characterized by well-differentiated morphology that exhibits high-grade features, including

marked mitotic activity and necrosis. This suggests a worse outcome.

1.17.2 Histological Grading According to Tumor Differentiation

Thyroid neoplasms are classified into four grades according to histological aspect and proliferative
activity (Cracolici et al., 2023; La Rosa, 2023):

Grade 1: Well-Differentiated Carcinomas

0 Have the same cellular structure as normal thyroid.
0 Primarily includes PTCs and FTCs.

o Slow growing and has an excellent prognosis.
Grade 2: Moderately Differentiated Carcinomas

0 There is a partial loss of normal architecture, with some "follicular”/
“glandular” patterns still visible.
0 Commonly occurs in aggressive PTC variants (tall cell, hobnail, columnar) and
some FTCs.
0 Have moderate mitotic activity and necrosis, if present.
0 Ki-67 index: 3-10%, indicating moderate proliferation.

» Grade 3: Poorly Differentiated Carcinomas (PDTC)

o Solid, island-forming, or trabecular in growth.

0">High mitotic index and high incidence of necrosis.

0 Associated with an increased chance of recurrence and worse survival.
o Mitotische Tatigkeit: >3 per 2 mm?; Ki-67-Index: 10-30%.
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» Grade 4: Anaplastic Thyroid Carcinomas (ATC)

0 Made up of undifferentiated cells that do not resemble thyroid epithelium.
o Highly malignant with rapid progression.
o Mitotic count: > 20 per 2 mm?; Ki-67 index: >30%.

0 Usually presents with extensive necrosis and is clinically aggressive.

1.17.3 Specific Grading Criteria by Tumor Type

Regimen-specific grading systems have been developed for various tumor types, such as DHGTC,
PDTC, and MTC, based on morphological patterns and mitotic activity, incorporating parameters

like tumor necrosis and proliferation indices (Xu et al., 2023; Baloch et al., 2022).

* DHGTC:

0 Morphologically high grade but with well-differentiated.

o Mitotic count increased: >5 per 2 mm?2 and/or necrosis.

* PDTC:

o Defined as lesions demonstrating insular, solid, or trabecular areas devoid of
PTC-type nuclear features.

o Diagnostic features include:

= Convoluted nuclei
= Mitotic count >3 per 2 mm?

= Tumor necrosis

0 Ki-67 index: 10-30%.

* Medullary Thyroid Carcinoma (MTC):

o Grading is based on mitotic figure, Ki-67 index, and necrosis.
0 High-grade MTC is defined by:

* Mitotic count: >5 per 2 mm?

60 | Page



= Kij-67 index: >5%

= Tumor necrosis
1.17.4 Molecular Profiling of Tumors and Grading and Risk Assessment

Molecular profiling improves histological grading in terms of prognosis and therapy (Mukhtar et
al., 2023; Harahap et al., 2023):

* BRAF V600E Mutation:

0 Most commonly seen in the tall cell variant of PTC.

o With rising tumor aggressiveness and recurrence.
* TERT Promoter Mutations:

0 More common in high-grade tumors.
0 Associated with poor 5-year survival and poor clinical outcomes, it is also
linked with reduced survival, increased metastatic ability, and worse

outcomes.
* RAS Mutations:
o In follicular-patterned neoplasms such as FTC & NIFTP.
o Typically indicates sluggishness, but can be a driver of progression.

The 2022 WHO classification combines histology with molecular features to delineate clinically
applicable correlations for thyroid lesion grading. The addition of intermediate-grade (Grade 2)
lesions and proliferation markers, such as the Ki-67 index, increases diagnostic accuracy and
enables a personalized approach to treatment. Molecular markers, such as BRAF V600E and
TERT mutational status, also aid in risk stratification and the identification of potential therapeutic

targets.

61 | Page



1.18 Risk Stratification Framework of the American Thyroid Association
(ATA)

The American Thyroid Association (ATA) has generated a detailed risk-stratification system for
DTC. The classification of patients into high-, intermediate-, and low-risk based on
clinicopathological variables assists in prognosis predictions and tailors treatment management.
Age is a significant prognostic factor, as increasing age is associated with higher recurrence rates
and disease-specific mortality, which, in turn, affects the intensity of therapeutic management
(Markantes et al., 2021).

1. Low-Risk Group
This group comprises patients at low risk of recurrence and with a good prognosis. Hallmark

features include:

e Tumors limited to the thyroid without extrathyroidal extension, vascular invasion, or
aggressive histologic subtypes.

e Papillary microcarcinomas (<1 cm in diameter) limited to the thyroid gland.

o Follicular carcinomas that are surrounded by a capsule and have no vascular ingrowth.

e No such aggressive or high-risk genetic mutations as BRAF V600E

It is common for younger patients, especially those <55 years old, to be present in such a group,
and these patients typically have better clinical outcomes with a low risk of recurrent disease
(Maino et al., 2024).

2. Intermediate-Risk Group
Intermediate-risk patients have characteristics that confer a moderate risk of recurrence. These

may include:

e Microscopic extrathyroidal extension into other structures.

e The tall cell, hobnail, and columnar cell types are histological variants of PTC for their
aggressive nature.

o Restricted locoregional disease (in general, fewer than five cervical metastatic lymph nodes

<3cm).
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o Vascular invasion with follicular or Hurthle cell carcinomas but no distant metastasis.
e Presence of one of the following positive molecular features: BRAF V600E mutation or

TERT promoter mutation.

This population is more frequently found among patients aged 55 and older due to the relatively

increased risk of recurrence (Moon et al., 2022).

3. High-Risk Group
Patients considered to be high risk are at a much higher risk of disease recurrence and cancer-

specific death due to thyroid cancer. The defining criteria include:

o Macroscopic extrathyroidal extension (into trachea, esophagus, or the soft tissues).

o Presence of metastasis at first diagnosis.

o Advanced lymph node metastasis, particularly in nodes larger than 3 cm.

e Poorly differentiated carcinoma diagnosed/to be dedifferentiated into anaplastic
carcinoma.

o High risk molecular profiles, specifically concomitant BRAF V600E/TERT promoter
mutations or TP53 mutations.

Patients aged 55 and older in this group usually face worse outcomes and often need more

aggressive and multimodal treatment approaches (Cavalheiro et al., 2021).

This system is one of the cornerstones in optimizing individual patient treatment and balancing
disease control with treatment-associated risk. Its predictive accuracy is improved by adding age
and molecular profiles, so that individuals at high risk, especially aged patients, receive the

intensive care they need.

1.19 Targeted Gene Panel Sequencing via Next-Generation Sequencing in

Oncology Research

Target gene panel sequencing, a subset of Next-Generation Sequencing (NGS), has become an

essential tool for cancer research. This method selectively analyzes cancer-related genomic regions
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of interest to achieve higher levels of deep sequencing and sensitivity. As a result, it helps identify
low-frequency variants and uncover cancer pathogenesis, which can be utilized in precision cancer
medicine (Satam et al., 2023; Willard et al., 2022).

Development and Implementation of Targeted Panels

Purposefully selecting cancer genes or genomic regions is expected to further characterize targeted
panels, based on existing databases and the scientific literature. The goal of these panels is to cover
clinically actionable alterations associated with diagnosis, prognosis, and therapeutic management
(Pei et al., 2023; Zhong et al., 2021). Some facilities, such as Glasgow’s Precision Oncology
Laboratory, have developed tumor type-agnostic pan-cancer panels that cover a variety of tumor
types, including solid and hematologic malignancies (Casolino et al., 2024). These panels are

increasingly applied in clinical trials and are being evaluated for routine clinical applications.

Benefits of Targeted Panel Sequencing
There are some advantages of targeted sequencing in comparison to more comprehensive

approaches, such as whole-genome (WGS) or whole-exome sequencing (WES):

o Cost-efficient: Data from specific regions comprise only a small portion of the reads, and
thus have lesser costs, which is vital for applications that might be part of routine clinical
assessments (Brlek et al., 2024).

o Greater Sensitivity and Resolution: Deep sequencing coverage (average 500x to 1000x)
ensures that rare variants can be readily detected (Singh et al., 2022).

« Simplified Interpretation: Due to a smaller number of genes, the data is easy and less
time-consuming to interpret (Damaraju et al., 2024).

o Adaptability: A panel can be customized or used commercially according to particular

research or clinical needs (Pei et al., 2023).

Key Applications in Cancer Research

Cancer research as a focused application of targeted panel sequencing:

e Molecular Tumor Characterization: It identifies important oncogenic mutations for

precision treatment (Akhoundova et al., 2022).
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e Minimal residual disease (MRD) monitoring: This is the detection of low-frequency
mutations in tissue or circulating DNA for use in evaluating recurrence or treatment
response. This approach enables the identification of low-frequency mutations in tissue or
circulating DNA, which is particularly important for testing recurrence or treatment
response (Larribere et al., 2021).

o Biomarker discovery: Helps reveal the genetic modifications correlated with a drug
sensitivity or resistance mechanism (Passaro et al., 2024).

e Liquid biopsy: It allows noninvasive ctDNA profiling for early detection, disease

surveillance, and therapy assessment (De Luca et al., 2021).
Emerging Technological Innovations

Targeted panel sequencing has come of age with recent developments that have dramatically
increased its power and applicability. Next-generation sequencers, such as the MiSeq 1100 from
[llumina, also offer more affordable, compact, and in-house NGS platforms for smaller
laboratories (Zhong et al., 2021). Empiric targeted mutational profiling tools, such as the lon
AmpliSeq 50-Gene Cancer Hotspot Panel, facilitate sensitive and rapid detection of somatic

mutations within oncogenes and tumor suppressors (Krishnamurthy et al., 2024).
Additional innovations include:

o Ultra-Sensitive Detection Panels: These improve the capability to identify ultra-rare
variants in ctDNA, enabling earlier cancer detection (Semenkovich et al., 2023).

o Dual-Modality Panels: By integrating DNA and RNA analysis, these panels allow for the
simultaneous detection of point mutations and gene fusions (Heydt et al., 2021).

e Al-Enhanced Interpretation: Machine learning tools are increasingly used to enhance
the accuracy and efficiency of variant analysis and classification (Ozcelik et al., 2024).

e Ultra-sensitive detection panels: Increased sensitivity enables detecting ultra-rare
variants in ctDNA and allows for earlier cancer diagnoses (Semenkovich et al., 2023).

« Dual-Modality Panels: Panels that combine both the analysis of DNA and RNA, enabling
simultaneous measurement of both point mutations and gene fusion (Heydt et al., 2021).

65 | Page



e Al-supported Interpretation: In this work, machine learning tools are employed more
and more to support the improved precision and effectiveness in variant analysis and
classification (Ozcelik et al., 2024).

Challenges and Prospective Developments

Although targeted panel sequencing has its advantages, there are still several shortcomings:

e Short Coverage: Panels can only cover pre-determined mutations, and it is possible to
miss rare or novel mutations that are not present in the design (Zalis et al., 2024).

o Panel Design Constraints: The diagnostic capability is closely related to the panelists and
technicians who set the included targets (Yin et al., 2021).

« Bioinformatics Overhead: To accurately perform variant calling and annotation, a degree
of computational infrastructure and technical resources is required (Singh et al., 2021).

o Health Care Equity: Wide usage must address the access of different communities to

avoid disparities in cancer diagnosis and therapy (Dutta et al., 2023).

The evolving landscape of targeted sequencing will likely include the integration of multi-omic
data tiers, the refinement of bioinformatic algorithms, and the development of personalized

dynamic panels in line with emerging genomic knowledge.

The growing tool chest of options in the burgeoning field of cancer genomic approaches has led
to the emergence of targeted panel sequencing as an indispensable tool in the balancing act among
clinical relevance, cost, and depth of analysis. Despite its association with numerous diagnostic
approaches such as tumor genotyping, liquid biopsies, and minimal residual disease (MRD)
monitoring, it is the realm of precision oncology that reflects its continued deployment. Continued
work on panel content, integration of novel technologies, and broad translation into research and

clinical settings is essential to unlocking the full translational potential of this platform.
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1.20 Ion AmpliSeq™ Cancer Hotspot Panel v2: An Advanced Targeted

Sequencing Platform for Cancer Genomics

The Ion AmpliSeq™ Cancer Hotspot Panel v2 is a powerful targeted next-generation sequencing
(NGS) assay designed to detect mutations in 50 predominant oncogenes and tumor suppressor
genes commonly associated with human cancers (Lee et al., 2018). The optimized workflow for
this panel focuses on PCR-based library preparation, SBS using the lon Torrent technology, and
automated variant analysis. Critically, the assay is compatible with low-input DNA (10 ng),
making it well-suited to challenging clinical samples, such as formalin-fixed paraffin-embedded
(FFPE) specimens. Consisting of 207 amplicons and targeting approximately 2,800 hotspot
mutations reported in the COSMIC database (Messaoudi et al., 2022), the panel supports high-
throughput profiling across solid tumors, including lung, breast, colorectal, ovarian, prostate, and

melanoma.

Core Features and Technical Strengths

This panel targets hotspots across 50 genes, enabling the sensitive detection of clinically actionable
mutations. It offers a high analytical sensitivity with a low limit of detection, i.e., down to 5% of
variant allele frequency (VAF) for single-nucleotide variants (SNVs) and about 20% for small
insertions and deletions (indels). The compatibility with degraded FFPE DNA even provides more
promise for its use in routine diagnostics and in retrospective studies (Butler et al., 2016; Tafe et
al., 2016).

Applications in Translational Cancer Research

The Ion AmpliSeq™ Cancer Hotspot Panel v2 has been successfully applied in many cancer
genomics research studies. For example, in a project involving breast cancer patients from Saudi
Arabia, DNA samples from peripheral blood were derived and sequenced with this panel, with
hot-spot SMs detected in genes PIK3CA and TP53 occurring at a frequent basis, indicating the
potential for this panel in the discovery of the mutation profiles that could be beneficial in
personalized medicine (Messaoudi et al., 2022). The same was found for its use in non-small cell
lung cancer (NSCLC) studies, where the transferability and high concordances of somatic
mutations (including EGFR variants) were observed through ultra-deep sequencing of circulating

cell-free DNA (cfDNA), supporting its potential for non-invasive cancer diagnostics and
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longitudinal disease monitoring (Drejeriene et al., 2024). Moreover, a multisite assessment of the
panel demonstrated flawless concordance with reference molecular tests, thereby confirming

clinical reliability and diagnostic accuracy in everyday oncology practice (Casula et al., 2023).

Limitations and Considerations

Although it has many merits, the panel’s primary weakness is a bias toward hotspot regions, which
may lead to the omission of novel or rare mutations outside these regions. Furthermore, the
platform has been developed specifically for lon Torrent sequencers, which could limit its practical

use in laboratories with non-NGS instruments (Bellevicine et al., 2016; Burghel et al., 2015).

The Ion AmpliSeq™ Cancer Hotspot Panel v2 provides a powerful solution with broad utility in
research and clinical settings for rapid and sensitive identification of somatic mutations across
multiple cancers. With the wide applicability of TMP, LB, and BD for tumor mutation profiling,
liquid biopsy analysis, and biomarker development, TMPBoost becomes a promising tool for
precision oncology. Its continued validation in multiple cancer types and integration into clinical

genomics pipelines attest to its importance in cancer treatment and personalized medicine.

1.21 Purpose and Specific objective of the study

General objective of the study

The objective is to investigate the genotypic and biochemical profiles related to papillary thyroid
carcinoma (PTC) in the Bangladeshi population. The objectives are to establish molecular
biomarkers for early detection, assess their association with disease risk and tumor characteristics,

and investigate their relationship with core biochemical measures.

Specific objectives
e To explore the molecular biomarker landscape for papillary thyroid cancer in the
Bangladeshi cohort.
e To evaluate if the specified genetic variations are tumor stage or high/low-risk group-

specific.
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e To compare various biochemical blood parameters (TSH, Vitamin D, calcium,

thyroglobulin, parathyroid hormone) between healthy individuals and those with diseases.

1.22 Significance of the study

There has been outstanding progress in the past decade in unraveling the molecules involved in
thyroid carcinogenesis. Somatic mutations, as well as other molecular changes, have been
identified as useful diagnostic and prognostic markers for thyroid cancer. Several genetic and
epigenetic alterations, especially MAPK and PI3K-AKT activating mutations, lead to the
development of thyroid cancers. However, the genetic factors related to thyroid cancer have not
been extensively studied in the population of Bangladesh. To overcome this challenge, we propose
to study, for the first time in Bangladesh, the molecular biomarker landscape of PTC by performing
a population-based genome-wide association analysis. The biochemical profile related to thyroid
functions in this group will also be investigated. Early detection of genetic predisposition using
relevant genetic and biochemical markers, along with increasing knowledge in individuals
carrying high-risk alleles, represents a potential prevention strategy for PTC. Furthermore, by
examining the relationship between specific genetic changes and different biochemical blood data,

new biomarkers and targeted therapeutic strategies for PTC patients can be explored.

1.23 Hypothesis of the Study

We assume that specific genetic changes, especially those that activate the MAPK and PISK-AKT
pathways, make individuals in the Bangladeshi population susceptible to developing PTC.
Additionally, we suggest that such molecular biomarkers are associated with specific tumor
features, such as tumor stage and risk group. They influence important blood biochemical
parameters, including TSH, vitamin D, calcium, thyroglobulin, and parathyroid hormone.
Discovering these associations would enhance our understanding of the molecular and biochemical
factors underlying PTC in Bangladesh, thereby expanding the tools for more effective diagnostic
and prognostic testing tailored to this population.
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Chapter 2

Materials and Methods



2.1 Study Design

This research was conducted as a cross-sectional comparative study involving three distinct
groups: 110 individuals diagnosed with papillary thyroid carcinoma (PTC), 100 patients with non-
cancerous thyroid conditions, and 100 healthy controls. The study period spanned from September
2021 to June 2025. Diagnosis and staging of PTC cases were confirmed through histopathological
examination and solid biopsy results following established diagnostic protocols and the World
Health Organization (WHO) classification criteria (Jo et al., 2014).

Blood samples from all Patient Genomic Analysis Lhi |0f: AFprﬁlsquCancef
participants. . . - otspo anel v2 was

Selection el Ne.Xt applied to DNA extracted
FFPE tissue samples were and Sample Generation from 10 paired blood and

obtained from 110 thyroid Collection Sequencing (NGS) tissue samples of PTC
cancer patients. patients.

Specific ~ exons  and

adjacent intronic regions of
ngllémm IEVEI\S/ita n‘ilfn TS';: Clinical Gene Selection the HRAS, NRAS, RBL,
Parathyr;)id hormone, and Parameters for Sanger andl RCIIE -:r rgerll%so F"ﬁiré
Thyroglobulin were measured Analysis Sequencing ?.na yee 0| f PTC
in all participants. e eSO

/ patients.

Statistical Analysis

Figure 2.1: Schematic Representation of the Study Design.

2.2 Study Population
Participants were recruited from the National Institute of Nuclear Medicine and Allied Sciences,
Bangladesh Medical University (BMU), based on comprehensive clinical and pathological
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documentation. The age of patients with PTC ranged from 16 to 70 years. The healthy control
group consisted of individuals with normal serum TSH levels and no history of chronic illnesses,
including diabetes, cardiovascular disease, cancer, arthritis, or asthma. PTC cases were
systematically classified according to established guidelines, including those of the World Health
Organization (WHO), the American Joint Committee on Cancer (AJCC), and the American
Thyroid Association (ATA). Classifications covered risk stratification, histopathological subtypes,

TNM staging, and tumor grading (Baloch et al., 2022; Giuliano et al., 2022).

2.3 Eligibility Criteria for Study Participants

Participants were enrolled based on specific inclusion and exclusion criteria tailored to each

group:

o Papillary Thyroid Cancer (PTC) Patients
o Inclusion Criteria: Patients with a histologically confirmed diagnosis of PTC who
had completed initial surgical treatment through total thyroidectomy.
o Exclusion Criteria: Patients with a history of recurrent PTC or prior treatment with
radioactive iodine (1311) therapy.
« Thyroid Patients Without Cancer
o Inclusion Criteria: Patients with elevated serum TSH levels (>5.00 ng/mL) and no
evidence of malignancy.
o Exclusion Criteria: Patients with any confirmed diagnosis of thyroid cancer.
e Healthy Individuals
o Inclusion Criteria: Individuals with serum TSH levels within the normal reference
range (0.30-5.00 ng/mL) and no history of chronic illnesses.
o Exclusion Criteria: Individuals with chronic conditions such as diabetes,

cardiovascular disease, cancer, arthritis, or asthma.

2.4 Questionnaire and Data Collection

Data were collected using a structured, pre-tested questionnaire designed to obtain comprehensive

demographic and clinical information. Variables included age, gender, family history of thyroid
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or other cancers, chronic illness history, and detailed smoking exposure. For patients with PTC,
clinical features, including pathological tumor stage and other relevant tumor characteristics, were

also systematically recorded.

2.5 Ethical Considerations and Approval

The study was conducted in accordance with the principles outlined in the Declaration of Helsinki
and received ethical clearance from the Ethical Review Committee of the Faculty of Biological
Sciences, University of Dhaka (Helsinki, 2013). All ethical protocols were strictly adhered to in
accordance with international research guidelines. Each participant was fully informed of the
study's objectives, and written consent was obtained, including permission to access relevant
medical records. Participants were assured of their right to withdraw from the study at any time

without penalty or impact on their medical care.

Confidentiality of all personal and medical information was rigorously maintained. Data were
anonymized to protect individual identities and used exclusively for scientific research, handled in

accordance with the highest standards of privacy and ethical compliance.

2.6 Collection and Storage of Blood Samples

After obtaining informed consent, approximately 6 mL of venous blood was collected from each
participant by a trained professional using sterile, disposable syringes under strict aseptic
conditions. Of the total blood volume, 3 mL was immediately transferred into an EDTA-containing
tube (1.20 mg/mL) and stored at —20°C until DNA extraction. The remaining blood was transferred
to a plain tube, kept chilled in an ice box, and transported to the laboratory. Upon arrival, the
samples were centrifuged at 3,000 rpm for 15 minutes, and the separated serum was collected and
stored at —20°C for future biochemical analysis.
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2.7 Collection and Storage of FFPE Tissue Samples

Formalin-fixed, paraffin-embedded (FFPE) tissue samples were obtained from papillary thyroid
cancer (PTC) patients following surgical excision and histopathological confirmation. Tissue
specimens were fixed in 10% neutral-buffered formalin for 24-48 hours, processed, and embedded
in paraffin blocks according to standard histological protocols. Each block was labelled with a

unique identifier to ensure traceability while maintaining patient confidentiality.

FFPE tissue blocks were stored at room temperature in a dry, dark environment to preserve nucleic
acid integrity until further molecular analysis. Thin sections (5-10 um) were subsequently cut
using a microtome and transferred to sterile, nuclease-free microcentrifuge tubes for downstream
DNA extraction and mutation profiling. All procedures were performed in accordance with

standard laboratory biosafety and biospecimen handling protocols.

2.8 Extraction and Quantification of DNA

2.8.1 Extraction of Genomic DNA from Whole Blood

Genomic DNA was extracted from peripheral whole blood using the FavorPrep™ Blood Genomic
DNA Extraction HE Mini Kit (Favorgen Biotech Corp., Taiwan) according to the manufacturer's
protocol. All reagents were prepared before extraction, and a dry/water bath was preheated to 60°C
for the lysis step. To enhance DNA yield, the Elution Buffer was also pre-warmed to 60°C before

the final elution.

Reagents Used

The reagents and components from the kit used for the extraction process were as follows:

e Proteinase K — For the enzymatic lysis of proteins
« FABG Buffer — Cell lysis and binding buffer
o W1 Buffer — First ethanol-containing wash buffer

o Wash Buffer — Second ethanol-containing buffer for membrane purification
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o Elution Buffer — For eluting DNA from the column membrane
e 96-100% Ethanol — Added to W1 and Wash Buffers before use
o Phosphate-Buffered Saline (PBS) — Used to adjust volume if the sample was <300 pL

DNA Extraction Protocol

1. Sample Preparation
A total of 300 uL of whole blood was transferred into a 1.5 mL microcentrifuge tube. If
the volume was insufficient, it was adjusted to 300 pL using phosphate-buffered saline
(PBS).

2. Cell Lysis
To initiate cell lysis, 30 pL of Proteinase K and 330 pL of FABG Buffer were added to the
sample. The mixture was pulse-vortexed and incubated at 60°C for 15 minutes, with

occasional vortexing.

3. Precipitation and Binding
Following lysis, the sample was briefly cooled, and 330 pL of ethanol (96-100%) was
added and mixed thoroughly.

4. Column Binding
The prepared mixture was transferred to a FABG HE Mini Column, placed in a collection

tube, and centrifuged at 6,000 x g for 1 minute. The flow-through was discarded.

5. Washing
o 500 pL of W1 buffer was added to the column and centrifuged at 12,000 x g for 1
minute.
o 900 pL of Wash Buffer was then added and centrifuged at 12,000 x g for 1 minute.
o An additional dry spin was performed at full speed for 2 minutes to eliminate
residual ethanol.
6. Elution
The column was transferred to a clean elution tube, and 30 pL of pre-warmed (60°C)

elution buffer or nuclease-free water (pH 7.5-9.0) was applied directly to the membrane.
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After a 5-minute incubation at room temperature, DNA was eluted by centrifugation at
12,000 xg for 1 minute.

2.8.2 Extraction of Genomic DNA from FFPE Tissue

Genomic DNA was extracted from formalin-fixed, paraffin-embedded (FFPE) tissue sections
using the QlAamp® DNA FFPE Tissue Kit (QIAGEN), following the manufacturer's protocol.
The procedure was optimized to ensure efficient DNA recovery while minimizing degradation

typically associated with formalin fixation, thereby preserving sample integrity.

Reagents and Materials Used
The reagents and components from the kit used for the extraction process were as follows:

e Proteinase K- for the enzymatic lysis of proteins

o Buffer ATL — Lysis buffer

o Buffer AL — Lysis buffer for DNA binding

« Buffer AW1 and AW?2 — Wash buffers

o Buffer ATE — DNA elution buffer

e Xylene — For paraffin removal

o Ethanol (96-100%b)

e QlAamp MinElute Columns and 2 ml Collection Tubes
e RNase A (optional, for RNA-free DNA)

e 1.5 ml and 2 ml microcentrifuge tubes

All centrifugation steps were conducted at room temperature (15-25°C) using a standard

microcentrifuge. Additionally, all buffers were equilibrated to room temperature before use.

Extraction Protocol Overview

1. Deparaffinization
Up to 8 sections (5-10 um each) were cut from the FFPE tissue block. The sections were

transferred into microcentrifuge tubes, and 1 ml of xylene was added. The tubes were
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vortexed and then centrifuged at maximum speed for 2 minutes. The supernatant was

carefully discarded.

Ethanol Wash

The pellet was washed with 1 ml of 96-100% ethanol, then vortexed and centrifuged. The
supernatant was carefully removed. Any residual ethanol was evaporated by incubating the
sample at room temperature or up to 37°C for approximately 10 minutes.

. Tissue Lysis
The pellet was resuspended in 180 pl of Buffer ATL and 20 pl of Proteinase K. The mixture
was incubated at 56°C for 1 hour to ensure complete tissue digestion.

Crosslink Reversal
The samples were incubated at 90°C for 1 hour to partially reverse formalin-induced
crosslinking.

RNA Removal (Optional)
For RNA-free preparations, 2 pl of RNase A (100 mg/mL) was added and incubated at

room temperature for 2 minutes.

DNA Binding
A total of 200 pl of Buffer AL and 200 pl of ethanol were added to the lysate and
thoroughly mixed. The entire mixture was transferred to a QlIAamp MinElute column and

centrifuged.

. Washing Steps
The column was sequentially washed with 500 pl of Buffer AW1 and 500 pl of Buffer
AW?2, and centrifugation was performed after each wash. A final dry spin was performed

to remove residual ethanol.
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8. Elution

DNA was eluted in 20-100 ul of Buffer ATE by incubating the buffer on the column for 1
minute, followed by centrifugation at maximum speed to collect the purified DNA.

9. Storage of Extracted DNA
Eluted DNA was stored at —20°C for long-term preservation. For immediate downstream
applications, short-term storage at 4°C was sufficient.

2.9 Quantification of DNA

After extraction, the concentration and purity of genomic DNA obtained from peripheral blood
and FFPE tissue samples were assessed using a NanoDrop 1000 spectrophotometer. This
quantification step ensured that nucleic acids were of sufficient quality and quantity for

downstream molecular applications, including PCR, genotyping, and sequencing.
Measurement Procedure

1. Sample Preparation
For DNA quantification, 1-2 uL of each sample was directly used for measurement.
Dilution was not required unless the concentration of the sample exceeded the linear

detection range of the instrument.

2. Spectrophotometric Assessment
DNA concentration was determined by measuring absorbance at 260 nm (A260), the
wavelength at which nucleic acids exhibit maximum absorption. Purity was assessed using
the A260/A280 ratio:
o Aratio of ~1.8 was considered indicative of pure DNA.
o Ratios below 1.7 suggest possible | protein contamination.
o Ratios above 2.0 indicated potential RNA contamination.
3. Data Interpretation:

o DNA yield was reported in ng/uL.
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o  Samples with acceptable purity (A260/A280 ratio between 1.7 and 2.0) and
concentrations greater than 20 ng/uL. were considered suitable for downstream
molecular applications.

4. Storage
Quantified DNA samples were aliquoted and stored at —20°C for short-term use or at —
80°C for long-term storage to prevent degradation.

5. Quality Control
To assess DNA integrity, selected samples were further validated using 1% agarose gel
electrophoresis. Intact, high-molecular-weight DNA appeared as a distinct, sharp band,
whereas smeared patterns indicated partial degradation. Samples showing degradation

were excluded from further analysis.

2.10 Targeted Sequencing Using Ion AmpliSeq™ Cancer Hotspot Panel v2

2.10.1 DNA Extraction and Quantification

Genomic DNA was extracted from formalin-fixed paraffin-embedded (FFPE) tumor tissues using
the QlAamp DNA FFPE Tissue Kit (Qiagen), following the manufacturer's protocol. The
concentration and purity of the extracted DNA were measured using a Qubit Fluorometer (Thermo
Fisher Scientific) and a NanoDrop spectrophotometer (Thermo Fisher Scientific). Only DNA
samples with A260/280 ratios between 1.8 and 2.0 and sufficient concentrations (10-30 ng/uL)

were selected for downstream analyses.

2.10.2 Library Preparation

Library construction was performed using the lon AmpliSeq™ Library Kit 2.0 in conjunction with
the ITon AmpliSeq™ Cancer Hotspot Panel v2 (Thermo Fisher Scientific), which targets mutational
hotspots in 50 cancer-related genes. For each sample, 10-30 ng of genomic DNA was subjected

to multiplex PCR amplification with two primer pools. The resulting amplicons were partially

78 | Page



digested with FuPa reagent, followed by adapter ligation with the Ion Xpress™ Barcode Adapters
and the lon P1 Adapter. The ligated libraries were subsequently purified using AMPure XP
magnetic beads (Beckman Coulter).

2.10.3 Library Quantification

Purified libraries were quantified using the Ion Library Quantitation Kit on a StepOnePlus™ Real-
Time PCR System (Applied Biosystems). Libraries were then diluted to the concentrations

recommended for template preparation on the lon Chef instrument.

2.10.4 Template Preparation and Chip Loading

Template preparation was performed using the Ion Chef™ System, which automates emulsion
PCR, enrichment, and chip loading. Libraries were clonally amplified onto lon Sphere particles
(ISPs) by emulsion polymerase chain reaction (emulsion PCR). Template-positive ISPs were

enriched and subsequently loaded onto Ion 530™ chips according to the sequencing run scale.

2.10.5 Sequencing

Sequencing was performed on the lon S5 or lon S5 XL System using lon S5 sequencing reagents.
The system uses semiconductor-based sequencing technology with 200-bp read-length chemistry.
Sequencing runs were monitored using the embedded software in the lon Torrent instrument

interface.

2.10.6 Base Calling, Alignment, and Variant Calling

Base calling, read trimming, and quality filtering were performed using lon Torrent Suite Software
(version 5.x). High-quality reads were aligned to the human reference genome (hg19/GRCh37)
with the Torrent Mapping Alignment Program (TMAP). Variant calling was conducted using the

Torrent Variant Caller (TVC) plugin with default somatic settings, optimized to detect single-
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nucleotide variants (SNVs) and small insertions or deletions (indels). Variants were filtered with

a minimum coverage depth of 100x and a variant allele frequency (VAF) cutoff of 5%.

2.10.7 Variant Annotation and Data Analysis

Variant annotation and interpretation were conducted using Ion Reporter™ Software, a cloud-
based platform. Annotated variants were filtered based on quality metrics, population database
frequencies, and predicted functional impact. Additional annotation and cross-validation were
performed with ANNOVAR and VEP (Variant Effect Predictor), incorporating public databases
such as COSMIC, ClinVar, and dbSNP. Only non-synonymous variants, splice-site alterations,

and known pathogenic mutations were retained for downstream analysis.

2.10.8 Data Visualization and Manual Review

Filtered variants were manually reviewed using Integrative Genomics Viewer (IGV) to ensure
reliability. Read depth, strand bias, and sequence context at each variant site were inspected, and
variants were confirmed only when supported by reads from both strands with consistent base

quality.

2.10.9 Variant Interpretation and Clinical Significance

Variant interpretation followed the joint guidelines of the Association for Molecular Pathology
(AMP), the American Society of Clinical Oncology (ASCO), and the College of American
Pathologists (CAP) for classifying somatic variants (Li et al., 2017). Variants were categorized
based on their predicted pathogenicity, therapeutic actionability, and association with cancer

phenotypes.

The potential functional impact of nonsynonymous single-nucleotide variants was evaluated using
in silico prediction tools such as SIFT (Sorting Intolerant From Tolerant; Vaser et al., 2016) and
PolyPhen-2 (Polymorphism Phenotyping v2; Adzhubei et al., 2013). These algorithms assess the

consequences of amino acid substitutions by analyzing evolutionary conservation, protein
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structural context, and physicochemical properties, thereby indicating the likelihood that a variant

will be deleterious or functionally neutral.

Additionally, curated databases such as OncoKB and MyCancerGenome were consulted to
annotate the clinical relevance of identified mutations, including their prognostic, diagnostic, and

therapeutic implications (Gazola et al., 2024).
2.11 PCR Primer Design

The design of high-quality primers is a critical step in achieving specific and efficient amplification
in polymerase chain reaction (PCR)-based molecular assays. In this study, a rigorous, multi-step
strategy was employed to design and validate primers targeting regions of interest with high
fidelity.

Initially, the desired amplicon size was defined, typically ranging between approximately 400 bp
and 1000 bp, to ensure optimal amplification efficiency while minimizing nonspecific binding and
secondary structure formation. Using NCBI Primer-BLAST (Jian Ye et al., 2012), primer pairs
were generated with the search parameters tailored for the Homo sapiens genome and the
"Nucleotide collection (nr)" database. To streamline the selection process, output was restricted to

~20 candidate primer sets.

Thermodynamic constraints were applied, including melting temperatures (Tm) of ~55°C to 65°C,
with <3°C difference between forward and reverse primers to ensure synchronized annealing. GC
content and primer lengths were evaluated to enhance binding stability under standard PCR
conditions. From the list of generated candidates, the most suitable primer pair was selected based
on matched Tm values and GC content, while ensuring low levels of self-complementarity and 3’-
end complementarity (each < 3.00), which minimizes the risk of primer-dimer formation and
nonspecific amplification. The specificity of the selected primer pair was validated using the
UCSC In-Silico PCR tool (Kent et al., 2002), which confirmed the expected product size and the
target locus. Chromosomal localization information derived from next-generation sequencing data

was also used to refine primer positioning.
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Figure 2.2: Schematic Representation of Primer Designing Strategy.
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The precise genomic coordinates of each target region were verified using the NCBI Genome Data
Viewer (https://www.ncbi.nlm.nih.gov/gdv?org=homo-sapiens&group=hominoidea), referencing
the appropriate human genome assembly GRCh38 (hg38). This step ensured that the primers
flanked the intended loci without overlapping repetitive or highly polymorphic sequences, thereby

enhancing the reliability of downstream amplification.

Collectively, this meticulous and computationally guided primer design pipeline enabled the
selection of high-specificity, thermodynamically stable primer pairs, providing a robust foundation

for reproducible and accurate molecular analyses.

Table 2.1: PCR Mixture Composition for Targeted Gene Amplification

Name of the Components Volume (pL)
DreamTaq Master mix 15.0
NF water 6.0
Forward primer 2.5
Reverse primer 2.5
DMSO (10%) 1.0
Genomic DNA 3.0
Total 30.0

2.12 Target-Specific PCR Primer Information for Sanger Sequencing

2.12.1 Primer Details

Details of the primer sequences, product size, Tm, primer size, and chromosomal location are

summarized in Table 2.2.
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Table 2.2: PCR Primers Details of the Targeted Genes for Sanger Sequencing

Gene Gene Sequence  Sequence Primer Primer Tm Product
Name sequence Name location length (°C) Length
accession (bp) (bp)
number
HRAS NG_007666.1 HRASF TAAGAGC 5976-5995 20 61.9 767
AAGTGGG
GGCGAG
HRASR CAAACAC 6723-6742 20 59.61
ACACAGG
AAGCCC
NRAS NG _007572.1 NRASF AATCTGT 7600-7619 20 59.16 745
AGCCTCC
TGGCTG
NRASR GGTTCCA 8325-8344 20 57.41
AGTCATT
CCCAGT
RET NG_007489.1 RETF CTGGGAC  46059- 20 59.67 896
ACTCTGG 46078
GGAAAG
RETR CTATCCC 46935- 20 59.9
TCTCGCA 46954
CACACC
RB1 NG_009009.1 RB1F GGGGGAA 160795- 20 57.32 684
AGAAAAG 160814
AGTGGT
RB1R GCCTTAG  161460- 19 55.61
GTAGACG 161478
GATCA
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2.12.2 Optimized PCR Parameters for Target Gene Amplification

Polymerase Chain Reaction (PCR) was performed to amplify specific genomic regions before

Sanger sequencing. Each reaction was carried out in a total volume of 30 pL, optimised according

to the primer melting temperature (Tm), amplicon length, and GC content of the target region. The

PCR mixture contained 15.0 pL of DreamTaq Master Mix (2X), 6.0 pL of nuclease-free water,
2.5 pL each of forward and reverse primers (typically 10 uM), 1.0 pL of DMSO (10%), and 3.0
ML of genomic DNA template (~50-100 ng) (Table 2.3). The thermal cycling conditions were

adjusted for each primer pair based on the annealing temperature to ensure specific and efficient

amplification.
Table 2.3: PCR Conditions for the Selected Genes
Gene Denaturation  Cyclic Denaturation,  Number Final Cooling
Name Temperature Annealing, and of Cycles Elongation  Temperature
with Time Elongation Temperature  with Time
Duration Temperature with with Time Duration
Time Duration Duration
HRAS 95°C for 5 95°C for 60 Seconds 40 72°C for 5 4°C for
minutes 66°C for 60 Seconds Minutes
72°C 90 Seconds
NRAS 95°C for 5 95°C for 60 Seconds 40 72°C for 5 4°C for
minutes 62°C for 60 Seconds Minutes
72°C 90 Seconds
RET 95°C for 5 95°C for 60 Seconds 40 72°C for 5 4°C for oo
minutes 59°C for 60 Seconds Minutes
72°C 90 Seconds
RB1 95°C for 5 95°C for 60 Seconds 40 72°C for 5 4°C for o
minutes 56°C for 60 Seconds Minutes
72°C 90 Seconds
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Thermal cycling conditions typically consisted of an initial denaturation at 94-95°C for 2-5
minutes, followed by 30-35 cycles of denaturation (94-95°C for 30 seconds), annealing (Primer-
specific, generally 55-62°C), and extension (72°C for 30-60 seconds, depending on amplicon
size). A final elongation step was performed at 72°C for 5-10 minutes (Table 2.3). Amplification
products were assessed by agarose gel electrophoresis (1.5%) to confirm expected size and quality

before sequencing.

2.12.3 PCR Reagents

e DreamTaq Green PCR master mix (Promega, USA)
e Primers (New England Biolabs, USA)

e Agarose (Sigma Chemical Co., USA)

e 100 bp DNA ladder (Promega, USA)

2.13 Evaluation of PCR Amplification

The success and specificity of PCR amplification were evaluated by gel electrophoresis. An aliquot
of 4 uL of each PCR product was loaded onto a 2% agarose gel Table 2.4) and separated under
standard electrophoretic conditions. The expected amplicon sizes were verified by comparing the
migration patterns against a 100 bp DNA ladder. Visualization of DNA bands was performed using
Midori Green DNA Stain under UV illumination, and gel images were captured and archived for

documentation and further analysis.

Table 2.4: Composition of 2% Agarose Gel (for 50 mL, 17-well casting tray)

Component Amount
Agarose 10g
Distilled Water 49.0 mL
50X TAE Buffer 1.0 mL
Midori Green DNA Stain 4.0 uL
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Midori Green (https://www.nippongenetics.eu/en/products/electrophoresis-dna-rna/nucleic-acid-

stains/midori-green-advance/) was incorporated directly into the molten agarose solution before

casting the gel, allowing for direct visualization of DNA during UV exposure without the need for

post-staining.

Reagent

Preparation Details

50X TAE Buffer

To prepare 1 L of 50X TAE buffer, 242 g of Tris base was
dissolved in ~750 mL of deionized water using a magnetic
stirrer. Subsequently, 57.1 mL of glacial acetic acid and 100
mL of 0.5 M EDTA were added. The solution was adjusted to
pH 8.3 and brought to the final volume with deionized water.

2.5% Agarose Gel

For higher-resolution separation, 2.5 g of agarose (Invitrogen,
Cat. No. 16500500) was dissolved in 100 mL of 1X TAE
buffer by heating in a microwave oven for ~2 minutes. The
gel solution was cooled slightly, stained with Midori Green,

and poured into a tray with a comb to form wells.

Midori Green Staining

4.0 uL of Midori Green DNA stain was added per 40 mL of
agarose solution before casting the gel. No additional post-
staining was required. Gels were imaged using a standard UV

transilluminator.

2.14 Sanger Sequencing and Mutation Analysis

Mutation analysis of the target gene was performed using Sanger sequencing. Initially, 25 pL of
the PCR product was purified using the EXOSAP PCR purification Kit. Subsequently, 2.0 uL of

the purified product was used for the sequencing reaction with the BigDye Terminator Sequencing

Kit according to the manufacturer's protocol. Sequencing reaction products were further purified

before capillary electrophoresis on the ABI 3500 Genetic Analyzer.
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2.15 Analysis of Sequencing Data for Mutation Screening

Sequencing data were analysed using Geneious Prime Software (geneious.com). As only a one-

month free trial version was available, data analysis was completed within the trial period.

2.15.1 Reference Sequence Selection and Sequence Alignment

The mutation analysis involved several key steps. First, consensus sequences were generated from
the sample reads. Next, reference sequences were selected for alignment. Two approaches were

used to obtain the reference:

1. Retrieval of the target gene reference sequence from the GenBank database (Clark et al.,
2026), and

2. In-silico PCR results generated using the NCBI Primer-BLAST and the UCSC In-Silico
PCR tool.

Both approaches yielded identical reference sequences, confirming their accuracy. The in-silico
PCR method provided the added advantage of including flanking regions on both ends of the exon.
To further ensure reliability, exon sequences from Ensembl (Yates et al., 2020) and GenBank were

aligned with the in-silico PCR results.

Following reference sequence selection, sample sequences were aligned and compared using
BLAST, which confirmed a 100% match with the Homo sapiens gene, indicating high-quality,

contamination-free sequencing data.

2.15.2 Quality Assessment and End Trimming

The sequencing read quality was assessed in Geneious Prime, which revealed low-quality base
calls at the terminal regions (~40-50 nucleotides). These regions were removed using the

software’s default trimming parameters to improve downstream analysis.
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2.16 Biochemical Assay

2.16.1 Vitamin D

Assay Methodology

Serum 25-hydroxyvitamin D [25(OH)D] levels were quantified using the ADVIA Centaur Vitamin
D Total assay (Siemens Healthineers) on the ADVIA Centaur XP immunoassay analyzer,
following the manufacturer's protocols (Siemens Document ID: DXDCM-09017) (www.siemens-
healthineers.com).

Sample Preparation
The collected blood samples were allowed to clot at room temperature and centrifuged at 3,000
rpm for 15 minutes. The separated serum was aliquoted into labeled microtubes and stored at —

20°C until analysis.

Principle and Procedure

The assay is based on a competitive chemiluminescent immunoassay that measures total 25(OH)D
(D2 and Ds). Endogenous vitamin D competes with a fluorescein-labeled analog for binding to a
specific binding protein. The resulting complexes are captured by magnetic particles coated with
anti-fluorescein antibodies, and a signal is generated using an acridinium-labeled anti-vitamin D

antibody. The intensity of emitted light is inversely proportional to vitamin D concentration.
Reagents

e ADVIA Centaur Vitamin D Total Lite Reagent
e Solid Phase Magnetic Latex Particles

o Pretreatment Buffer (Reagents A, B, C)

« Calibrators and Quality Control (two levels)

Measurement and Calibration
Each assay was performed with 20 puL of serum. Relative light units (RLUs) were quantified
against a calibration curve. Samples with concentrations exceeding 150 ng/mL were retested

following a 1:2 dilution.
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Reference Intervals

Deficient: <20 ng/mL
Insufficient: 20-29 ng/mL
Sufficient: 30-100 ng/mL
Toxic: >100 ng/mL

2.16.2 Parathyroid Hormone (PTH)

Assay Methodology
Serum intact PTH was measured using the ADVIA Centaur® Intact PTH assay (Siemens) on the
ADVIA Centaur XP/XPT systems by a two-site sandwich chemiluminescent immunoassay

(www.siemens-healthineers.com).

Procedure Overview
A 50 pL serum sample was incubated with an acridinium-labeled anti-PTH (N-terminal) antibody
and streptavidin-coated magnetic particles pre-bound to a biotinylated anti-PTH (C-terminal)

antibody. After washing, a chemiluminescent signal was generated and quantified.
Reagents

o Acridinium ester-labeled Lite Reagent
« Biotinylated Solid Phase Reagent
e Wash Buffer and Multi-Diluent

o Calibrators (two levels)

Performance Characteristics

Measuring Range: 4.6-2000 pg/mL

LoD: <6.0 pg/mL

Precision: CV <8% for >20 pg/mL

Reference Interval (Adults): 18.5-88.0 pg/mL
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2.16.3 Thyroid-Stimulating Hormone (TSH)

Assay Methodology

Thyroid-stimulating hormone (TSH) levels were assessed using the Atellica® IM TSH 3-Ultra
(TSH3UL) immunoassay on the ADVIA Centaur XP system. This third-generation
chemiluminescent sandwich assay provides high sensitivity for evaluating thyroid function

(www.siemens-healthineers.com).

Procedure
Each assay used 75 pL of serum. The reaction employed FITC-labeled and acridinium-labeled
anti-TSH antibodies in combination with magnetic particles. Chemiluminescent signal intensity

was directly proportional to the concentration of TSH.
Reagents

e Anti-TSH FITC-labeled and acridinium-labeled antibodies
o Magnetic solid phase particles
« Calibrators and quality controls

Measurement Range

e 0.008-150.000 plU/mL
o Reference Interval (Adults): 0.55-4.78 plU/mL

2.16.4 Thyroglobulin (Tg)

Assay Methodology
Serum Tg concentrations were measured using the IMMULITE® 2000 XPi Thyroglobulin assay

(www.siemens-healthineers.com).

Assay Principle and Procedure
The assay employs a two-site chemiluminescent immunometric method. Serum (50 pL) was
incubated with bead-bound anti-Tg antibodies along with an alkaline phosphatase-labeled

polyclonal anti-Tg conjugate. The signal was generated by adding substrate and detected.
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Reagents

o Polystyrene-coated beads with anti-Tg antibodies

o Alkaline phosphatase conjugate
e Chemiluminescent substrate

o Multi-level calibrators and controls

Measuring Range
0.2-300 ng/mL
Reference Interval (Adults): <55.00 ng/ml

2.16.5 Calcium

Assay Methodology

Calcium levels were measured using the Dimension® EXL™ with LM Integrated Chemistry

System (Siemens), employing a photometric Arsenazo Il dye-binding method (www.siemens-

healthineers.com).

Procedure

Calcium concentration was determined by a colorimetric method in which calcium ions react with

Arsenazo Il to form a measurable color complex. The assay was fully automated and required a

minimal sample volume (2-60 pL/test).

Reagents and Calibration

o Ready-to-use reagent cartridges
e Manufacturer-supplied calibrators

e Onboard reagent management

Measuring Range

Reference Interval (Adults): 8.04 - 10.30 mg/dL
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Chapter 3

Results



3.1 Clinical Profile of the PTC Patient Cohort Selected for NGS Analysis

The next-generation sequencing (NGS) cohort included ten patients diagnosed with papillary

thyroid carcinoma (PTC), representing clinical diversity in terms of age, sex, smoking history,

family history, and tumor stage (Table 3.1). Females comprised 60% of the cohort, while males

represented 40%. The patient age ranged from 18 to 65 years, with a median in the early 30s,

consistent with the broad age distribution typically reported for PTC and its higher prevalence

among young to middle-aged adults.

Table 3.1: Clinical Characteristics of Patients Selected for NGS Analysis

Patient ID Gender Age Smoking Family Family History of TNM
Status History of Thyroid disease Staging
Cancer other than
Thyroid tumor
ATCO01 Female 19 No Brain Tumor, No PT2N1Mx
Blood Cancer
ATC 02 Female 29 No No Yes PT1NXMx
ATC 03 Male 65 Yes Thyroid Yes pT2NxM1
carcinoma
ATC 04 Female 30 No Thyroid Yes PTIN1IMXx
carcinoma
ATC 05 Male 54 Yes No Yes pT2NoMx
ATC 06 Male 48 No No No PT1NXMx
ATC 07 Male 35 Yes Liver Cirrhosis No pT3NXMXx
ATC 08 Female 18 No No Yes PT3NXMXx
ATC 09 Female 39 No Cervical No PTINXMXx
Cancer
ATC 10 Female 33 No Esophageal No PT3NXMXx
Cancer

Smoking history was present in 30% of patients—all of whom were male—whereas none of the

female participants reported smoking, reflecting broader gender-related lifestyle trends. More than

half of the patients had a documented family history of malignancies, including thyroid carcinoma,

brain tumors, hematologic cancers, cervical cancer, esophageal cancer, and liver cirrhosis,
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suggesting a possible hereditary predisposition to cancer within the cohort. In addition, 50% of
patients— predominantly females—reported a family history of non-neoplastic thyroid disorders,

underscoring potential genetic or endocrine factors contributing to thyroid pathology.

Tumor staging, based on the TNM classification system, revealed heterogeneity in tumor burden
and disease progression. Tumor size assessment (T stage) showed that 40% of tumors were
classified as pT1, 30% as pT2, and 30% as pT3, indicating a spectrum ranging from small to locally
advanced tumors. Lymph node status (N stage) was not evaluated in the majority of cases (NX,
70%), while two patients demonstrated nodal metastasis (N1), and one patient was confirmed as
node-negative (NO). Distant metastasis (M stage) was unassessed in the majority of cases (Mx,
90%), with one patient exhibiting confirmed distant metastatic spread (M1).

This cohort reflects the clinical and pathological heterogeneity characteristic of PTC, providing a
robust foundation for exploring the correlation between genetic alterations, biochemical markers,
and disease progression. The observed variability in staging and clinical features underscores the
importance of integrating molecular profiling with phenotypic data to enhance understanding of

PTC pathogenesis and identify potential diagnostic or prognostic biomarkers.

3.2 Panel-Based Next Generation Sequencing

3.2.1 Sequencing Quality Metrics for Paired Blood and Tissue Samples

High-quality sequencing performance was achieved across all ten paired blood and tissue samples
analyzed using the Ion AmpliSeq™ Cancer Hotspot Panel v2, as evidenced by consistently robust
sequencing metrics (Table 3.2). Genomic DNA concentrations exhibited expected variability
between sample types. Blood-derived DNA yielded concentrations ranging from 31.4 to 81 ng/uL,
whereas formalin-fixed paraffin-embedded (FFPE) tissue samples produced comparatively lower
concentrations, ranging from 6.41 to 46.4 ng/uL. This reduction is consistent with the degradation

and fragmentation commonly associated with FFPE-derived nucleic acids.
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Table 3.2: Sequencing Read Statistics for Ten Paired Blood and Tissue Samples Analyzed
Using the Ion AmpliSeq Cancer Hotspot Panel v2

Sample DNA Conc. Library Coverage Mapped On Uniformity
ID (ng/uL) Conc. X) Reads Target (%)
(ng/mL) (%)
B0OO1 63.3 6960 3415 720245 98.6 97.84
B002 39 6980 3460 731341 98.03 97.25
B003 37 7360 4144 881907 98.25 96.57
B004 50 6880 4918 1043369 98.57 97.41
B005 36.6 6760 4186 893011 97.88 97.18
B006 80 7640 4998 1062118 98.28 96.48
B0O7 81 7800 5746 1225117 98.86 95.62
B008 66 7720 5992 1280085 98.47 97.58
B009 71.5 7840 5687 1206298 97.64 97.42
B010 31.4 7360 6282 1334825 98.27 94.81
TOO01 34.47 6020 3542 846932 98.92 96.71
T002 24.66 6120 3645 699735 98.44 97.8
TO03 16.87 10600 5157 1123715 98.16 97.95
T004 14.37 1092 3636 1159016 98.65 96.63
TO05 6.41 7640 5528 1289359 97.54 96.73
TO06 33.9 6360 3268 817389 97.98 97.41
TOO07 27.8 11240 4200 965889 98.85 94.16
TO08 46.4 10520 4890 1067906 98.69 96.47
T009 7.25 6600 5021 1257126 98.19 97.58
TO010 23.5 7720 5680 1296910 98.74 97.17
Mean 39.57 7360.6 4669.75 1045115 98.35 96.84

Library concentrations were uniformly high, indicating efficient library preparation. Blood-

derived libraries ranged from 6,760 to 7,840 ng/mL, while tissue-derived libraries showed a

broader range (6,020 to 11,240 ng/mL), likely due to variability in DNA input quality and
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fragmentation. Sequencing depth, a critical determinant of mutation detection sensitivity, was
reliably high across all samples. Blood samples achieved average coverage depths of 3415X to
6282X, while tissue samples ranged from 3268X to 5680X, ensuring sufficient depth for reliable

variant calling.

The number of mapped reads per sample further validated sequencing quality, with blood samples
yielding 720,245 to 1,334,825 reads and tissue samples 699,735 to 1,296,910 reads. Notably, on-
target rates exceeded 97% across all samples, indicating high specificity in capturing the intended
genomic regions. Coverage uniformity, a measure of read distribution across targeted regions,
ranged from 94.81% to 97.84% in blood samples and 94.16% to 97.95% in tissue samples. These
values fall well within acceptable ranges for targeted sequencing and demonstrate minimal

amplification bias.

Collectively, these sequencing metrics confirm the reliability and efficiency of the lon
AmpliSeq™ Cancer Hotspot Panel v2 in generating high-quality data from both blood and FFPE
tissue samples. This technical consistency provides a solid foundation for downstream mutation

analysis, supporting the use of this platform in precision oncology studies.

3.2.2 Mutation Burden in Paired Blood and Tissue Samples

The total number of somatic mutations identified across the patient cohort demonstrated notable
variability between blood and tissue samples, highlighting the underlying genetic heterogeneity
and mutation burden in papillary thyroid carcinoma (Figure 3.1). In blood-derived DNA, the
number of detected mutations ranged from 9 to 16 per patient, with some individuals exhibiting a
markedly higher mutational load. Notably, patients ATC 01 and ATC 09 each harbored 16

mutations, representing the highest mutational burden within the blood sample group.
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Figure 3.1: Mutation Frequency of Study Patients in Paired Blood and Tissue Samples.

In contrast, mutation frequencies in tissue samples were generally lower. Several patients,
including ATC 01, ATC 06, ATC 08, and ATC 10, exhibited no detectable mutations in their
tumor tissues. Others, such as ATC 02, ATC 03, ATC 04, and ATC 07, demonstrated 1 to 5
mutations. Interestingly, ATC 09, which showed one of the highest mutation loads in blood, also
exhibited the most significant number of mutations (n = 5) in tissue, highlighting a potentially

complex and patient-specific mutational landscape.

These observations suggest that, in most cases, the mutational burden in blood exceeds that of
corresponding tissue, potentially reflecting differences in DNA quality, tumor heterogeneity, or
the presence of circulating tumor-derived DNA. The observed interpatient variability further
supports the need for conducting parallel analyses of both blood and tissue to characterize somatic

alterations in PTC comprehensively.
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3.2.3 Genomic Targets and Pathway Associations of Mutated Genes Identified in PTC
Blood Samples

The panel of 27 unique genomic loci analyzed in this study comprises a mix of well-characterized
oncogenes and tumor suppressor genes, each known to play pivotal roles in cancer biology,
particularly thyroid tumorigenesis and associated signaling pathways (Table 3.3). These loci were
selected based on their established clinical relevance, functional importance, and representation
within key cancer-associated pathways. The selected mutations span both exonic and intronic
regions, including functionally significant mutation hotspots, as well as regulatory elements in
transcript splicing or expression.

The identified mutations were distributed across multiple chromosomes and mapped to precise
genomic and transcript locations using reference transcript IDs (RefSeq). Genomic coordinates are
reported according to the GRCh38/hg38 annotations. Many of the altered genes are integral
components of key signaling networks, including MAPK, PI3K-Akt, RTK (receptor tyrosine
kinase), Wnt/B-catenin, TGF-B, AMPK, Hedgehog, cell cycle control, and chromatin remodeling
pathways.

For example, FGFR3, PDGFRA, KDR, RET, EGFR, HRAS, KIT, and MET are oncogenes
involved in MAPK and RTK signaling, which are frequently associated with aberrant growth
factor responses and uncontrolled proliferation. PIK3CA, FLT3, CSF1R, and SMO are drivers of
PI3K-Akt and Hedgehog signaling pathways, often linked to enhanced survival and drug
resistance. Classical tumor suppressor genes such as TP53, STK11, CDKN2A, SMAD4, FBXW?7,
and APC were mutated in these loci, affecting apoptosis, genomic stability, and cell cycle
regulation. SMARCBL1, a component of the SWI/SNF chromatin remodeling complex, was found
to carry inactivating mutations that may lead to transcriptional dysregulation and tumor
progression. The dataset also includes mutations in terminal exons (e.g., APC exon 17/17,
SMARCB1 exon 9/9, PIK3CA exon 21/21, CSF1R exon 21/21), early exons (e.g., HRAS exon
2/5), and regulatory intronic regions (e.g., RET intron 15/19, SMAD4 intron 8/11, CDKN2A intron
1/3). Variations in these positions may have pathogenic significance by altering splicing patterns

or disrupting gene expression.
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Table 3.3: Gene Characteristics and Pathway Association of Identified Germline Mutations

Serial Gene Gene Genomic  Chromo- Transcript Relevant Exon/Intron
No. Name Type Location somal Location Signaling number/Total
Location Pathway number
01 FGFR3  Oncogene Chr04:1806 4p16.3 NM_00014 MAPK, RTK Exon 14/18
167 2.5
02 PDGFRA Oncogene Chr04:5427 4q12 NM_00620 RTK, PI3K- Exon 13/24
4888 6.6 Akt
03 PDGFRA Oncogene chr04: 4q12 NM_00620 RTK, PI3K- Exon 19/24
54285873 6.6 Akt
04 TP53 Tumor  chrl7:76761 17p13.1 NM_00054 p53 signaling, Exon 4/11
suppressor 54 6.5 Apoptosis
05 KDR Oncogene chr04:55114 4q12 NM_00225 MAPK, PI3K- Exon 6/30
072 3.4 Akt
06 KDR Oncogene chr04: 4912 NM_00225 MAPK, PI3K- Exon 11/30
55106807 3.4 Akt
07 KDR Oncogene chr04:55096 4q12 NM_00225 MAPK, PI3K-  Exon 18/29
379 - 3.4 Akt
55096380
08 APC Tumor  chr05:11284 5g22.2 NM_00003 Wnt/B-catenin ~ Exon 17/17
suppressor 0073 8.6 pathway
09 RET Oncogene chrl10:04311 10ql11.21 NM_02097 MAPK, RTK Exon 13/20
8395 5.6
10 RET Oncogene chrl0:43120 10q11.21 NM_02097 MAPK, RTK  Intron 15/19
185 5.6
11 PIK3CA Oncogene c¢hr03:17919 3g26.32 NM _00621 PI3K-Akt Intron 2/20
9217 8.4
12 PIK3CA Oncogene chr03:17923 3¢26.32 NM_00621 PI3K-Akt Exon 21/21
4232 8.4
13 FLT3 Oncogene ¢chrl13:28036 13g12.2 NM_00411 RTK, PI3K- Intron 10/23
046 9.3 Akt
14 FLT3 Oncogene chr13:28028 13g12.2 NM_00411 RTK, PI3K- Intron 16/23
155 9.3 Akt
15 CSF1IR  Oncogene chr05:15005 5032 3> UTR: RTK, PI3K- Exon 21/21
4033 NM_00128 Akt
8705.3
16 ERBB4  Oncogene chr02:21194 2034 NM_00523 MAPK, RTK Intron 3/27
7372 5.3
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17 SMARC Oncogene chr22:23834 22q11.23 NM_00307 SWI/SNF Exon 9/9
Bl 100 35 complex,
Chromatin
remodeling
18 EGFR Oncogene chr07:55181  7pl11.2 NM_00522 MAPK, PI3K-  Exon 20/28
370 8.5 Akt, RTK
19 STK11 Tumor  chr19:12203 19p13.3 NM_00045 AMPK Exon 4/10
suppressor 22 55 signaling
20 HRAS  Oncogene chrl1:53424 11p155 NM_00113 MAPK, RTK Exon 2/5
2 0442.3
21 MET Oncogene chr07:11669 7g31.2 NM_00112 MAPK, PI3K- Exon 2/21
9618 7500.3 Akt, RTK
22 MET Oncogene chr07:11670 7g31.2 NM_00112 MAPK, PI3K- Exon 2/21
0208 7500.3 Akt, RTK
23 KIT Oncogene chr04:54727 4912 NM_00022 MAPK, PI3K-  Exon 10/21
298 2.3 Akt, RTK
24 FBXW7 Tumor  chr04:15232  4g31.3 NM_03363 Ubiquitination ~ Exon 10/21
suppressor 6126 2.3 pathway
25 SMADA4 Tumor  chrl8:51059 18g21.2 NM_00535 TGF-B Intron 8/11
suppressor 974 9.6 signaling
26 SMO Oncogene chr07:12920 7g32.1 NM_00563 Hedgehog Exon 3/12
5261 1.5 signaling
27 CDKN2 Tumor  chr09:21971  9p21.3 NM_00119 Cell cycle, p53 Intron 1/3
A suppressor 212 5132.2 signaling

This targeted panel comprises fifteen oncogenes and six tumor suppressor genes distributed across
multiple chromosomal loci, including chromosomes 4, 5, 7, 9, 10, 11, 13, 17, 18, 19, and 22, which
highlights the polygenic nature of papillary thyroid carcinoma. The integration of pathway
annotation underscores the role of these genetic alterations in disrupting core cellular processes,
thereby justifying their inclusion in downstream mutational profiling, pathway enrichment, and

functional validation analyses.
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3.2.4 Characterization and Functional Impact of Germline Variants Identified in

Blood Samples

A total of 27 germline variants were identified from blood-derived DNA of papillary thyroid
carcinoma (PTC) patients, encompassing synonymous, missense, intronic, and non-coding
transcript variants (Table 3.4). These alterations were distributed across a panel of oncogenes and
tumor suppressor genes commonly implicated in cancer biology. All variants were annotated using
reference databases such as dbSNP and COSMIC, and their potential pathogenicity was evaluated

using SIFT and PolyPhen-2 where applicable.

The majority of the detected variants were synonymous substitutions, which do not alter the
encoded amino acid but may still influence splicing efficiency or mRNA stability. Notable
examples include: FGFR3 (¢.1953G>A; p.Thr651=) and PDGFRA (c.1701A>G; p.Pro567=), both
detected in all individuals (10/10), suggesting a common polymorphic status. Additional
synonymous changes were detected in APC, RET, PIK3CA, EGFR, HRAS, and MET, most of

which were classified as benign based on existing annotations and computational predictions.

Missense variants, which introduce single amino acid substitutions and may alter protein function,
were observed less frequently. Among these, TP53 (p.Arg72Pro) was detected in 90% of patients
(9/10). This is a well-characterized polymorphism associated with cancer susceptibility in various
populations. KDR (p.GIn472His) and SMO (p.Arg199GIn) were identified in 30% and 10% of
individuals, respectively. While the KDR variant was predicted to be benign, the SMO variant
yielded a PolyPhen score of 0.961, suggesting a potentially damaging effect and warranting further
investigation. Rare missense mutations in MET (p.Asn375Ser) and KIT (p.Met541Leu) were also
identified, though both were predicted to be functionally benign.

Several additional variants were identified within intronic regions or the 3’ untranslated region
(UTR), including alterations in FLT3, KDR, SMAD4, ERBB4, CDKN2A, and CSF1R. Although
these non-coding variants do not alter the protein sequence, they may affect splicing efficiency,
regulatory element function, or transcript stability, particularly when located near exon-intron
junctions. Most of these variants are currently cataloged as benign or of unknown clinical

significance.
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Table 3.4: Characteristics and Functional Impact Predictions of Germline Mutations

Identified in Blood Samples

Serial Gene Name  Nucleotide Mutation Annotation %M SIFT Poly- Pathology
No. and amino Type utat Score Phen Prediction
acid change ion Score
01 FGFR3 €.1953G>A  Synonymous rs7688609 100 - - Unknown
p.Thr651=
02 PDGFRA c.1700A>G  Synonymous rs1873778 100 - - Benign
(p.Pro567=)
03 PDGFRA €.2472C>T  Synonymous rs222823, 40 - - Benign
p.Val824= COSM
22413
04 TP53 €.215G>C Missense rs104252, 90 0.262 0.083  Benign
p.Arg72Pro COSM5346903
05 KDR C.798+54G> Intronic rs7692791 90 - - Unknown
A variant
06 KDR c.1416A>T Missense rs1870377 30 0.027 0.003 Benign
p.GIn472His COSM149673
07 KDR TGG>TGGG Intronic rs3214870 20 - - Unknown
C.2615- variant,
37dup dupG
08 APC c.4479G>A  Synonymous rs41115 90 - - Benign
(p.Thr1493=)
09 RET €.2307G>T  Synonymous rs1800861 80 - - Benign
p.Leu769= COSM4418405
10 RET €.2712C>G  Synonymous rs1800863, 30 - - Benign
p.Ser904= COSM
3751779
11 PIK3CA c.352+40A> Intronic rs3729674 80 - - Benign
G variant
12 PIK3CA ¢.3075C>T  Synonymous rs17849079 60 - - Benign
p.Thrl025= COSM21451
13 FLT3 c.1310-3T>C Intronic rs2491231 70 - - Benign
variant COSM3999060
14 FLT3 €.2053+23A Intronic rs75580865 10 - - Benign
>G variant
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15 CSFI1R c.*35_*36del Non Coding rs386693509 80 - - Unknown
insTC Transcript
Variant,
Downstream
UTR variant
16 ERBB4 C.421+58A> Intronic rs839541 60 - - Benign
G variant
17 SMARCB1 c.1119- Intronic rs503061, 50 - - Benign
41G>A variant COSM
1090
18 EGFR €.2361G>A  Synonymous rs1050171 40 - - Benign
p.GIn787=
19 STK11 .465-51T>C Intronic rs2075606 40 - - Benign
variant
20 HRAS c.81T>C Synonymous rs12628, 20 - - Benign
p.His27= COSM
249860
21 MET €.534C>T  Synonymous rs3577572, 10 - - Benign
p.Serl78= COSM
1579024
22 MET C.1124A>G Missense rs3391795, 10 0.29 0.038 Benign
p.Asn375Ser COSM
5020653
23 KIT €.1621A>C Missense rs3822214, 10 0.804 0.012 Benign
p.Met541Leu COSM
28026
24 FBXW7 c.1524A>G  Synonymous rsl47462419 10 - - Unknown
p.GIn508=
25 SMAD4 €.955+58C> Intronic rs948588 10 - - Benign
T variant
26 SMO €.596G>A Missense rs759466401, 10 0.388 0.961 Unknown
p.Argl99Gin COSM6493918
27 CDKN2A  ¢.151-4G>C Intronic rs529380972, 10 - - Benign
variant COSM14254

Functional prediction scores, when available, reinforced the classification of most missense

variants as tolerated (SIFT > 0.05) or benign (PolyPhen < 0.85). However, a small number of

variants approached or exceeded pathogenicity thresholds, such as the SMO p.Argl199GIn,

highlighting the need for further functional characterization or population-based assessments.
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The frequency distribution of these germline variants revealed a combination of common
polymorphisms and rare, low-frequency variants, reflecting both shared genetic backgrounds and
possible individual-specific profiles. Collectively, these findings contribute to a broader
understanding of germline genetic variation in patients with PTC and may offer insights into
inherited predisposition. However, their functional and clinical significance remains to be

established through tumor-normal comparisons and larger population-based studies.

3.2.5 Comparative Analysis of Allele Frequencies for Gene Variants Identified in

Blood Samples across Global, Asian, and Study Populations

To investigate the population-level relevance of germline variants identified in blood-derived
DNA from patients with papillary thyroid carcinoma (PTC), allele frequency data were compared
across three cohorts: global populations, Asian populations, and the study cohort (n = 10) (Table
3.5). Reference and alternate allele frequencies were retrieved from public databases such as
gnomAD and the 1000 Genomes Project, and cross-validated using Ensembl and dbSNP.

The analysis revealed substantial variability in allele distributions, reflecting both ancestry-
specific polymorphism patterns and potential enrichment of specific variants within the study
population.

High-Frequency Variants in the Study Cohort

Several alternate alleles were observed at 100% frequency (homozygous for the variant allele) in
the patient cohort, despite their lower frequencies in global or Asian populations. Notably, FGFR3
rs7688609 (G>A) and PDGFRA rs1873778 (A>G) were present in all 10 patients (100%), yet
showed global alternate allele frequencies of 98.7% and 98.4%, respectively, and were completely
absent in the Asian reference population. This pattern suggests a potential founder effect or

localized enrichment.

Other variants showed high enrichment in the tested group, including APC rs41115 (G>A) and
CSF1R rs386693509 (TG>GA). The latter was absent in both the global and Asia populations but
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present in 65% of the tested samples, indicating a possible novel or rare population-specific

variant.

Table 3.5: Comparative Analysis of Allele Frequencies for Germline Mutations Identified
in Blood Samples across Global, Asian, and Study Populations

Gene Name & rs ID

Allele Frequency

Allele Frequency

Allele Frequency

(Global) (Asian) (Tested)
Reference Alternate Reference Alternate Reference Alternate
Allele Allele Allele Allele Allele Allele
FGFR3 rs7688609 0.0126 0.9874 0.0 1.0 0.0 1.0
(G>A)
PDGFRA rs1873778 0.0155 0.9845 0.002 0.998 0.0 1.0
(A>G)
PDGFRA rs2228230 0.8463 0.1537 0.8693 0.1307 0.65 0.35
(C>T)
TP53 rs1042522 0.2857 0.7143 0.4152 0.5848 0.4 0.6
(G>0)
KDR rs7692791 0.4609 0.5391 0.3654 0.6346 0.35 0.65
(C>T)
KDR rs1870377 0.7604 0.2396 0.527 0.473 0.7 0.3
(T>A)
KDR rs3214870 0.7622 0.2378 0.583 0.417 0.8 0.2
(TGG>TGGG)
APC rs41115 (G>A) 0.3872 0.6128 0.182 0.818 0.1 0.9
RET rs1800861 0.2272 0.7728 0.524 0.476 0.4 0.6
(G>T)
RET rs1800863 0.8145 0.1855 0.923 0.077 0.85 0.15
(C>G)
PIK3CA rs3729674 0.7795 0.2205 0.905 0.095 0.5 0.5
(A>G)
PIK3CA 0.9922 0.0078 0.995 0.005 0.75 0.25
rs17849079 (C>T)
FLT3 rs2491231 0.2879 0.7121 0.26 0.74 0.45 0.55
(A>G)
FLT3 rs75580865 0.9397 0.0603 1.0 0.0 0.95 0.5
(T>C)
CSF1R rs386693509 0.0 0.0 0.0 0.0 0.35 0.65
(TG>GA)
ERBB4 rs839541 0.7443 0.2557 0.598 0.402 0.65 0.35
(T>C)
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SMARCB1 0.8605 0.1395 0.94 0.06 0.75 0.25
rs5030613 (G>A)

EGFR rs1050171 0.4333 0.5667 0.804 0.196 0.75 0.25
(G>A)

STK11 rs2075606 0.7439 0.2561 0.5 0.5 0.7 0.3
(T>C)

HRAS rs12628 0.6568 0.3432 0.836 0.164 0.9 0.1
(A>G)

MET rs35775721 0.9506 0.0494 0.908 0.092 0.9 0.1
(C>T)

MET rs33917957 0.9817 0.0183 0.9319 0.0681 0.9 0.1
(A>G)

KIT rs3822214 0.9082 0.0918 0.9399 0.0601 0.9 0.1
(A>C)

FBXW?7 1.0 0.0 1.0 0.0 0.9 0.1

rs147462419 (T>C)

SMADA4 rs948588 0.9291 0.0709 0.946 0.054 0.9 0.1
(C>T)

SMO rs759466401 1.0 0.0 1.0 0.0 0.9 0.1
(G>A)

CDKN2A 0.9998 0.0002 1.0 0.0 0.9 0.1

rs529380972 (C>G)

Pathogenic or Functional Variants with Moderate Frequencies

Variants with established clinical or functional relevance were observed at moderate frequencies.
For example, TP53 rs1042522 (G>C), a well-known polymorphism associated with cancer
susceptibility, exhibited a global alternate allele frequency of 71.4%, an Asian frequency of 58.5%,
and was present in 60% of the patient cohort. Similarly, KDR rs1870377 (T>A) and FLT3
rs2491231 (A>G) showed moderate frequencies across all three populations, suggesting that these

are common variants that may modulate disease risk rather than act as primary causative factors.

Conserved Reference Alleles in Public Datasets but Present in the Cohort

Interestingly, several variants that are nearly absent in both global and Asian reference datasets
were detected in the study cohort. For instance, SMO rs759466401 (G>A), SMAD4 rs948588
(C>T), and CDKN2A rs529380972 (C>G) were present in 10% of the tested individuals. Their
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alternate allele frequencies in global and Asian populations were near zero, highlighting the

possibility of low-penetrance or private variants specific to this population.
Well-Conserved Variants across All Populations

Specific variants, such as MET rs35775721 (C>T), KIT rs3822214 (A>C), and HRAS rs12628
(A>G), showed consistent allele frequencies across global, Asian, and tested populations. These
likely represent ancestry-independent polymorphisms and may serve as internal controls in

population genetic analyses.

This comparative analysis not only aids in classifying the significance of variants but also supports

the development of a more accurate genetic risk profile for PTC in the South Asian population.

3.2.6 Genomic Targets and Pathway Associations of Mutated Genes Identified in PTC

Tissue Samples

A total of eight genes with genomic alterations were identified in tissue-derived DNA from
patients with papillary thyroid carcinoma (PTC) (Table 3.6). These genes include both oncogenes
and tumor suppressors, many of which are recognized to play pivotal roles in key oncogenic
signaling pathways. The identified variants span multiple exonic and intronic regions, with
genomic coordinates mapped to the GRCh38/hg38 human genome build and annotated against
RefSeq transcript references.

Among the oncogenes, several critical regulators of the MAPK, PI3K-Akt, and RTK (Receptor
Tyrosine Kinase) pathways were identified: BRAF (chr7:140753336), a well-established driver in
thyroid and other cancers, showed a variant in exon 15, a hotspot for activating mutations (e.g.,
V600E) associated with constitutive MAPK signaling. NRAS and HRAS, both members of the
RAS family of GTPases, harbored variants in exon 3 and exon 2, respectively. These exons are
known mutational hotspots that modulate downstream MAPK and PI3K-Akt pathway activity.
MET, a receptor tyrosine kinase that mediates cellular growth and migration, showed a variant in

exon 2, potentially affecting ligand binding or receptor activation.
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The only tumor suppressor gene identified, RBI*, was found to be mutated in exon 20. RB1 is a
critical regulator of the cell cycle and p53 pathways, and its inactivation is commonly associated
with loss of cell cycle control and increased tumorigenic potential. This finding suggests a possible

disruption of tumor-suppressive mechanisms in the analyzed tissue.

Table 3.6: Characterization of Genes and Functional Pathway Mapping from Tissue-

Derived DNA
Serial  Gene Gene Genomic  Chromo- Transcript Relevant Exon/Intron
No. Name Type Location somal Location Signaling number/Tot
Location Pathway al number
01 BRAF Oncogene chr07:1407 70934 NM_00433 MAPK, ERK, Exon 15/18
53336 3.6 PI3K-AKT
02 NRAS Oncogene chr01:1147  1p13.2 NM_00252 MAPK, RTK, Exon 3/7
13909 4.5 PI3K-AKT
03 HRAS Oncogene chrll:5342 11p155 NM_00113 MAPK, RTK Exon 2/5
42 0442.3
04 RB1 Tumor chrl3:4845 13914.2 NM_00032 Cell cycle Exon 20/27
suppressor 9766 1.3 regulation, p53,
PI3K-AKT
05 MET  Oncogene chr07:1166 79031.2 NM_00112 MAPK, PI3K- Exon 2/21
99618 7500.3 Akt, RTK
06 KDR  Oncogene chr04: 4q12 NM_00225 MAPK, PI3K- Intron 18/29
55096380 3.4 Akt
07 FLT3 Oncogene chrl3:2803 13g12.2 NM_00411 RTK, PI3K-Akt Intron 10/23
6046 9.3
08 CSF1IR Oncogene chr05:1500 5032 NM_00128 RTK, PI3K-Akt Exon 21/21
54033 - 8705.3
150054034

Variants were also detected in KDR (VEGFR2) and FLT3, both receptor tyrosine kinases involved
in angiogenesis and hematopoietic signaling. The KDR variant was located in intron 18, and the
FLT3 variant in intron 10, raising the possibility of non-coding regulatory effects or splicing
alterations. CSF1R, a receptor involved in macrophage proliferation and immune signaling,
exhibited a variant in exon 21, which may influence receptor function or downstream signaling

cascades.
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Collectively, the altered genes identified in tumor tissues are functionally linked to key cancer-
related pathways, including MAPK, PI3K-Akt, RTK, cell cycle, and p53 signaling pathways.
These pathways are well-established in thyroid cancer pathogenesis and may serve as potential
therapeutic targets or biomarkers for tumor characterization. The distribution of mutations across
both coding and non-coding regions underscores the importance of integrating structural and
regulatory genomic data to understand the molecular basis of tumor behavior in PTC

comprehensively.

3.2.7 Characterization and Functional Impact of Somatic Variants Identified in

Tissue Samples

A total of eight somatic variants were identified in tumor tissue DNA derived from patients with
papillary thyroid carcinoma (Table 3.7). These included missense, synonymous, intronic, and non-
coding transcript variants, affecting both oncogenes and tumor suppressor genes that are known to
play critical roles in thyroid and general oncogenic pathways. All variants were annotated using
dbSNP and COSMIC, and their potential functional relevance was assessed using in silico

prediction tools such as SIFT and PolyPhen-2.

The most clinically relevant alteration was observed in the BRAF gene (c.1799T>A;
p.Val600Glu), detected in 3 out of 10 patients (30%). This mutation, known as BRAF V600E, is
a well-established oncogenic driver in thyroid carcinoma, resulting in the constitutive activation
of the MAPK/ERK pathway. Functional prediction scores confirmed its high pathogenic potential
(SIFT: 0.001; PolyPhen-2: 0.971), supporting its critical role in tumor development and

progression.

Additional pathogenic missense variants included: NRAS ¢.181C>A (p.GIn61Lys), found in 1
patient (10%), is another canonical hotspot mutation that dysregulates MAPK and PI3K-Akt
signaling. It exhibited strong functional impact predictions (SIFT: 0.009; PolyPhen-2: 0.948). RB1
€.2039T>C (p.11e680Thr), also seen in 1 patient (10%), may compromise cell cycle regulation and
contribute to loss of tumor suppressor function (SIFT: 0.001; PolyPhen-2: 0.967).

109 | Page



Synonymous mutations, although silent at the protein level, were detected in HRAS (p.His27=)

and MET (p.Ser178=). These variants are predicted to be benign, but may still influence splicing

efficiency or mRNA stability under specific contexts.

Tissue Samples

Table 3.7: Characteristics and Functional Impact Prediction of Somatic Mutations in

Serial  Gene Nucleotide Mutation Annotation %Mu- SIFT Poly Pathology
No. Name  and amino Type tation Score Phen Prediction
acid change Score
01 BRAF  c.1799T>A Missense rs113488022 30 0.001 0.971 Pathogenic

p.Val600Glu COSM476
02 NRAS c.181C>A Missense rs121913254, 10 0.009 0.948 Pathogenic
p.GIn61Lys COSM580
03 HRAS c.81T>C Synonymous rs12628, 10 - - Benign
p.His27= COSM
249860
04 RB1 €.2039T>C Missense rs1949384455 10 0.001 0.967 Pathogenic
p.11e680Thr
05 MET €.534C>T  Synonymous rs35775721, 10 - - Benign
p.Serl78= COSM
1579024
06 KDR TGG>TGGG Intronic rs3214870 10 - - Unknown
€.2615- variant,
37dup dupG
07 FLT3 ¢.1310-3T>C Intronic rs2491231 10 - - Benign
variant COSM3999060
08 CSF1IR c¢.*35_*36del Non-Coding rs386693509 10 - - Unknown
insTC Transcript
Variant,
Downstream
UTR variant

Variants located in non-coding regions included: KDR ¢.2615-37dup (dupG) in intron 18,

classified as an intronic duplication, and FLT3 ¢.1310-3T>C, a splice region variant in intron 10.

While these variants are generally considered benign or of uncertain significance, they may affect
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transcriptional regulation or alternative splicing. Additionally, the CSF1R (c.35_36delinsTC)
variant, located within the 3’ untranslated region (3’ UTR), represents a downstream non-coding
transcript variant. While its pathogenic potential remains unclear, such variants may influence

post-transcriptional regulatory mechanisms.

Collectively, the somatic mutation landscape of the tissue samples comprises a combination of
high-impact driver mutations (e.g., BRAF V600E, NRAS Q61K, RB1 1680T) alongside low-
frequency or likely benign alterations. The functional annotation supports the involvement of key
oncogenic pathways, including MAPK, RTK, PI3K-Akt, and cell cycle signaling, in the
pathogenesis of PTC. These findings highlight both the heterogeneity of somatic mutations in
thyroid tumors and the utility of targeted sequencing for identifying clinically actionable genetic

events.

3.3 Selection of Candidate Genes for Downstream Sanger Sequencing

3.3.1 Details of Targeted Gene and Their Functional Pathways

Based on NGS results from paired tissue samples and data mining from the cBioPortal
(https://www.cbioportal.org/) for Cancer Genomics, four genes—HRAS, NRAS, RET, and RB1—
were selected for further genomic analysis (Cerami et al., 2012). These genes were prioritized due
to their known oncogenic or tumor-suppressive roles in thyroid carcinogenesis, recurrent mutation
profiles in thyroid and other cancers, and functional enrichment in cancer-critical signaling
networks. Specific exons, along with adjacent intronic regions, were targeted to capture potential

coding mutations, splicing alterations, and regulatory variants (Table 3.8).

Each of the selected genes contributes to well-established cancer signaling pathways such as
RAS/MAPK, PIBK/AKT, JAK/STAT, and cell cycle regulation:

e HRAS, a classic oncogene within the RAS family, was targeted at exon 2 (nucleotides
6176-6339, 164 nts), which contains known activating mutations that result in constitutive
downstream signaling via the MAPK and PI3K/AKT cascades.
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¢ NRAS was examined at intron 2 and exon 3, covering nucleotides 7917-8095 (179 nts).
Exon 3, particularly codon 61, is a known mutational hotspot in thyroid tumors and other
solid cancers. The inclusion of intronic flanking sequences increases the likelihood of

identifying splice-altering variants or cryptic regulatory elements.

Table 3.8: Characteristics of Selected Genes and Their Associated Signaling Pathways

Serial no.  Gene name Gene type Functional Intronic, Exonic position
pathway Exonic (exon length)
number
01. HRAS Oncogene  RAS/MAPK and Exon 2 6176-6339 (164
PI3K/AKT nts)
02. NRAS Oncogene  RAS/MAPK and  Intron2,  7917-8095 (179
PI3BK/AKT Exon 3 nts)
03. RET Oncogene RAS/MAPK, Intron 13, 46305-46412
PISK/AKT and Exon 13 (108 nts)
JAK/STAT
04. RB1 Tumor Cell cycle Exon20  160942-161087
suppressor regulation (146 nts)

e RET, a proto-oncogene encoding a receptor tyrosine kinase, was analyzed at intron 13 and
exon 13 (nucleotides 4630546412, 108 nts). RET mutations are characteristic of specific
PTC subtypes, and this gene integrates multiple pathways, including MAPK, PI3K/AKT,
and JAK/STAT, making it a critical molecular node in thyroid cancer pathogenesis.

e RB1, a key tumor suppressor gene regulating the G1/S cell cycle checkpoint, was
investigated at exon 20 (nucleotides 160942-161087, 146 nts). Mutations in this exon can
impair the function of the RB1 protein, leading to the loss of cell cycle control and

contributing to tumor progression.

These targeted loci were selected to enable sensitive detection of somatic mutations with potential
pathogenic or prognostic relevance in PTC. Their inclusion reflects an integrative strategy
combining experimental evidence from NGS with curated cancer mutation databases to enhance

the biological interpretation of patient-specific genomic alterations.
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3.3.2 Analysis of Gene Interaction Network

A gene-gene interaction network overview using GeneMANIA (http://genemania.org), which
illustrates the protein interactions and co-expression relationships between candidate genes, is
shown in Figure 1A (Franz et al., 2018). The resultant networks reflect the strength and
connectivity of the links between the chosen candidates: HRAS, NRAS, RET, and RB1.
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Figure 3.2: Interaction Network on Selected Oncogenes and Tumor Suppressor Genes.

At the center of the network stands HRAS, a hub, as it is highly interconnected, indicating a high
level of integration with other molecules through the sharing of regulatory mechanisms and
physical interactions. NRAS also presents a tight interconnectivity profile, including strong co-
expression and functional links (the second case), placing the gene near HRAS in the network
structure. RET, more downstream in the signaling network, remains in a functional context through
several direct and indirect interactions, notably through physical and pathway-based connections.
Through intergenic and domain-level interactions, RB1 interacts with several regulatory genes,

substantiating its participation in the larger interaction networks.
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This network map helps reveal the highly significant nature of these genes, which was
subsequently proved, but also for showing them within a framework of indirect interaction that
suggests, or better represents, the co-regulatory or co-functional relevance of these genes
throughout thyroid cancer pathogenesis. Based on their network neighbors and connectivities, the

arguments for their consideration for other mutational analyses in this study are justified.

3.4 Sanger Sequencing of Selected Target Genes

3.4.1 Baseline Characteristics of Study Subjects for Sanger Sequencing

For Sanger sequencing analysis, specific exonic and intronic regions of genes were selected in a
cohort of 100 PTC patients using DNA from formalin-fixed paraffin-embedded (FFPE) tumor
tissue samples. The age, sex distribution, clinical presentation, and tumor features were
heterogeneous within the study cohort. The average age at diagnosis was 35.27 + 1.167 years, and
the average age at PTC onset was 33.47 £+ 1.146 years. Regarding age, 20% of patients were 25
years or younger, 52% were between 26 and 39 years old, and 28% were 40 years or older (Table
3.9).

The female-to-male ratio for this cohort was 3:1, as expected given the female predilection in PTC
incidence. Smoking history was present in fifteen patients, and the remaining 85 were non-
smokers. The grading of the tumors revealed that the majority of patients (98%) had well-
differentiated (G1) tumors, while only two patients exhibited grade 2 histology.

Based on the maximum dimension, the size of the tumor varied: 29 cases had a tumor with the
maximum dimension less than 2 cm, 38 with a size of 2-3 cm, and 33 with a size more than 3 cm.
Histopathological classification showed that 92% of patients had the classical subtype of PTC, and
8% had the follicular variant of PTC (FVPTC).

According to the TNM staging, 42 patients had small (T1) and non-invasive PTC, and 22 had
medium-sized (T2) invasive ones. Extra thyroidal extension or larger bulk (T3) was considered as

extensive disease in 36, and 14 presented with lymph node metastasis. Risk stratification indicated
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that most patients (91%) were in the intermediate-risk group, seven were in the high-risk group,

and only two were in the low-risk group as per the ATA criteria.

Table 3.9: Overview of Clinical and Demographic Parameters of the Sanger

Sequencing Cohort (n = 100)

Variables Value in number (n)
Age
<25 20
26-39 52
>40 28
Meant SEM 35.27+1.167
PTC Onset Age Mean+ SEM 33.47+1.146
Gender
Male 26
Female 74
Smoking Status
Yes 15
No 85
Tumor Grade
Gl 98
G2 2
Tumor Size
(Greatest
Dimension) in cm <2 29
2-3 38
>3 33
Histopathological
Classification
Classical 92
Follicular Variant of 8
Papillary Thyroid
Carcinoma (FVPTC)
TNM Staging
Small, localized PTC 42
(T1)
Moderate-sized PTC (T2) 22

without Lymph Node
Metastasis
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Advanced PTC with 22
Extra Thyroidal

Extension or Larger

Tumor Size (T3)

PTC with Lymph Node 14
Metastasis
Risk group
Low Risk 2
Intermediate Risk 91
High Risk 7
Family History of
Thyroid Disease
other than Thyroid
Tumor Yes 16
No 84
Family History of
Thyroid Tumor
Yes 19
No 81
Family History of
Cancer other than
Thyroid
Yes 29
No 71

The results are reported as humbers.

As for the family history, 16 patients had a history of non-tumorous thyroid disease in first-degree
relatives and 19 patients had a family history of thyroid tumors. Furthermore, 29 patients had a
history of cancer elsewhere in the family, suggesting a genetic component in some part of the

cohort.

3.4.2 Assessment of PCR Amplification for Targeted Genes Used in Sanger

Sequencing

PCR amplification was used for validation and generating specific amplicons in the selected

genomic regions of RB1, NRAS, RET, and HRAS genes before Sanger sequencing. To verify the
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expected product sizes and amplification specificity, the products were run on 2% agarose gels

(Midori Green staining), which are shown in Figure 3.3.

Rb1 (684 bp) NRAS (745 bp)

RET (896 bp) HRAS (767 bp)

Figure 3.3: Representative PCR Amplification of Selected Genes on 2% Agarose Gel.

A GeneRuler™ 100 bp Plus DNA Ladder (Thermo Scientific, USA) was used as the molecular

weight marker.

Figure 3.3 demonstrates that specific and obvious amplicons corresponding to the expected
fragment lengths were effectively produced from the genomic DNA extracted from the FFPE
tissue samples. The approximate band sizes were 684 bp for RB1, 745 bp for NRAS, 896 bp for
RET, and 767 bp for HRAS. All primers designed specifically for individual genes successfully
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produced a reliable amplification pattern in the tested cultivars, indicating the specificity and the

efficiency of the PCR conditions established for each target.

A 100 bp Plus DNA Ladder (GeneRuler™, Thermo Scientific, USA) was used as a reference
marker for size determination of the PCR products. The distinct banding with the absence of non-
specific amplification or primer-dimer artefacts attests to the utility of these PCR products for
subsequent Sanger sequencing. This validation step ensured the integrity of the amplified

fragments and reduced the risk of sequencing errors caused by off-target amplification.

3.4.3 Sanger Sequencing Confirmation of Variants in HRAS, NRAS, RB1, and RET

Genes

For validation and further characterization of the nucleotide variants discovered by NGS, Sanger
sequencing was performed on the PCR-amplified genomic regions of the selected HRAS, NRAS,
RB1, and RET genes in the DNA samples derived from papillary thyroid carcinoma (PTC) tissues.
Sequencing chromatograms were analyzed by reference genome alignment (NCBI RefSeq) for

visualizing every corresponding site of substitution with high resolution.

Examples of sequence alterations validated amongst six genes using the chromatograms of Figures
3.4 and 3.5 are represented. In the case of HRAS, variants found at genomic positions 6309 and
6219 are present in exon 2. In RB1, polymorphisms were detected at positions 161010, 161020,
and 161076, all within exon 20. Two NRAS gene polymorphisms were also confirmed at positions
7775 and 7797, which are both located within exon 3, a mutational hotspot for activating mutations

in numerous tumors.
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Gene Variants.

Sanger Sequencing Chromatograms Confirming HRAS, RB1, and NRAS
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Figure 3.5: Sanger Sequencing Chromatograms Confirming RET Gene Variants.
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In addition, Sanger sequencing also verified multiple nucleotide changes in the RET gene, which
is often involved in thyroid carcinogenesis. These included variants at genomic positions 46318,
46327, 46571, 46613, and 46714 in the intronic and exonic regions that were intron 13 and exon
13, respectively. High-quality peaks covered all of those observed variants, and they were aligned

to the reference sequences, leading to the successful base calling.

The high peaks, which are sharp, non-overlapping, and appear in every lane of both
chromatograms, support the successful amplification and high-quality sequencing. These findings
confirm the existence of somatic-specific variants in tumor tissue and suggest that the PCR-Sanger
method is a reliable tool for mutation screening of PTC. The mutations, when annotated, may
inform our understanding of the molecular mechanisms underlying the disease and provide

insights into inter-tumor heterogeneity among patients.

3.4.4 Gene Characteristics and Genomic Context of Mutations Identified by Sanger

Sequencing

Sanger sequencing of selected genomic regions of NRAS, HRAS, RB1, and the RET genes
allowed the identification of a total of twelve single-nucleotide variations in the DNA of the PTC
fresh tissue samples. These differentiating variants were then annotated with their corresponding
genomic coordinates, position of chromosome, transcript, and exact mapping to exonic or intronic
locations (Table 3.10).

Two intronic variants were found in the NRAS gene, which were discovered at chr1:114714098
(7797G>A) and chrl:114714120 (7775T>A), both of which are located in intron 2 of transcript
NM_002524.5. Two exonic changes, 6309T>C and 6219C>T, in HRAS were located in exon 2
on transcript NM_005343.4. Concerning the RB1 gene, there were 3 mutations in exon 20 referred
to transcript NM_000321.3, at the position of 161010G>A, 161020T>A, and 161076C>T, all on

chromosome 13qg14. 2.

121 | Page



Variants were found in RET in five SNPs. Two of them—46318G>A and 46327T>G—were inside
exon 13 and 46571G>A, 46613G>A, and 46714G>A in intron 13 of the NM_020975.6 transcript.

Mutations in RET were all localized in or near exon 13 on chromosome 10g11.21.

Table 3.10: Genomic Characteristics of Variants Identified by Sanger Sequencing

Gene Genomic Location ~ Chromosomal Transcript Exon/Intron
Variant Location Location number/Total
number
NRAS chr1:114714098 1p13.2 NM_002524.5 Intron 2/6
7797G>A
NRAS chrl:114714120 1p13.2 NM_002524.5 Intron 2/6
TT75T>A
HRAS chrl1:534242 11p15.5 NM_005343.4 Exon 2/6
6309T>C
HRAS chr11:534332 4912 NM_005343.4 Exon 2/6
6219C>T
RB1 chr13:48459756 13q14.2 NM_000321.3 Exon 20/27
161010G>A
RB1 chr13:48459766 13q14.2 NM_000321.3 Exon 20/27
161020T>A
RB1 chr13:48459822 13q14.2 NM_000321.3 Exon 20/27
161076C>T
RET chr10:43118386 10g11.21 NM_020975.6 Exon 13/20
46318G>A
RET chr10:43118395 10g11.21 NM_020975.6 Exon 13/20
46327T>G
RET chr10:43118639 10g11.21 NM_020975.6 Intron 13/19
46571G>A
RET chr10:43118681 10g11.21 NM_020975.6 Intron 13/19
46613G>A
RET chr10:43118782 10g11.21 NM_020975.6 Intron 13/19
46714G>A

All the mutations were confirmed by aligning the sequences with their reference gene sequences.
The chromosomal position and exon-intron distribution of these mutations, defined by the
observed novel mutations, supply a framework for additional classification of variants and for

potential genotype-phenotype correlation in the PTC cohort investigated here.
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3.4.5 Mutation Characteristics and Functional Predictions of Variants Identified by
Sanger Sequencing

Following re-sequencing of candidate gene regions in PTC DNA samples using Sanger
technology, twelve polymorphic nucleotides were identified in NRAS, HRAS, RB1, and RET
(Table 3.11). These were then evaluated for mutation type, clinical significance, and population
frequency. Their predicted functional effects were assessed with in silico tools such as SIFT and
PolyPhen, and compared with available data from dbSNP and COSMIC.

A graph illustrates the percentage of mutations detected in the study cohort for each variant, along
with mutation frequency through Sanger sequencing shown in a bar chart (Fig. 3.6). The RET
46714G>A intronic variant was the most common, accounting for 81%. In contrast, the RET
46327T>G synonymous variant was present in 57% of cases. Mutation types are indicated by
color: intronic (green), synonymous (purple), missense (blue), and 5" UTR upstream transcript
variant-new sequence (red). The prevalence of non-translated variants and the RET further

highlights the regulatory or non-canonical mode of action underlying PTC onset.
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Figure 3.6: Distribution of Mutation Types and Frequencies in Genes Detected by Sanger

Sequencing.
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In the NRAS gene, two novel intronic variants, g.7775T>A and g.7797G>A, were detected in 2%
and 18% of the cohort, respectively. Lacking previous annotation and predictive scores, these
variants were categorized as "Unknown" regarding their functional impact and clinical

significance.

Within the HRAS gene, two substitutions were observed. The synonymous variant ¢.81T>C
(p.His27=)—identified as rs12628 and recorded in COSMIC—was present in 16% of patients and
predicted to be benign. Another substitution, c.-10C>T, located in the 5’ untranslated region (5’
UTR) and annotated as rs41294870, was observed in 5% of patients and likewise classified as

benign.

Three missense mutations were identified in the RB1 gene. The variant ¢.2029G>A
(p.Glu677Lys), annotated as rs1060503067, appeared in 3% of cases and was predicted to be
probably damaging (SIFT: 0.26; PolyPhen: 0.995). The novel variant ¢.2039T>A (p.1le680Asn),
present in 8% of samples, showed the highest predicted pathogenicity with SIFT: 0.00 and
PolyPhen: 1.00. Similarly, ¢.2095C>T (p.His699Tyr), found in 1% of cases and listed as
rs2138336493, was also predicted to be probably damaging with maximal pathogenicity scores

from both tools.

The RET gene harbored six distinct variants. Two synonymous mutations, €.2298G>A
(p.Pro766=) and ¢.2307T>G (p.Leu769=), were observed in 1% and 57% of the cohort,
respectively. Both were annotated in dbSNP (rs140658743 and rs1800861) and COSMIC and
predicted to be benign.

Among the three intronic variants in RET, ¢.2392+159G>A (rs3026767) and ¢.2392+302G>A
(rs2075910) were identified in 1% and 81% of samples, respectively, with both reported as benign.
The remaining intronic variant, ¢.2392+201G>A (rs1588876668), was found in 5% of patients and

currently lacks explicit annotation; thus, it is considered functionally unknown.

In the NRAS gene, two new intronic polymorphisms, g.7775T>A and g.7797G>A, were identified
and found in 2% and 18% of the patients, respectively. Since there were no prior annotations or
predictive scores for these variants, they were labeled as "Unknown™ in terms of functional impact

and clinical significance.
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Table 3.11: Mutation Characteristics and In Silico Functional Predictions of Variants

Identified by Sanger Sequencing

Gene Nucleotide Mutation  Annotation %Mu- SIFT PolyPhen Pathology
Variant and amino Type tation Score Score Prediction
acid change
NRAS g.7775T>A Intronic Novel 2% - - Unknown
7TT75T>A variant
NRAS g.7797G>A Intronic Novel 18% - - Unknown
77197G>A variant
HRAS c.81T>C Synonymous rs12628, 16% - - Benign
6309T>C p.His27= COSM
249860
HRAS c.-10C>T Genic rs41294870, 5% - - Benign
6219C>T Upstream COSM
Transcript 249860
Variant
5 prime UTR
RB1 €.2029G>A Missense rs10605030 3% 0.26 0.995 Probably
161010G>A p.Glu677Lys 67 Damaging
RB1 €.2039T>A Missense Novel 8% 0.00 1.00 Probably
161020T>A p.lle680Asn damaging
RB1 €.2095C>T Missense rs21383364 1% 0.00 1.00 Probably
161076C>T  p.His699Tyr 93 damaging
RET €.2298G>A  Synonymous rs14065874 1% - - Benign
46318G>A  p.Pro766= 3
RET c.2307T>G  Synonymous  rs1800861 57% - - Benign
46327T>G  p.Leu769= COSM4418
405
RET €.2392+159G Intronic rs3026767 1% - - Benign
46571G>A >A variant
g.46571G>A
RET €.2392+201G Intronic rs158887666 5% - - Unknown
46613G>A >A variant 8
RET €.2392+302G Intronic rs2075910 81% - - Benign
46714G>A >A variant

Two substitutions were identified within the HRAS gene. The synonymous substitution ¢.81T>C
(p.His27=), known as rs12628 and listed in COSMIC, was found in 16% of patients and classified
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as benign. Another nucleotide change, c.-10C>T, located in the 5'UTR and designated as

rs41294870, was present in 5% of patients and also classified as benign.

Three missense mutations of the RB1 gene were identified. The ¢.2029G>A (p.Glu677Lys) variant
(rs1060503067) had a minor allele frequency of 3% in cases and was predicted to be probably
damaging (SIFT: 0.26, Polyphen2 HVAR: 0.995). The novel mutation c.2039T>A (p.11e680Asn),
which was the most common mutation found in 8% of cases analyzed, was considered the most
deleterious by in silico prediction with SIFT 0.00 and PolyPhen 1.00. Similarly, ¢.2095C>T
(p.His699Tyr), found in 1% of patients and described as rs2138336493, was also classified as
probably damaging, with the highest pathogenicity scores by both predictors.

At the gene level, RET had a total of six variants. Two common variants, ¢.2298G>A (p.Pro766=)
and ¢.2307T>G (p.Leu769=), were found in 1% and 57% of patients, respectively. Both were listed
in dbSNP (rs140658743 and rs1800861) and COSMIC as benign.

Of the three intronic RET variants, ¢.2392+159G>A (rs3026767) and ¢.2392+302G > A
(rs2075910) were observed in 1% and 81% of samples, respectively, both classified as benign. The
other intronic variant, ¢.2392+201G>A (rs1588876668), is present in 5% of individuals and has

no stated interpretation or annotation, so it is functionally indeterminate.

Overall, three missense mutations within RB1 exhibited high deleterious potential according to
SIFT and PolyPhen predictions, while most of the RET and HRAS mutations were deemed benign
or likely tolerated. Functional assays or splicing analyses are necessary to investigate the

regulatory role of the novel and intronic variants of NRAS and RBL1.

3.5 Evaluation of Novel NRAS and RB1 Variants in Papillary Thyroid
Carcinoma Patients
3.5.1 Correlation Analysis of NRAS and RB1 Variants Using Pearson Coefficients

Figure 3.7 shows the Pearson correlation coefficients (r) and their corresponding p-values

assessing the pairwise relationships between selected variants of the NRAS and RB1 genes in the
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PTC study cohort. The correlation matrix on the right displays both the strength and direction of

the associations, with significance levels indicated by asterisks (p <0.05 as *, p <0.001 as ***)

Among the tested pairs, a statistically significant moderate negative correlation was observed
between NRAS 7775T>A and NRAS 7797G>A (r = -0.4330, p = 0.0271). A more notable and
highly significant negative correlation was found between NRAS 7797G>A and RB1 161020T>A
(r = -0.6389, p = 0.0004), indicating a possible inverse relationship in mutational occurrence
within this cohort. No statistically significant correlation was detected between NRAS 7775T>A
and RB1 161020T>A (r =-0.1925, p = 0.3462).

' A
Gene Gene Pearson  p-value & & &
variantl variant 2 r

NRAS NRAS -0.4330  0.0271
TT75T>A  T7797G>A

NRAS.7775T.A

NRAS RBl '0.1925 0.3462 NRAS.7797G.A
7775T>A 161020T>A
NRAS RB1 -0.6389 0.0004
7797G>A 161020T>A RB1.161020TA

Gene variant pair co-occurrence was evaluated using
Pearson correlation. The results are reported
as numbers. The significance level was set at p<0.05

Figure 3.7: Pearson Correlation Analysis of NRAS and RB1 Gene Variants in PTC Tissue
Samples.

The findings show a non-random pattern of co-occurrence, especially between NRAS and RB1
mutations. This may indicate underlying biological interactions or mutational exclusivity in

specific regulatory contexts.

3.5.2 Group Stratification and Genotypic Distribution Analysis of Novel NRAS and
RB1 Variants
For potential genotype—phenotype correlations, the study subjects were divided into two groups

based on the presence or absence of novel NRAS or RB1 mutations detected by Sanger sequencing.
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Subjects with at least one novel mutation in either gene are referred to as the “mutant group.” In
contrast, participants without these mutations are classified as the “wild-type group.” This
categorization allowed for comparison of genotype distributions within subgroups of key clinical
and demographic variables (age, sex, smoking, family history of thyroid disorders excluding

thyroid cancer, family history of thyroid cancer, and family history of other cancers).

This strategy aimed to determine whether the presence of novel variants in NRAS or RB1 genes
is associated with specific clinical features or familial cancer patterns within the papillary thyroid
carcinoma (PTC) cohort. Understanding these associations may provide insights into the biological

significance of these mutations and their potential impact on disease risk or heterogeneity.

3.5.3 Demographic and Genetic Profiles of PTC Patients with Novel NRAS and RB1

Variants

In targeted analysis, 26 patients with at least one novel mutation in the NRAS or RB1 gene were
included as the case group. The demographic distribution of this group shows females as the
predominant group (n = 21, 80.8%), while male participants were few (n =5, 19.2%). The cohort
included participants aged 16 to 51 years; the group was mainly young and middle-aged (mean

approximately 31 years) (Table 3.12).

The clinical stages, according to the TNM classification, were widely distributed, ranging from
early to advanced stages of disease. A large portion of the patients have pT1 or pT2 tumors,
meaning small or moderate-sized tumors. However, some cases (e.g., PPTC 17, PPTC 21, PPTC
106) presented pT3 stage, indicating an advanced local disease stage. N1 was present in a few of

the individuals, suggesting that regional metastasis occurred in some cases of the mutant group.

From a genotypic perspective, the most common intronic variant was NRAS 7797G>A, found in
20 out of 26 patients (76.9%), either as a single mutation or in combination with other mutations.
The RB1 161020T>A missense variant was identified in 9 cases (34.6%) either as a standalone
mutation or coexisting with an NRAS variant. However, the latter variant was only present in 2
(7.7%) patients, with one case showing it as the only variant (PPTC 103) and another showing it
alongside no other variants (PPTC 106).
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Table 3.12: Demographic, Clinical, and Genotypic Profiles of the Case Group Harboring
Novel NRAS and RBL1 Variants

Serial SampleID  Age Sex Stage NRAS NRAS RB1
No. 7TT75T>A 7797G>A 161020T>A
1 PPTC 01 31 F PTINXMX No Yes No
2 PPTC 02 31 M pT1laNxMx No No Yes
3 PPTC 03 39 F PT2NXMXx No Yes No
4 PPTC 09 26 F PT2NXMX No Yes No
5 PPTC 10 16 F pT2N1Mx No Yes No
6 PPTC 11 23 F pT1bNxMx No Yes No
7 PPTC 16 46 F PT2NXMX No Yes No
8 PPTC 17 51 M pT3N1IMx No Yes No
9 PPTC 18 25 F pT3N1bMx No Yes No
10 PPTC 19 23 F PT2NXMX No Yes No
11 PPTC 21 39 M pT3aNxMx No Yes No
12 PPTC 27 49 F pT1INlaMx No Yes No
13 PPTC 35 45 F pTlaN1bMx No No Yes
14 PPTC 37 28 F pT2N1Mx No Yes No
15 PPTC 42 26 F PTIN1IMX No No Yes
16 PPTC 43 35 F pT1bNxMx No No Yes
17 PPTC 44 36 F PTINXMX No Yes Yes
18 PPTC 48 26 F pTINOMx No No Yes
19 PPTC 57 27 F PT2NXMX No Yes No
20 PPTC 69 35 F PTLINXMX No Yes Yes
21 PPTC 83 18 F pT2NOMx No Yes No
22 PPTC 85 26 F PT2N1Mx No Yes No
23 PPTC 88 35 F PT3NXMX No No Yes
24 PPTC 89 29 M PTINXMX No Yes No
25 PPTC 103 39 F PTLINXMX Yes No No
26 PPTC 106 35 M pT3aN1bMx Yes No No
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In summary, this cohort exhibits some genetic and clinical diversity, with specific mutations,
notably NRAS 7797G > A, being prevalent. These findings support further comparison tests with
wild-type cases to explore the connection between these mutations and clinicopathological
features, such as tumor stage, lymph node involvement, and age at diagnosis.

3.5.4 Comparison of Age and Disease Onset between Wild-Type and Mutant Groups

To evaluate possible age-dependent differences in the clinical expression of the disease, the overall
age and age at the onset of PTC were compared between the group of patients negative for
mutations (wild type) and the group of patients with at least one novel NRAS or RB1 variant
(mutant) (Table 3.13). Statistical comparisons were made using appropriate tests, with significance

set at p<0.05.

Age at the Time of Sampling

Across the entire cohort, the average age was 35.27 + 1.167 years. When broken down by group,
wild-type individuals had a slightly higher average age (36.60 +1.426 years) compared to the
mutant group (32.27 + 1.785 years), although this difference was not statistically significant (p =
0.1012). Subgroup analysis by age categories (<25, 2639, >40 years) also revealed no significant

differences between the two groups (p > 0.36 for all).
Age at PTC Onset

When examining the onset age of PTC, a significant difference was observed. Compared to wild-
type, the average age of onset in the mutant group (30.12+1.699 years) was younger than in the
wild-type group (35.29£1.404 years) (p = 0.0466), indicating a potential earlier onset in mutation
carriers. Specifically, among individuals aged 40 years and older, the mutant group had a
significantly lower mean age of onset (42.75 + 1.109) than their wild-type counterparts (50.70 +
1.286, p = 0.0135). No significant differences were found in most other age categories.

These observations suggest a possible tendency for earlier disease presentation in individuals with
novel NRAS or RBL1 variants, potentially reflecting genetic factors that influence tumor biology,

which warrants further investigation through longitudinal and mechanistic studies.
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Table 3.13: Comparison of Age and Age at PTC Onset between Wild-Type and Mutant

Groups
Variable Category Value in Wild Type  Mutant Type p-value
number (n)
Age
<25 20 21.64+0.7383  21.00+1.703 0.6900
26-39 52 32.54+0.6154  31.94+1.205 0.6228
>40 28 51.25+1.521 47.75£1.377 0.3677
Overall 35.27+1.167 36.60+1.426  32.27+1.785 0.1012
PTC Onset
Age
<25 22 21.55+0.6219  20.00+1.304 0.339%4
26-39 51 31.81+0.5723 31.09+0.9578 0.5253
>40 27 50.70+1.286  42.75+1.109 0.0135
Overall 35.29+1.404  30.12+1.699 0.0466

The statistical significance was evaluated using a t-test. The results are reported as numbers
(Mean+SEM). The significance level was set at p<0.05

3.5.5 Comparative Genotypic Distribution of NRAS and RB1 Variants in Wild-Type
and Mutant Groups

To evaluate the significance of the observed gene variants in NRAS and RB1, a comparison of
genotypic distribution was performed between the mutant group (n = 26) and the wild-type group
(n=74) (Table 3.14).

The A allele for the NRAS 7797G>A variant was only detected in mutant individuals and not in
wild-type ones (n = 18). Moreover, this variant was strongly correlated with mutation status
(Fisher’s exact p). The A polymorphism showed a suggestive trend associated with the phenotype.
Since the A allele was found only in homozygous mutant individuals (n = 2) and is absent in the
wild type, the evidence was not strong enough to reach statistical significance (Fisher’s p=0.0657,;
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> =2.547, p=0.1105). This indicates that larger sample sizes or functional validation studies are

needed to determine its potential effect.

Table 3.14: Genotypic Distributions of NRAS and RB1 Variants in Wild-Type and Mutant

Groups

Variant Wild Type Mutant Type p-value from ¥2 (p-value)
Fisher’s exact
test
NRAS 7797G 74 8 Ref. Ref.
NRAS 7797A 0 18 <0.0001 57.87 (<0.0001)
NRAS 7775T 74 24 Ref. Ref.
NRAS 7775T 0 2 0.0657 2.547 (0.1105)
RB1 161020T 74 18 Ref. Ref.
RB1 161020A 0 8 <0.0001 20.75 (<0.0001)

The statistical significance was evaluated using Fisher's exact test and the chi-square test. The results
are reported as numbers. The significance level was set at p<0.05.

The RB1 161020T>A variant A allele was observed only in the mutant type (n = 8) and not in the
wild type, resulting in a strong and statistically significant association (Fisher’s p < 0.0001; y2 =
20.75, p < 0.0001). Both RB1 161020T>A, and the variant are considered potential candidates of
biological and statistical importance related to disease status, warranting further functional and

clinical analyses.

3.5.6 Gender-Based Distribution of NRAS and RB1 Gene Variants in Wild-Type and
Mutant Groups

To assess whether the distribution of NRAS 7797G>A and RB1 161020T>A variants differed by
sex, genotypic frequencies were compared between male and female subjects within the wild-type

and mutant groups (Table 3.15).
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Among male participants, the A allele of NRAS 7797G>A was found in three individuals with the

mutant genotype, and it was not present in the male wild-type group. This association was

statistically significant, with a p-value of 0.0038 and a chi-square value of 8.972 (p = 0.0027),

indicating a strong link between the NRAS 7797A variant and mutation-positive status in males.

In contrast, among female subjects, the A allele was found in 15 mutant-type individuals, while no

carriers were observed in the female wild-type group. This resulted in an even stronger statistical

association (p < 0.0001, > = 27.03). However, the odds ratio (OR = 1.189) was not statistically

significant (p > 0.9999), mainly because there were no alternate alleles in the wild-type group,

which limited the accuracy of the risk estimate.

Table 3.15: Genotypic Distribution of NRAS and RB1 Variants in Wild-Type and Mutant
Groups Stratified by Gender

Variable Gene variant Wild Mutant OR (95% CI)* ¥2 (p-value)
Type Type p-value
Male NRAS 7797G 21 2 Ref. Ref.
NRAS 7797A 0 3 0.0038 8.972 (0.0027)
Female NRAS 7797G 53 6 1.189 (0.2634-6.149)* 0.045 (0.832)
>0.9999
NRAS 7797A 0 15 <0.0001 27.03 (<0.0001)
Male RB1 161020T 21 4 Ref. Ref.
RB1 161020A 0 1 0.1923 0.6339 (0.4259)
Female RB1 161020T 53 14 1.387 (0.4388-4.209)*  0.0534 (0.8172)
0.7705
RB1 161020A 0 7 <0.0001 13.58 (0.0002)
Male Overall 21 5 Ref. Ref.
Female Overall 53 21 1.664 (0.5685-4.448)*  0.4289 (0.5125)

0.4425

The statistical significance was evaluated using Fisher's exact and chi-square tests. The results

are reported as numbers. The significance level was set at p<0.05.

A similar pattern was observed for the RB1 161020A allele. Among males, only one mutant-type

individual carried the variant, with none among wild types (p = 0.1923), indicating a non-
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significant trend. Among females, the variant was found in seven mutant-type individuals and was
absent in the wild-type group, resulting in a statistically significant finding (p < 0.0001 by Fisher’s
exact test; x> = 13.58, p = 0.0002).

When assessing the overall mutation status (i.e., presence of any NRAS or RB1 variant), 5 out of
26 males (19.2%) and 21 out of 74 females (28.4%) were classified as mutant. Although the odds
ratio for females (OR = 1.664; 95% CI: 0.5685-4.448) indicated a higher mutation rate compared
to males, the difference was not statistically significant (p = 0.4425, y*> = 0.4289, p = 0.5125).

These results show that both NRAS 7797A and RB1 161020A alleles are enriched in mutation-
positive individuals regardless of sex, although their occurrence seems slightly higher in females.

3.5.7 Genotypic Distribution of NRAS and RB1 Variants by Smoking Status in Wild-
Type and Mutant Groups

To investigate potential associations between genetic changes and environmental exposure,
especially smoking status, the distribution of NRAS 7797G>A and RB1 161020T>A variants was
compared between smokers and non-smokers in both wild-type and mutant groups (Table 3.16).

Among non-smokers, the alternative A allele of NRAS 7797G>A was found in 16 individuals with
the mutant type and was absent in the wild-type group. This association was highly significant (p
< 0.0001, x> = 46.68), indicating a strong link between the NRAS 7797A variant and mutation-

positive status among non-smokers.

Among smokers, the A allele was found in two individuals with the mutant type and was not
detected in the wild-type group. Although the small sample size limited statistical power, the
association remained statistically significant (p = 0.0145, y? = 7.222), indicating that the variant

may also be present among smokers, though at a lower frequency.
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Table 3.16: Genotypic Distribution of NRAS and RB1 Variants by Smoking Status in Wild-

Type and Mutant Groups

Variable Gene variant Wild  Mutant OR (95% CI)* 2 (p-value)
Type Type p-value
Non-smoker NRAS 7797G 62 7 Ref. Ref.
NRAS 7797A 0 16 <0.0001 46.68 (<0.0001)
Smoker NRAS 7797G 12 1 0.7381 (0.6091-5.11)* 0.05575
>0.9999 (0.8134)
NRAS 7797A 0 2 0.0145 7.222 (0.0072)
Non-smoker RB1 161020T 62 16 Ref. Ref.
RB1 161020A 0 7 <0.0001 16.73 (<0.0001)
Smoker RB1 161020T 12 2 0.6458 (0.1336-2.73)* 0.0306 (0.8611)
0.7293
RB1 161020A 0 1 0.2152 0.4865 (0.4855)
Non-smoker Overall 62 23 Ref. Ref.
Smoker Overall 12 3 0.6739 (0.1898- 0.0652 (0.7984)

2.532)*
0.7533

The statistical significance was evaluated using Fisher's exact and chi-square tests. The results

are reported as numbers. The significance level was set at p<0.05

Overall, 23 of 26 mutation-positive individuals were non-smokers, with only three in the smoking

group. Although the calculated odds ratio (OR = 0.6739) suggested a lower likelihood of mutation

among smokers, the difference was not statistically significant (p = 0.7533, > = 0.0652).

These findings indicate that the NRAS 7797A and RB1 161020A variants are mainly present in

non-smokers, which could suggest a genetically driven pathway of tumor development

independent of tobacco exposure. However, the rare cases found in smokers deserve further

research with larger groups to explore potential gene-environment interactions.
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3.5.8 Distribution of NRAS and RB1 Gene Variants by Family History of Non-
Tumorous Thyroid Disease in Wild-Type and Mutant Groups

To assess the impact of family history on genetic mutation profiles, the distribution of NRAS
7797G>A and RB1 161020T>A variants was examined in patients with a family history of thyroid
disease, excluding thyroid cancer (Table 3.17).

Among individuals without a family history of non-tumorous thyroid conditions, the A allele of
NRAS 7797G>A was found in 15 mutant-type cases and was absent in wild-type individuals. This
distribution showed strong statistical significance (p < 0.0001, x> = 44.09), indicating a strong

association between this variant and mutation-positive status in apparently sporadic PTC cases.

In contrast, among individuals with a positive family history of thyroid disease, the A allele was
found in three mutant-type cases, again not present in wild types. This also had statistical
significance (p = 0.0028, y*> = 11.2); however, interpretation is limited by the relatively small

sample size in this subgroup.

A similar trend was observed for the RB1 161020A variant. In the family history-negative group,
the allele was found in seven mutant-type individuals, with none among wild types, demonstrating
strong significance (p < 0.0001, y*> = 16.46). Within the family history-positive group, only one
mutant-type case carried the A allele, and none were observed in the wild-type group. Although
the direction of effect was consistent, this difference did not reach statistical significance (p =
0.2179, %* = 0.4728), likely due to limited sample size.

When examining overall mutation status (i.e., presence of either the NRAS or RB1 variant), 22
mutant-type individuals were identified among those without a family history, compared to 4 in
the family history-positive group. This distribution showed no statistically significant difference
(p>0.9999, y>=0.0024), and the odds ratio (OR =0.8531; 95% CI: 0.2803—-2.717) did not indicate

a strong association.
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Table 3.17: Genotypic Distribution of NRAS and RB1 Variants by Family History of Non-
Tumorous Thyroid Disease in Wild-Type and Mutant Groups

Variable  Gene variant Wild  Mutant OR (95% CI)* 2 (p-value)
Type Type p-value
No NRAS 7797G 61 8 Ref. Ref.
NRAS 7797A 0 15 <0.0001 44.09 (<0.0001)
Yes NRAS 7797G 13 0 0.3441 0.6129 (0.4337)
NRAS 7797A 0 3 0.0028 11.2 (0.0008)
No RB1 161020T 61 16 Ref. Ref.
RB1 161020A 0 7 <0.0001 16.46 (<0.0001)
Yes RB1 161020T 13 2 0.5865 (0.1221-2.425)* 0.0957 (0.7571)
0.7267
RB1 161020A 0 1 0.2179 0.4728 (0.4917)
No Overall 61 22 Ref. Ref.
Yes Overall 13 4 0.8531 (0.2803-2.717)* 0.0024 (0.9613)
>0.9999

The statistical significance was evaluated using Fisher's exact test and the chi-square test. The results
are reported as numbers. The significance level was set at p<0.05

Taken together, these results suggest that germline NRAS A7797 and RB1 A161020 variants are
more prevalent in sporadic PTC, given the absence of a family history of thyroid conditions,

indicating a largely non-inherited mutational landscape of PTC in this cohort.

3.5.9 Distribution of NRAS and RB1 Gene Variants by Family History of Thyroid
Tumor in Wild-Type and Mutant Groups

To explore the potential genetic predisposition associated with familial thyroid tumors, the
distribution of NRAS 7797G>A and RB1 161020T>A variants was assessed in individuals with
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and without a family history of thyroid tumors, categorized into wild-type and mutant-type groups

based on the presence or absence of mutations (Table 3.18).

To investigate the genetic predisposition for familial thyroid tumors, the distribution of the NRAS
7797G>A and RB1 161020T>A variants was assessed among the wild-type and mutant-type
groups based on the presence or absence of the mutation (Table 3.18).

Among participants with no family history of thyroid tumor, the NRAS 7797A allele was present
in 11 individuals with a mutant-type genotype. It was completely absent in the wild-type group,

indicating a strong association with mutation status (p < 0.0001, > = 46.02).

In individuals with a family history, the A allele was found in 7 mutant-type individuals and was
absent in the wild-type group. Although the odds ratio was elevated (OR =4.333; 95% CI: 0.9874—
22.19), statistical significance was not reached with Fisher’s exact test (p = 0.0887), likely due to
the limited sample size. However, the chi-square test remained highly significant (y* = 34.95, p <
0.0001), indicating a strong association between the A allele and a familial history of thyroid

tumors.

For the RB1 161020A allele, among individuals without a family history, four mutant-type
individuals carried the variant, while none were found in the wild-type group, resulting in
significant findings (p = 0.0011, %> = 12.18). Similarly, in the group with a family history, the A
allele was present in 4 mutant-type individuals and absent in wild-type individuals (p = 0.0011, >
= 12.18). The corresponding OR (3.611; 95% CI: 0.9806-10.93) was close to significance (p =

0.0678), suggesting a potential trend toward familial enrichment.

When assessing overall mutation status, 10 out of 19 individuals with a family history of thyroid
tumors were in the mutant-type group, compared to 16 out of 81 without a family history. This
difference was statistically significant (p = 0.0071, y*> = 7.022), and the odds of being mutation-
positive were more than four times higher among those with a familial thyroid tumor background
(OR =4.514; 95% CI: 1.624-13.19).
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Table 3.18: Genotypic Distribution of NRAS and RB1 Variants by Family History of
Thyroid Tumor in Wild-Type and Mutant Groups

Variable Gene variant Wild Mutant p-value from Fisher’s 2 (p-value)
Type Type exact test
No NRAS 7797G 65 5 Ref. Ref.
NRAS 7797A 0 11 <0.0001 46.02 (<0.0001)
Yes NRAS 7797G 9 3 4.333 (0.9874-22.19)*  1.959 (0.1616)
0.0887
NRAS 7797A 0 7 <0.0001 34.95 (<0.0001)
No RB1 161020T 65 12 Ref. Ref.
RB1 161020A 0 4 0.0011 12.18 (0.0005)
Yes RB1 161020T 9 6 3.611 (0.9806-10.93)*  3.331 (0.068)
0.0678
RB1 161020A 0 4 0.0011 12.18 (0.0005)
No Overall 65 16 Ref. Ref.
Yes Overall 9 10 4514 (1.624-13.19)* 7.022 (0.008)

0.0071

The statistical significance was evaluated using Fisher's exact test and the chi-square test. The results
are reported as numbers. The significance level was set at p<0.05

Although NRAS and RB1 variant frequencies were observed across both family-history positive

and negative cohorts, the most pronounced statistical associations—reflected by the highest chi-

square values—were found in individuals without a familial predisposition. This indicates that

these mutations may define a sporadic molecular subtype of papillary thyroid carcinoma (PTC)

with region-specific significance.

3.5.10 Distribution of NRAS and RB1 Gene Variants by Family History of Non-
Thyroid Cancers in Wild-Type and Mutant Groups

To evaluate whether a broader family history of cancer, beyond thyroid malignancies, influences
the prevalence of gene mutations, the distribution of NRAS 7797G>A and RB1 161020T>A
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variants was analyzed among wild-type and mutant groups, stratified by the presence or absence

of a family history of non-thyroid cancer (Table 3.19).

Among individuals without a family history of non-thyroid cancer, 11 mutant-type individuals
carried the NRAS 7797A allele. In contrast, none of the wild-type participants did, resulting in
highly significant results (p < 0.0001, x> =47.17).

Table 3.19: Genotypic Distribution of NRAS and RB1 Variants by Family History of Non-
Thyroid Cancers in Wild-Type and Mutant Groups

Variable  Gene variant Wild Mutant OR (95% CI)* 2 (p-value)
Type Type p-value
No NRAS 7797G 57 3 Ref. Ref.
NRAS 7797A 0 11 <0.0001 47.17 (<0.0001)
Yes NRAS 7797G 17 5 5.588 (1.232-22.23)*  3.909 (0.048)
0.0293
NRAS 7797A 0 7 <0.0001 37.39 (<0.0001)
No RB1 161020T 57 12 Ref. Ref.
RB1 161020A 0 2 0.0366 3.973 (0.0462)
Yes RB1 161020T 17 6 1.676 (0.5182-4.914)* 0.3684 (0.5439)
0.3745
RB1 161020A 0 6 <0.0001 16.37 (<0.0001)
No Overall 57 14 Ref. Ref.
Yes Overall 17 12 2.874 (1.114-7.371)*  3.958 (0.0466)
0.0426

The statistical significance was evaluated using Fisher's exact test and the chi-square test. The
results are reported as numbers. The significance level was set at p<0.05

For individuals with a positive family history, the A allele was also more common in 7 mutant-
type cases, with none found in the wild-type group. This correlation remained statistically
significant (p <0.0001, x> = 37.39). Furthermore, the odds of carrying the A allele were more than
five times higher in this group (OR =5.588; 95% ClI: 1.232-22.23; p = 0.0293), suggesting a strong

link between family cancer history and the presence of NRAS variants.
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Regarding the RB1 161020A allele, among participants without a family history, it was found in
2 mutant-type individuals and was absent from the wild-type group (p = 0.0366, ¥*> = 3.973). In the
family-history-positive group, the A allele appeared in 6 mutant-type individuals and was absent
in the wild-type individuals, resulting in a highly significant result (p < 0.0001, ¥*> = 16.37).
However, the OR (1.676; 95% CI. 0.5182-4.914) was not statistically significant (p = 0.3745),

likely due to sample size limitations.

When comparing overall mutation status, 12 of 29 individuals with a family history of non-thyroid
cancer were in the mutant-type group, compared to 14 of 71 without such a history. This resulted
in a statistically significant difference (p = 0.0426, ¥*> = 3.958), with an OR of 2.874 (95% CI:
1.114-7.371), indicating that patients with a family history of non-thyroid cancer are nearly three

times more likely to carry germline variants in NRAS or RB1.

These findings emphasize a possible familial predisposition beyond thyroid-specific cancers,
indicating that NRAS and RB1 germline variants may be associated with a wider oncogenic

susceptibility within affected families.

3.5.11 Distribution of NRAS and RB1 Variants by Tumor Size and Metastatic
Classification in Wild-Type and Mutant Groups

To explore the relationships between tumor burden and mutation status, the genotypic distributions
of NRAS 7797G>A and RB1 161020T>A variants were analyzed across four clinically relevant
subgroups of papillary thyroid carcinoma (PTC): small tumors (T1), moderate tumors without
nodal involvement (T2, NO), advanced tumors (T3), and PTC with lymph node (LN) metastasis
(Table 3.20).

NRAS 7797G>A Variant Distribution

Small PTC (T1): The NRAS 7797A allele was present in 6 mutant-type individuals and absent in
all wild-type individuals, leading to a statistically significant enrichment (p = 0.0002, x> = 13.65).
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Moderate PTC (T2, NO): The A allele was also found in six mutant-type cases and was not present
among wild-types (p = 0.0002, %> = 13.65), although the wild-type sample size was smaller, which
resulted in a non-significant OR for the G allele (p = 0.1601).

Advanced PTC (T3): The A allele was present in 3 mutant-type individuals and absent in wild-
types (p = 0.0092, x> = 6.647). However, the overall difference in G carriers between wild-type
and mutant-type groups was not statistically significant (OR =0.5882; p = 0.7), indicating potential

heterogeneity.

PTC with LN Metastasis: A significant enrichment of the A allele was observed in mutant-type
individuals (p <0.0001, > = 16.37), with none of the wild-type individuals carrying the variant.

RB1 161020T>A Variant Distribution

Small PTC (T1): The A allele was found in 7 mutant-type patients and in none of the wild-type,
showing a significant enrichment (p < 0.0001, > = 17.01).

Moderate PTC (T2, NO): The wild-type group included 6 individuals with the mutant T allele,
and no A allele was detected. Statistical analysis showed no significant association (OR = 2.25; p
= 0.3053).

Advanced PTC (T3): A ssingle A allele was found in mutant-type cases, with none in wild-type.
This difference was not statistically significant (p = 0.1667, x> = 0.8229).

PTC with LN metastasis: The T allele was present in both groups, with no significant difference
(OR =1.636; p = 0.6725), and no individuals carried the A allele in this subgroup.

Compared to the T1 baseline group, the distribution of overall mutation status (NRAS and RB1
combined) did not significantly differ in moderate PTC (OR = 0.9375), advanced PTC (OR =
0.7353), or PTC with LN metastasis (OR = 0.6818), all with p > 0.7,

142 | Page



Table 3.20: Genotypic Distribution of NRAS and RB1 Variants by Papillary Thyroid
Carcinoma (PTC) Classification by Tumor Size and Metastatic State in Wild-Type and

Mutant Groups
Variable Genevariant  Wild Mutant p-value from Fisher’s x2 (p-value)
Type Type exact test
Small PTC NRAS 7797G 30 6 Ref. Ref.
(T1) NRAS 7797A 0 6 0.0002 13.65 (0.0002)
Moderate PTC  NRAS 7797G 16 0 0.1601 1.603 (0.2055)
(T2.NO)  “NRAS7797A 0 6 0.0002 13.65 (0.0002)
Advanced PTC NRAS 7797G 17 2 0.5882 (0.1119-2.836)*  0.0449 (0.8321)
(T3) 0.7
NRAS 7797A 0 3 0.0092 6.647 (0.0099)
PTC + LN NRAS 7797G 11 0 0.3745 0.3684 (0.5439)
Metastasis — —\RAS7797A 0 3 <0.0001 16.37 (<0.0001)
Small PTC RB1 161020T 30 5 Ref. Ref.
(T1)
RB1 161020A 0 7 <0.0001 17.01 (<0.0001)
Moderate PTC RB1 161020T 16 6 2.25 (0.6402-8.075)*  0.7479 (0.3871)
(T2, NO) 0.3053
RB1 161020A 0 >0.9999 -
Advanced PTC RB1 161020T 17 1.412 (0.3885-5.808)*  0.0088 (0.9252)
(T3) 0.715
RB1 161020A 0 1 0.1667 0.8229 (0.3643)
PTC + LN RB1 161020T 11 3 1.636 (0.3789-8.298)*  0.0336 (0.8545)
Metastasis 0.6725
RB1 161020A 0 0 >0.9999
Small PTC Overall 30 12 Ref. Ref.
(T1)
Moderate PTC Overall 16 6 0.9375 (0.2746-2.951)*  0.0335 (0.8549)
(T2, NO) >0.9999
Advanced PTC Overall 17 5 0.7353 (0.2445-2.45)*  0.0419 (0.8377)
(T3) 0.7685
PTC + LN Overall 11 3 0.6818 (0.1797-2.695)*  0.0304 (0.8617)
Metastasis 0.7364

The statistical significance was evaluated using Fisher's exact test and the chi-square test. The results

are reported as numbers. The significance level was set at p<0.05
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Although statistically significant associations were observed between NRAS and RB1 variants and
smaller tumor classifications, no clear trend was established across the increasing tumor burden
categories. These findings suggest that while early-stage tumors may harbor detectable germline

variants, mutation status does not necessarily increase with tumor aggressiveness in this cohort.

3.5.12 Distribution of NRAS and RB1 Variants by Risk Group Classification in Wild-
Type and Mutant Groups

To assess potential links between mutation status and recurrence risk, the genotypic distributions
of NRAS 7797G>A and RB1 161020T>A were examined across patient groups classified as low,
intermediate, and high risk based on the American Thyroid Association (ATA) risk stratification
guidelines (Table 3.21).

NRAS 7797G>A Variant Distribution

Among intermediate-risk individuals (n = 91), 17 mutant-type subjects carried the NRAS 7797A
allele, while no such variant was found in the wild-type group. This resulted in a highly significant

association (p <0.0001, y*> = 50.8), showing strong enrichment of the A allele in the mutant group.

In the high-risk group (n = 7), only one individual with the mutant type carried the A allele, while
all wild-type participants tested negative for this variant. Although not statistically significant (p
= 0.12), the OR was higher (1.386; 95% CI: not available), indicating a potentially essential but

underpowered association.

There were no statistically significant differences observed across risk groups for the NRAS
7797G allele.

RB1 161020T>A Variant Distribution

In the intermediate-risk group, 8 individuals with the mutant type carried the RB1 161020A allele,
while none of the wild-type counterparts had this variant. This distribution was statistically
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significant (p < 0.0001, > = 19.34), indicating a strong link between RB1 mutation and the
intermediate-risk classification.

In contrast, no A alleles were found in either wild-type or mutant-type individuals in the high-risk

group, suggesting this variant does not contribute to that category (p > 0.9999).

Table 3.21: Genotypic Distribution of NRAS and RB1 Variants by Risk Group
Classification in Wild-Type and Mutant Groups

Risk Group  Gene variant Wild Mutant OR (95% CI)* y2 (p-value)
Type Type p-value
Intermediate  NRAS 7797G 66 8 Ref. Ref.
NRAS 7797A 0 17 <0.0001 50.8 (<0.0001)
High NRAS 7797G 6 0 >0.9999 0.02 (0.8875)
NRAS 7797A 0 1 0.12 1.386 (0.2391)
Intermediate  RB1 161020T 66 17 Ref. Ref.
RB1 161020A 0 8 <0.0001 19.34 (<0.0001)
High RB1 161020T 6 0 0.5907 0.4827 (0.4872)
RB1 161020A 0 0 >0.9999 -
Intermediate Overall 66 25 Ref. Ref.
High Overall 6 1 0.44 (0.0369-3.005)*  0.1007 (0.751)
0.6713
Low Overall 2 0 >0.9999 0.0037 (0.9516)

The statistical significance was evaluated using Fisher's exact test and the chi-square test. The results
are reported as numbers. The significance level was set at p<0.05

Overall Mutation Status across Risk Groups

Out of the 25 mutant-type individuals in the intermediate-risk group, the overall frequency was

significantly higher compared to the high-risk group, which had only one mutant-type case
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detected (OR =0.44; 95% CI: 0.0369-3.005; p = 0.6713). However, this result was not statistically

significant due to the small size of the high-risk subgroup.

The low-risk group (n = 2) included only wild-type individuals, with no NRAS or RB1 variants

detected; therefore, no statistical significance could be compared.

These findings reinforce that both NRAS 7797A and RB1 161020A variants are significantly
enriched in intermediate-risk PTC patients, indicating that these variants may be more strongly
linked to moderate recurrence potential rather than aggressive or indolent disease behavior.
Although the high- and low-risk groups had smaller sample sizes, the findings offer valuable
preliminary insights that merit further investigation with larger cohorts.

3.6 Serum Biochemical Profiling of Study Participants

3.6.1 Comparative Analysis of Biochemical Parameters among Study Groups

To examine the biochemical profile differences across various thyroid-related health states, we
compared serum levels of several essential biomarkers—TSH, calcium, parathyroid hormone,
thyroglobulin (Tg), and vitamin D—among three study groups: healthy individuals (Group A, n =
100), patients with non-tumorous thyroid disease (Group B, n = 100), and thyroid cancer patients
(Group C, n =100) (Table 3.22). The results are shown as mean + SEM, and statistical significance
was assessed using ANOVA followed by pairwise adjusted p-values for multiple comparisons
(Figure 3.8).

Serum TSH levels showed a significant and dramatic increase across the groups (p < 0.001).
Healthy individuals had a baseline mean of 2.167+0.107 ng/mL, while patients with non-tumorous
thyroid disease and thyroid cancer had substantially higher levels of 39.33+£2.492 ng/mL and
86.81+4.084 ng/mL, respectively. All pairwise comparisons (healthy vs. non-tumorous thyroid
disease, healthy vs. thyroid cancer, non-tumorous thyroid disease vs. thyroid cancer) were highly
significant (adjusted p < 0.001), confirming that TSH levels increase progressively with disease

severity.
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Figure 3.8: Comparison of Serum Biochemical Parameters among Study Groups.

Serum calcium levels also exhibited a significant difference among groups (p = 0.0032), with a
slight decrease in thyroid cancer patients (8.387 £ 0.077 mg/dL) compared to healthy individuals
(8.663 = 0.062 mg/dL) and those with non-tumorous thyroid conditions (8.777 + 0.104 mg/dL).
The comparison between healthy and thyroid cancer groups was close to significance (adjusted p
= 0.0509), and a statistically significant difference was found between the non-tumorous thyroid
disease and thyroid cancer groups (adjusted p = 0.0029).

Parathyroid hormone (PTH) levels, although slightly elevated in disease groups (36.88+2.809
pg/mL in non-tumorous thyroid disease and 38.20+4.327 pg/mL in thyroid cancer), did not show
statistically significant differences among the groups (p = 0.3589), indicating limited

discriminatory value for this marker in this cohort.

Thyroglobulin (Tg) levels were higher in patients with thyroid-related issues, with non-tumorous
thyroid disease and thyroid cancer cases showing elevated mean values (120.6+58.26 ng/mL and
93.92+44.05 ng/mL, respectively) compared to healthy individuals (4.475+£0.657 ng/mL).
However, because of high variability among individuals, these differences did not reach statistical

significance (p = 0.114).
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Table 3.22: Comparative Analysis of Serum Biochemical Parameters among Study Groups

Variable Group A Group B Group C p- Adjusted Adjusted Adjusted
Healthy Non-Tumorous Thyroid value  p-value p-value p-value
(n=100) Thyroid Disease Cancer
(Mean+SEM) (n=100) (n=100) A€ (AvsB) (AvsC)  (BvsC)
(Mean+SEM) (MeantSEM)
TSH 2.167+0.107 39.33+2.492 86.81+4.084 <0.001  <0.001 <0.001 <0.001
(ng/mL)
Calcium 8.663+0.062 8.777+0.104 8.387+0.077 0.0032  0.5923 0.0509 0.0029
(mg/dL)
Parathor-  32.32+1.088 36.88+2.809 38.20+4.327 0.3589  0.5396 0.3599 0.9496
mone
(pg/mL)
Thyroglo-  4.475+0.657 120.6+58.26 93.92+44.05 0.114 0.1122 0.3054 0.8992
bulin (Tg)
(ng/mL)
VitaminD  17.95+0.768 18.82+0.913 16.56+0.621 0.1192  0.7012 0.4127 0.1020
(ng/mL)

The statistical significance was evaluated using a one-way ANOVA test. The results are reported

as numbers (Mean+SEM). The significance level was set at p<0.05

Vitamin D levels were generally similar across the groups, with a slight trend toward lower levels

in patients with thyroid cancer (16.56 = 0.621 ng/mL) compared to healthy controls (17.95 + 0.768

ng/mL) and individuals with non-tumorous thyroid disease (18.82 + 0.913 ng/mL). These

differences were not statistically significant (p = 0.1192), although the trend might merit further

investigation in a larger group.

Overall, TSH proved to be the most reliable biomarker for distinguishing between the groups, with

modest yet noteworthy trends in calcium and Tg levels, indicating their potential usefulness in

biochemical profiling of thyroid disorders and cancers.
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3.6.2 Comparative Analysis of Biochemical Parameters between Wild-Type and

Mutant Groups

This analysis compares key serum biochemical parameters between patients with mutant-type and
wild-type thyroid cancer (Table 3.23). Although mean serum TSH levels were slightly higher in
the wild-type group (87.94 + 5.02 ng/mL) compared to the mutant type group (79.83 £+ 4.47
ng/mL), this difference was not statistically significant (p = 0.2538). In contrast, a significant
difference was observed in serum calcium levels, where the wild-type group exhibited a higher
mean value (9.04 £+ 0.13 mg/dL) compared to the mutant type group (8.51 + 0.16 mg/dL), with p
= 0.0305, suggesting a potential alteration in calcium metabolism associated with mutation status.

Other parameters, including parathyroid hormone, thyroglobulin (Tg), and vitamin D levels,
showed no statistically significant differences between the groups. Although the wild-type group
had higher average values for both parathyroid hormone (40.52 £+ 5.66 pg/mL) and Tg (117.1 +
60.70 ng/mL) compared to the mutant group (31.59 *+ 4.11 pg/mL and 33.46 + 9.32 ng/mL,
respectively), the variability and broad confidence intervals likely contributed to the lack of
statistical significance (p = 0.3679 for parathyroid hormone and p = 0.3988 for Tg). Vitamin D
levels were almost the same between the two groups (p = 0.9756), indicating no mutation-related

trend.

Table 3.23: Comparative Analysis of Serum Biochemical Parameters among Wild-Type
and Mutant Groups

Variable Wild Type Mutant Type p-value
(Mean+SEM) (Mean+SEM)

TSH (ng/mL) 87.94+5.018 79.83+ 4.466 0.2538

Calcium (mg/dL) 9.042+0.1304 8.514+0.1621 0.0305

Parathyroid hormone (pg/mL) 40.52+5.656 31.59+4.111 0.3679

Thyroglobulin (Tg) (ng/mL) 117.1+60.70 33.46+9.319 0.3988

Vitamin D (ng/mL) 16.67+0.7889 16.63+0.9820 0.9756

The statistical significance was evaluated using a t-test. The results are reported as numbers
(Mean£SEM). The significance level was set at p<0.05.
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These findings indicate that, among thyroid cancer patients, only serum calcium levels
significantly differed between those with and without NRAS/RB1 variants, potentially reflecting

underlying molecular influences on calcium regulation.

3.6.3 Differences in Biochemical Profiles between Wild-Type and Mutant-Type PTC
Patients Stratified by Tumor Size and Metastatic Status

To further investigate the biochemical implications of NRAS and RB1 mutational status in
papillary thyroid carcinoma (PTC) patients, serum parameters were compared between wild-type
and mutant-type individuals, stratified according to tumor size and lymph node involvement (Table
3.24).

Across all tumor categories—small (T1), moderate (T2 without lymph node metastasis), advanced
(T3), and PTC with lymph node (LN) metastasis—there were no statistically significant
differences in TSH levels between wild-type and mutant-type groups. Although wild-type
individuals consistently showed slightly higher mean TSH levels, the differences did not reach
significance (p-values ranging from 0.3613 to 0.9533). The overall comparison similarly revealed

no significant variation (p = 0.2538).

Serum calcium levels exhibited greater variation. In advanced PTC patients (T3), calcium levels
were significantly lower in the mutant-type group (8.03 + 0.53 mg/dL) compared to the wild types
(8.97 £ 0.19 mg/dL; p = 0.0440), indicating a possible disruption of calcium metabolism in
mutation carriers with more aggressive disease. Although other subgroups showed similar patterns,
these differences were not statistically significant. The overall comparison between wild-type and
mutant-type individuals also revealed a significant decrease in calcium levels among mutant types
(p = 0.0305).

PTH levels did not differ significantly across tumor subtypes or between mutation groups.
Although elevated mean PTH was observed in wild-type individuals with LN metastasis (64.44 +

18.91 pg/mL), variability was high, and no group reached statistical significance (all p > 0.3).
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Table 3.24: Comparative Analysis of Serum Biochemical Parameters between Wild-Type
and Mutant PTC Patients Stratified by Tumor Size and Lymph Node Metastasis

Variable Group Wild Type Mutant Type p-value
(Mean+SEM) (Mean+SEM)

TSH (ng/mL) Small PTC (T1) 87.65+7.850 814029478  0.6535

Moderate PTC (T2, NO)  98.55+11.13 78.88£17.31  0.3613

Advanced PTC (T3) 85.53+11.02 84.26£16.07  0.9533

PTC + LN Metastasis 70.97+11.51 79.82¢17.06  0.7191

Overall 87.04+5018  79.83t4.466  0.2538

Calcium Small PTC (T1) 0.227+0.1658  8.758+0.1855  0.1113

(mg/dL) Moderate PTC (T2, NO)  8.726+0.4470  8.803+0.2267  0.9195

Advanced PTC (T3) 8.9710.1852  8.028+0.5266  0.0440

PTC + LN Metastasis 9.106+0.2692 8.437+0.4845 0.2675

Overall 0.042+0.1304  8514+0.1621  0.0305

Parathyroid Small PTC (T1) 37.54+10.90 33.40+4.200  0.8145

ngmff Moderate PTC (T2, NO)  38.35+5.878 28.71+11.80 0.4292

Advanced PTC (T3) 32.36+7.203 33.55+14.23  0.9391

PTC + LN Metastasis 64.44+18.91 26.80+6550  0.3354

Overall 40.52+5.656 3159+4.111  0.3679

Thyroglobulin Small PTC (T1) 47.50+28.06 40.15+1541  0.8670

(Tg) (Ng/mL)  Moderate PTC (T2, NO)  57.39+22.52 17.904#9.239  0.3053

Advanced PTC (T3) 293.0£233.0 27.06£1950  0.5716

PTC + LN Metastasis 96.77+85.49 36.02429.74  0.6857

Overall 117.1460.70 33.46£9.319  0.3988

Vitamin D Small PTC (T1) 18.69+1.251 16.78+1.586  0.3958

(ng/mL) Moderate PTC (T2, NO)  13.93+0.9407  17.46+1.133  0.0507

Advanced PTC (T3) 16.18+1.163 146141383 05019

PTC + LN Metastasis 15.90+3.256 14360554  0.8145

Overall 16.67¢0.7889  16.63+0.9820  0.9756

The statistical significance was evaluated using a t-test. The results are reported as numbers
(Mean+SEM). The significance level was set at p<0.05.

Across all tumor categories, serum Tg levels were generally higher in the wild-type group

compared to the mutant type. For example, patients with advanced PTC exhibited a notable Tg
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difference (293.0 + 233.0 ng/mL in wild type vs. 27.06 = 19.50 ng/mL in mutant). However, the
difference was not statistically significant due to variability (p = 0.5716). The overall comparison

also was not significant (p = 0.3988).

Vitamin D levels were similar between wild-type and mutant-type individuals across tumor
categories. A near-significant trend was observed in moderate PTC (T2, NO), where mutant-type
patients had higher vitamin D levels than wild-type patients (p = 0.0507). However, no other group

showed notable differences, and the overall comparison remained nonsignificant (p = 0.9756).

Although no statistically significant differences were observed in TSH, PTH, thyroglobulin, or
vitamin D levels across most subgroups, trends indicated that biochemical changes might be more
evident in certain tumor stages and mutation backgrounds. These findings highlight the possible

connection between calcium imbalance and mutational burden in aggressive PTC phenotypes.

3.6.4 Correlation Analysis of Biochemical Parameters among Study Groups
3.6.4.1 Correlation Analysis between Serum TSH and Calcium Levels across Study Groups

To examine the relationship between thyroid function and calcium homeostasis, Pearson
correlation analysis was performed between serum thyroid-stimulating hormone (TSH) and
calcium levels across four distinct subject groups: healthy controls, individuals with non-tumorous
thyroid disease, wild-type thyroid cancer patients, and mutant-type thyroid cancer patients. The

scatter plot illustrates this relationship with regression trendlines for each group (Figure 3.9).

In the mutant group, a statistically significant negative correlation was observed (Pearson r = —
0.3989, p = 0.0435), indicating that higher TSH levels were linked to lower calcium concentrations
in patients carrying novel mutations (NRAS 7775T>A, NRAS 7797G>A, or RB1 161020T>A).

This suggests a possible dysregulation of calcium metabolism in mutation-positive PTC patients.
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Conversely, no statistically significant correlations between serum TSH and calcium levels were

observed in the other groups. Among healthy individuals, the correlation was negligible and

negative (r = —0.01908, p = 0.8506), indicating no meaningful relationship. Patients with non-
tumorous thyroid disease showed a weak positive correlation (r = 0.06698, p = 0.5079), while
wild-type PTC patients exhibited a slightly stronger positive trend (r = 0.1764); however, this also

did not reach statistical significance (p = 0.1327).
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Figure 3.9: Correlation Analysis of Serum TSH and Calcium Levels among Study Groups.

Together, these findings suggest a mutation-specific disruption in calcium regulation linked to

elevated TSH in the mutant group.
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3.6.4.2 Correlation Analysis between Serum TSH and Vitamin D Levels across Study Groups

Among patients with non-tumorous thyroid disease, a statistically significant negative correlation

was observed (r =-0.2472, p = 0.0136), indicating an inverse relationship between elevated TSH

and lower vitamin D levels in this group (Figure 3.10).

In contrast, healthy individuals showed a mild negative correlation (r = —0.1863), which

approached but did not reach statistical significance (p = 0.0649). Similarly, wild-type PTC
patients exhibited a weak negative trend (r = —0.05531, p = 0.6397), while mutant-type individuals
also displayed a low inverse correlation (r = —0.1042, p = 0.6124). However, neither of these

associations was statistically significant.
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Figure 3.10: Correlation Analysis of Serum TSH and Vitamin D Levels among Study Groups.

These findings suggest that the TSH—vitamin D relationship might be stronger in individuals with

benign thyroid disorders compared to those with cancer or healthy conditions.
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3.6.4.3 Correlation Analysis between Serum TSH and Parathyroid Hormone Levels across

Study Groups

Pearson correlation analysis between serum TSH and parathyroid hormone (PTH) levels showed
no statistically significant associations in any of the study groups (Figure 3.11). In healthy
individuals, a weak positive correlation was observed (r = 0.09233), but it was not statistically
significant (p = 0.3609).

Conversely, individuals with non-tumorous thyroid disease showed a weak negative correlation (r
= -0.08919, p = 0.3775), which was not statistically significant. Among papillary thyroid
carcinoma (PTC) patients, wild-type individuals exhibited a negligible positive trend (r = 0.02783,
p = 0.8139), while mutant-type individuals displayed a slight negative correlation (r = -0.1128, p
=0.5834).
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Figure 3.11: Correlation Analysis of Serum TSH and Parathyroid Hormone

Levels among Study Groups

Together, these findings indicate that TSH levels are not significantly linked to parathyroid

hormone levels in either clinical or healthy groups.
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3.6.4.4 Correlation Analysis between Serum TSH and Thyroglobulin Levels across Study
Groups

Pearson correlation analysis of serum thyroid-stimulating hormone (TSH) and thyroglobulin (Tg)
levels across study subgroups showed no statistically significant relationships (Figure 3.12). In the
healthy control group, the correlation was weak and negative (r = —0.05726, p = 0.5715),
suggesting little to no interaction between TSH and Tg in individuals with normal thyroid function.

Similarly, participants with non-neoplastic thyroid disorders showed a weak inverse correlation (r
= —0.1201), which was not statistically significant (p = 0.2339). Among papillary thyroid
carcinoma (PTC) patients, subgroup analyses based on mutational status indicated that both wild-
type (r = -0.1319, p = 0.2625) and mutant-type individuals (r = -0.1044, p = 0.6117) exhibited

weak, non-significant negative correlations between TSH and Tg levels.

Pearson Correlation between TSH and Thyroglobulin in Different Groups

Group Pearson  p-value
900
r

Healthy -0.05726  0.5715

600

Thyroid  -0.1201 0.2339

Serum Thyroglobulin (ngfmL)

Disease
w SRR wild  -0.1319  0.2625
.. Type
N‘j —— - s Mutant  -0.1044  0.6117
0 e % 0 ome VS UMM ot B re Sl e 3% . [} Type

o 50 100 150
Serum TSH (ng/mL)

Group Healthy —#= Mutant —# Thyroid Disease Wild

Figure 3.12: Correlation Analysis of Serum TSH and Thyroglobulin Levels among Study Groups.

Collectively, these findings indicate that, within this cohort, fluctuations in serum TSH levels do

not significantly affect circulating thyroglobulin levels, regardless of thyroid pathology or
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underlying NRAS/RB1 mutational status. This supports the idea that Tg levels are not directly

controlled by TSH in either benign or malignant thyroid conditions, especially in the context of

altered genomic backgrounds.

3.6.4.5 Correlation Analysis between Serum Calcium and Vitamin D Levels across Study

Groups

The Pearson correlation analysis showed different patterns between serum calcium and vitamin D

levels across various study groups (Figure 3.13). In the mutant-type PTC group, a statistically

significant moderate positive correlation was found (r = 0.3955, p = 0.0455), indicating that

individuals with NRAS or RB1 variants experienced a linked increase in calcium as vitamin D

levels rose. This may indicate a variant-driven influence on calcium and vitamin D balance.

Pearson Correlation between Calcium and Vitamin D in Different Groups
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Figure 3.13: Correlation Analysis of Serum Calcium and Vitamin D Levels among Study Groups.
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These findings reveal a distinctive biochemical profile in mutation-positive individuals, where
calcium and vitamin D may be more closely linked, possibly due to altered regulatory mechanisms

caused by somatic variants in key signaling genes.

3.6.4.6 Correlation Analysis between Serum Calcium and Parathyroid Hormone Levels

across Study Groups

Pearson correlation analysis between serum calcium and parathyroid hormone (PTH)
concentrations across all study groups showed no statistically significant relationships. In the
mutant-type PTC group, a weak positive correlation was observed (r = 0.2442, p = 0.2292),
indicating a non-significant trend where higher PTH levels might be linked to elevated serum
calcium (Figure 3.14). This could suggest subtle changes in calcium regulation, although the result

was not statistically significant.

Among wild-type PTC individuals, no significant correlation was found, with a nearly zero
coefficient (r = 0.0023, p = 0.9842), indicating complete independence between calcium and PTH

levels in this group.

In the non-tumorous thyroid disease group, a weak positive trend was observed (r = 0.1842, p =
0.0666), which approached but did not reach the threshold for statistical significance, possibly

indicating early or subclinical compensatory regulation of calcium via parathyroid hormone.

Conversely, the healthy control group showed a weak, non-significant inverse correlation (r = —
0.1148, p = 0.2552), aligning with the physiological feedback loop where increased calcium levels
inhibit PTH secretion. However, the lack of significance suggests that within normal ranges, these
fluctuations may not be strong enough to establish a clear relationship.

Overall, these findings indicate no definitive correlation between calcium and PTH in any group,

although slight group-specific trends might need more study in larger groups.
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Pearson Correlation between Calcium and Parathormone in Different Groups
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Figure 3.14: Correlation Analysis of Serum Calcium and Parathyroid Hormone Levels

among Study Groups.

3.6.4.7 Correlation Analysis between Serum Calcium and Thyroglobulin Levels across
Study Groups

Pearson correlation analysis revealed no statistically significant link between serum calcium and
thyroglobulin (Tg) levels in any of the study groups, indicating an overall lack of a linear

relationship between these two variables across various clinical settings (Figure 3.15).

In the mutant-type PTC group, a weak positive correlation was observed (r = 0.09281, p = 0.652),
suggesting a slight tendency for higher thyroglobulin levels to coincide with increased calcium
levels. However, the association was not statistically significant, indicating that calcium and Tg

levels in mutation-positive individuals are largely independent.
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Among wild-type PTC patients, the analysis revealed a similarly weak negative correlation (r = —
0.03609, p = 0.7601), further confirming that there is no meaningful association between the
variables in this group.

The non-tumorous thyroid disease group showed a very weak positive correlation (r = 0.02607, p
= 0.7968), while the healthy control group exhibited an almost null correlation (r = —0.006038, p
= 0.9525), neither of which has statistical or biological significance.
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Figure 3.15: Correlation Analysis of Serum Calcium and Thyroglobulin Levels among

Study Groups.

Overall, these findings indicate that thyroglobulin levels do not have a significant correlation with
serum calcium in healthy individuals, thyroid disease patients, or PTC subgroups, suggesting that

these parameters are likely regulated independently within the physiological and pathological
contexts examined in this study.
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3.6.4.8 Correlation Analysis between Serum Vitamin D and Parathyroid Hormone Levels

across Study Groups

Pearson correlation analysis between vitamin D and parathyroid hormone (PTH) levels showed no
statistically significant relationships in any of the study groups, indicating there is no meaningful

linear association between these two variables in the populations studied (Figure 3.16).

In the healthy control group, there was a weak positive correlation (r = 0.1695, p = 0.0934),
indicating a slight tendency for higher vitamin D levels to be associated with increased PTH levels.
However, this correlation was not statistically significant, suggesting that vitamin D and PTH
levels in healthy individuals are mostly independent.

Among individuals with thyroid disease, the analysis showed a very weak negative correlation (r
=-0.06104, p = 0.5484), further supporting the lack of a significant relationship between the two
variables in this group. For the wild-type group, the results indicated a similarly weak negative
correlation (r = —0.0525, p = 0.6569), confirming that vitamin D and PTH levels do not have a

meaningful association in this population.
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Figure 3.16: Correlation Analysis of Serum Vitamin D and Parathyroid Hormone Levels

among Study Groups.
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The mutant type group demonstrated an extremely weak negative correlation (r = -0.02136, p =
0.9175), which was far from statistically significant, reinforcing the conclusion that there is no

notable relationship between vitamin D and PTH levels in this group either.

In summary, the findings indicate that vitamin D levels do not have a significant correlation with
parathyroid hormone levels among healthy individuals, thyroid disease patients, or the mutant and
wild-type subgroups. This suggests that vitamin D and PTH are regulated independently across

the studied physiological and pathological conditions.

3.6.4.9 Correlation Analysis between Serum Vitamin D and Thyroglobulin Levels across

Study Groups

Pearson correlation analysis between serum vitamin D and thyroglobulin (Tg) levels showed
variable associations across study groups, with statistical significance only in the mutant-type

group (Figure 3.17).

In healthy individuals, a very weak positive correlation was observed (r = 0.0592, p = 0.5605),
indicating no significant linear relationship between vitamin D and thyroglobulin levels in this

population.

Among patients with non-neoplastic thyroid diseases, a similarly weak positive correlation was
observed (r = 0.1212, p = 0.2319), which was also statistically nonsignificant, indicating

independent variation of these biomarkers in thyroid dysfunction without malignancy.

In contrast, the wild-type PTC subgroup showed a weak negative correlation (r = -0.151, p =
0.199), which did not reach statistical significance but suggested a possible inverse trend between

vitamin D and Tg in this group.

Interestingly, in the mutant-type PTC subgroup, a moderate and statistically significant negative
correlation was observed (r = -0.3918, p = 0.0477), indicating that lower vitamin D levels may be

linked to higher thyroglobulin concentrations in individuals with specific genetic mutations.
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Pearson Correlation between Vitamin D and Thyroglobulin in Different Groups
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Figure 3.17: Correlation Analysis of Serum Vitamin D and Thyroglobulin Levels among

Study Groups.

Overall, these results suggest that while vitamin D and thyroglobulin levels are mostly unrelated
in healthy individuals and those with non-malignant thyroid conditions, there may be a genotype-
dependent link in PTC, especially in mutation-positive cases. This finding calls for further research
to explore possible mechanistic connections between vitamin D metabolism and tumor marker

expression in genetically vulnerable thyroid cancer patients.

3.6.4.10 Correlation Analysis between Serum Parathyroid Hormone and Thyroglobulin

Levels across Study Groups

Pearson correlation analysis between serum parathyroid hormone (PTH) and thyroglobulin (Tg)
levels showed no statistically significant relationships across any study groups, indicating a general
lack of linear association between these two parameters (Figure 3.18).
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In the healthy control group, a weak negative correlation was observed (r = -0.1704, p = 0.0902),

indicating a slight inverse trend between PTH and Tg levels. However, the association did not

reach statistical significance.

Among patients with non-malignant thyroid diseases, the analysis showed a weak positive

correlation (r = 0.08829, p = 0.3824), indicating no significant relationship between PTH and Tg

levels in this group.
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Figure 3.18: Correlation Analysis of Serum Parathyroid Hormone and Thyroglobulin

Levels among Study Groups.

In the wild-type PTC subgroup, a moderate positive correlation was observed (r = 0.2182, p =

0.0618), nearing statistical significance. This trend may indicate a potential biological interaction

between PTH regulation and thyroglobulin production in genetically unaltered PTC cases,

although further validation is needed.
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Meanwhile, the mutant-type PTC group showed a weak negative correlation (r = -0.1404, p =
0.494), which was not statistically significant, suggesting independent variation of PTH and Tg in

mutation-positive individuals.

Overall, these findings indicate that serum PTH and thyroglobulin levels do not show a consistent
or statistically significant correlation across healthy individuals, patients with thyroid diseases, or
PTC subgroups. The moderate trend observed in the wild-type group may warrant further

investigation to examine potential genotype-specific endocrine interactions.
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Chapter 4

Discussion



Papillary thyroid carcinoma (PTC) is the most common subtype of thyroid cancer, usually showing
slow growth but capable of presenting with diverse clinical and molecular features. This study
presents an integrated molecular and biochemical analysis of PTC in a Bangladeshi population,
encompassing next-generation sequencing (NGS) of cancer-related genes, targeted Sanger
sequencing of key loci, and serum biomarker profiling. By linking molecular genetics with
biochemical and clinical data, this research reveals potential mechanisms underlying tumor
diversity and highlights mutation-related metabolic disruptions, particularly those affecting

calcium balance.

Genetic Landscape of PTC in the Bangladeshi Population

The targeted NGS with the Ion AmpliSeq™ Cancer Hotspot Panel v2 identified a broad spectrum
of somatic and germline variants across various oncogenic pathways in both blood and FFPE-
derived tissue DNA. Interestingly, blood samples showed a higher mutational burden than the
corresponding tumor tissues in most cases (Figure 3.1). This difference likely results from tumor
heterogeneity, in which genetic mutations from subclonal populations may not be fully detected
in formalin-fixed paraffin-embedded (FFPE) tissue samples. Similar results have been reported in
recent studies, emphasizing that blood-based sequencing can detect a higher mutational burden
due to circulating tumor DNA (ctDNA) from tumor subclones, whereas formalin-fixed tissues may

overlook these subclonal variants (Xie et al., 2023; Gilson et al., 2022).

Among the genes involved in tissue samples were well-known thyroid drivers—BRAF, HRAS,
NRAS, MET, and RET—along with classic tumor suppressors such as RB1 and TP53 (Table 3.6).
Importantly, the mutations identified were located in critical functional regions: exon 15 of BRAF
(V600E), exon 3 of NRAS (Q61K), and exon 20 of RB1 (1680T) (Table 3.7). These findings align
with the current consensus in the literature, which indicates that the BRAF V600E mutation is a
key driver of MAPK pathway activation in approximately 30% to 83% of cases of papillary thyroid
carcinoma (PTC) worldwide. Notably, this mutation is significantly more prevalent among Asian
populations, with a prevalence of approximately 75% in The Cancer Genome Atlas (TCGA) data
(Prete et al., 2021). Similarly, NRAS/HRAS codon 61 mutations are recognized contributors to
follicular-pattern thyroid tumors and are less frequently associated with classic PTC (Jin M et al.,

2021). The significance of RB1 mutations is relatively recent; although less studied, emerging
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evidence suggests that the loss of its tumor-suppressive function may facilitate the development
of aggressive PTC variants (Ivanyi et al., 2025; Rajabi et al., 2022). The TP53 Arg72Pro
polymorphism has been previously linked to thyroid and other solid tumors in Asian populations
(Lacka et al., 2025); however, findings vary across different regions. In a meta-analysis by Fischer
et al. (2023), the Pro/Pro genotype was associated with a slightly increased risk of thyroid cancer

under a recessive model, particularly in non-European groups.

A notable aspect of this study was the high prevalence of specific synonymous and intronic
germline variants, such as FGFR 3 p. Thr 651 =, PDGFRA p. Pro 567 =, KDR c. 798 + 54 G>A,
and APC p. Thr 1493 =, detected in the blood- derived DNA of PTC patients (Table 3.4. 4). These
findings are consistent with those of Mio et al. (2021), who reported that rare germline variants,
particularly in genes associated with DNA repair, could increase susceptibility to papillary thyroid
carcinoma. Although these variants are functionally silent at the protein level or located in non-
coding regions, they may act as regulatory modulators, splicing modifiers, or expression-altering
polymorphisms. The FGFR3 p. Thr 651 = variant is located within a conserved region and has
been previously associated with alterations in transcriptional stability and splicing in epithelial
tumors such as bladder and skin cancers (Pace et al., 2023; Lafitte et al., 2013). The PDGFRA p.
Pro 567 = variant has been identified in gastrointestinal stromal tumors and gliomas, with recent
studies suggesting that synonymous mutations in PDGFRA can influence translational efficiency
and downstream signaling, potentially affecting tumor progression (Lopez-Campistrous et al.,
2021; Shi et al., 2020). The KDR c. 798 + 54 G>A intronic variant, although not extensively
studied in thyroid cancer, is located within a gene critical to angiogenesis. Intronic mutations in
KDR have been linked to abnormal splicing and disrupted angiogenesis in other cancers, and KDR
overexpression has been observed in aggressive PTC subtypes (Wu et al., 2024; Butt et al., 2019).
The APC p. Thr 1493 = synonymous variant occurs in a mutation-prone region of the APC gene,
which is involved in Wnt signaling. Synonymous APC variants are thought to affect exon splicing
or mRNA secondary structure, potentially impacting tumor suppressor functions. Although APC
is traditionally associated with colorectal cancer, abnormal methylation and mutations have also
been reported in thyroid and endocrine tumors (Tufail et al., 2025). Their high prevalence indicates
a shared polymorphic background within the Bangladeshi population that might contribute as low-

penetrance modifiers in thyroid tumor development.
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Allele frequency comparisons showed stark differences between the studied cohort and
global/Asian populations (Table 3.5). Some variants, such as CSF1R rs386693509, were absent
from public databases but were present at significant frequencies in this cohort, suggesting possible
population-specific or founder mutations. The presence of these variants in the Bangladeshi PTC
cohort suggests a potentially distinct regional genomic background that's underrepresented in
major global cancer variant databases, such as TCGA, gnomAD, and 1000 Genomes. These
findings support the creation of region-specific variant interpretation databases and genetic
screening panels to improve diagnostic accuracy and prevent misclassifying benign variants as

pathogenic.

Identification and Characterization of Novel Variants in PTC

In this study, twelve somatic mutations were validated using Sanger sequencing across key
oncogenic drivers—HRAS, NRAS, RET, and RB1—in a cohort of 100 patients with papillary
thyroid carcinoma (Table 3.10). Among these, three novel variants—NRAS c¢.7775T>A, NRAS
c.7797G>A, and RB1 ¢.161020T>A—were identified in regulatory intronic and exonic regions
(Table 3.11). Notably, the NRAS ¢.7797G>A, an intronic variant, was identified in 18% of the
mutant group and was not present in wild-type individuals, showing a statistically significant link
to mutation-positive status (p < 0.0001) (Table 3.14). While NRAS codon 61 mutations are well-
known in thyroid neoplasms, intronic NRAS variants are less reported, making this a novel

regulatory candidate for PTC susceptibility (Shi et al., 2024).

Similarly, the RB1 ¢.161020T>A variant, located in exon 20, showed a strong statistical link to
PTC cases (p <0.0001) (Table 3.14). Although RB1 mutations are rarely studied in thyroid cancer,
recent research has emphasized RB1’s role in cell cycle arrest and chromatin remodeling, with
implications for endocrine tumors, including PTC (Shi et al., 2020). The predicted pathogenicity

of RB1 p.1le680Asn supports its possible role in tumor progression.

In contrast, HRAS synonymous variants, such as ¢.6309T>C, and upstream transcript variants,
like ¢.6219C>T, were detected but did not show a significant association with disease status,

indicating a limited functional impact (Table 3.11).
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These findings differ from large-scale datasets such as TCGA, which primarily report BRAF,
RAS, and RET mutations but do not include intronic NRAS or non-hotspot RB1 variants (Chauhan
etal., 2025; Uno et al., 2024). The absence of these variants in previous genomic studies indicates
a population-specific mutational profile, possibly influenced by ethnic or environmental factors.
Due to their exclusivity and predicted functional importance, NRAS c¢.7797G>A and RB1

p.1le680Asn warrant further research as potential biomarkers for PTC development.

Mutation-Phenotype Associations and Risk Stratification

In our cohort, NRAS and RB1 mutations were associated with earlier disease onset, particularly
among patients aged 40 or older, suggesting a possible acceleration of tumor development
associated with these genetic changes (Table 3.13). These variations were notably more common
in intermediate-risk PTC cases, absent in the low-risk group, and only slightly present in high-risk
patients, suggesting they may play a role in disease progression rather than extreme aggressiveness
(Table 3.21).

This observation aligns with recent findings by Pozdeyev et al. (2018), who reported that non-
hotspot mutations in RB1 and RAS genes were more common in advanced differentiated thyroid
cancers, but not necessarily in the most aggressive anaplastic subtypes. Similarly, a 2025 case
report by Chauhan et al. described a PTC with multiple driver mutations, including NRAS Q61H
and PTEN. Yet, it showed non-aggressive clinical behavior, reinforcing the idea that mutation

burden alone may not determine tumor severity.

Furthermore, Fu et al. (2024) showed that RAS variants, including NRAS, are primarily associated
with low- to intermediate-risk follicular-patterned thyroid cancers and rarely co-occur with high-
risk markers such as TERT promoter mutations. This supports our view that NRAS and RB1
variants may play a role in early oncogenic events or progression, but are not definitive signs of

poOr prognosis.

Overall, these comparisons suggest that NRAS and RB1 mutations may serve as molecular
markers of intermediate-risk PTC, potentially assisting in risk assessment and personalized

monitoring strategies, especially in patients with early-onset disease.
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Stratified analysis of mutation distribution revealed important demographic and clinical patterns.
Female patients made up the majority of mutation-positive cases (21 out of 26), consistent with
the well-known higher incidence of thyroid cancer in women (Table 3.15). A recent study by
Valenzano et al. (2025) highlighted sex-based differences in thyroid nodule morphology and
oncogenic risk, attributing the difference to estrogen receptor signaling and immune modulation

in female patients.

Interestingly, the NRAS ¢.7797G>A intronic variant showed significant enrichment among male
participants (p = 0.0038), indicating that its penetrance may be independent of sex hormone—
mediated pathways (Table 3.15). This finding aligns with results from Fu et al. (2024), who
reported variability in RAS mutations across sexes, with no consistent association with hormonal

status.

Smoking status revealed notable trends. Although only a small number of patients were smokers,
NRAS and RB1 variants were strongly associated with non-smoking individuals (p < 0.0001),
indicating a primarily sporadic mutational origin rather than environmentally triggered
carcinogenesis (Table 3.16). This finding aligns with data from the Cancer Genome Atlas (TCGA),
which highlights thyroid cancer’s low mutational burden and limited exposure to external

carcinogens (Landa et al., 2024).

Family history analysis further supports the hypothesis of sporadic mutations. The strongest
associations for NRAS and RBL1 variants were observed in patients without a family history of
thyroid or other cancers (Table 3.18). Although a few familial cases carried these variants, their
low frequency and lack of statistical significance emphasize the dominance of sporadic
mutagenesis in this group. These results are consistent with those of Bakht et al. (2024), who
showed that HRAS/NRAS mutations in indeterminate thyroid nodules are more common in

sporadic cases and are rarely associated with familial clustering.

Clinical and Staging Associations of NRAS and RB1 Variants

Patients carrying at least one of the three evaluated variants—NRAS 7775T>A, NRAS 7797G>A,
and RB1 161020T>A—-collectively referred to as the mutant-type group, showed a heterogeneous

distribution across TNM classifications and clinical risk categories (Table 3.20). A key finding
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was the significant enrichment of the NRAS 7797A allele in small, localized tumors (T1),
suggesting its involvement in early tumor development. This supports previous findings that RAS
mutations often happen during early follicular cell transformation and are commonly associated
with encapsulated or minimally invasive papillary thyroid carcinoma (PTC) phenotypes
(Hernandez-Prera et al., 2024; Brandler et al., 2023; Jung et al., 2021).

Conversely, the RB1 161020A variant was detected in tumors across intermediate- to advanced-
stage tumors, suggesting a broader role in disease progression. While RB1 is traditionally
recognized as a tumor suppressor with essential functions in cell cycle regulation, its involvement
in thyroid cancer has only recently gained attention. Emerging evidence suggests that loss-of-
function RB1 mutations may promote cellular dedifferentiation and proliferative changes within
thyroid neoplasms (Huang et al., 2024; Leandro-Garcia et al., 2023).

Risk stratification showed a high prevalence of these variants in intermediate-risk patients, with
lower frequencies in the high- and low-risk groups (Table 3.21). This pattern of enrichment may
define a unique molecular subset of PTC, marked by intermediate clinical behavior. A similar
trend was observed in a European cohort, in which RAS-driven PTC cases generally did not exhibit

either pronounced indolence or a clearly aggressive course (Sang et al., 2024; Jeong et al., 2021).

Interestingly, the occurrence of NRAS and RB1 mutations in high-risk and metastatic PTC cases
was relatively low. Although this distribution may seem paradoxical-—considering the known link
between mutations and oncogenic potential—it supports the idea that these genetic changes may
mainly act as early triggers rather than direct causes of metastatic progression. This view is
consistent with stratification models from the Cancer Genome Atlas, which differentiate RAS-
mutant tumors from BRAF V600E-driven, high-grade PTC subtypes (Kim et al., 2024; Bonaldi et
al., 2021).

It must be acknowledged, however, that the low number of mutations observed in advanced-stage
tumors may be due to technical limitations of the targeted sequencing method. Future studies with
broader panels or whole-exome/transcriptomic sequencing may identify additional driver

mutations or synergistic events that drive high-grade transformation and metastatic behavior.

Collectively, the distribution of NRAS and RBL1 variants in this cohort supports their suspected

role in tumor initiation and early progression, with limited presence in advanced disease. These
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findings support integrating mutational profiling into clinical risk models, particularly in

intermediate-risk cases, where additional molecular insights can inform treatment decisions.

Biochemical Profiles and Their Clinical Implications

Comparative biochemical profiling across three groups, termed healthy individuals, patients with
benign thyroid conditions, and those with papillary thyroid carcinoma (PTC), revealed distinct
metabolic signatures (Table 3.22). Thyroid-stimulating hormone (TSH) levels were significantly
higher in PTC patients, averaging 86.81 + 4.08 ng/mL, compared to non-neoplastic thyroid disease
patients (39.33 + 2.49 ng/mL) and healthy controls (2.167 + 0.107 ng/mL). This elevation supports
the role of TSH as a mitogenic driver of thyroid follicular cells, with emerging evidence linking
elevated serum TSH levels to tumor progression and poorer prognosis in differentiated thyroid
cancers (Xu et al., 2023; Kim et al., 2022; Huang et al., 2017). Notably, Huang et al. (2017)
identified sex-specific links between abnormal TSH levels and higher PTC risk, indicating a

complex endocrine influence on tumor biology.

Serum calcium levels were lower in patients with thyroid cancer than in healthy individuals,
potentially indicating tumor-related disruption of calcium homeostasis, parathyroid dysfunction,
or changes in vitamin D metabolism (Table 3.22). This hypocalcemia was more severe in
mutation-positive individuals carrying NRAS or RB1 variants (8.514 + 0.1621 mg/dL) compared
to their wild-type counterparts (9.042 + 0.1304 mg/dL), suggesting that these variants may play a
role in calcium signaling imbalance (Table 3.23). Recent transcriptomic analyses by Hu et al.
(2023) identified gene signatures associated with aggressive PTC phenotypes, including changes
in the expression of calcium transporters, CAMK signaling components, and voltage-gated

calcium channels.

These findings emphasize the connection between endocrine and ionic regulators in PTC
development, indicating that TSH elevation and calcium imbalance may act as biochemical

markers of tumor aggressiveness, especially in individuals with a genetic predisposition.
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Correlation between Biochemical Profiles and Genotypic Variants in PTC

Correlation analyses uncovered subtle links between biochemical markers and genotypic status in
papillary thyroid carcinoma (PTC). Across the entire cohort, no significant linear relationships
were observed between serum calcium and other parameters such as vitamin D, parathyroid
hormone (PTH), or thyroglobulin (Tg), suggesting a complex regulatory system beyond
straightforward biochemical connections.

However, in mutation-positive individuals, a moderate positive correlation between calcium and
vitamin D was observed (r = 0.3955, p = 0.0455), possibly indicating compensatory endocrine
regulation in the presence of NRAS or RB1 variants (Figure 3.13). In contrast, the wild-type group
showed a non-significant inverse trend, indicating possible genotype-dependent differences in
calcium-vitamin D homeostasis. A statistically significant negative correlation was again
observed between TSH and calcium levels in the mutant group (r = —0.3989, p = 0.0435),
indicating a potential disruption in calcium metabolism in mutation-positive PTC patients (Figure
3.9). This finding agrees with recent evidence from Hu et al. (2023), who showed that calcium
metabolism-related gene signatures can predict poor outcomes in PTC and are associated with

immune dysregulation and changes in the tumor microenvironment.

Furthermore, dysregulation of the vitamin D axis has been linked to thyroid tumor development,
with emerging evidence suggesting its role in genomic instability and faulty differentiation. A
comprehensive review by Maciejewski & Lacka (2022) highlighted the impact of vitamin D-
related gene variants (e.g., VDR, CYP24A1, DHCRY7) on thyroid cancer risk and progression.

Regarding thyroglobulin (Tg), no significant correlations were observed with other serum markers,
nor were there notable differences between wild-type and mutant groups. This may reflect
heterogeneous Tg expression in well-differentiated tumors and the potential confounding effect of
anti-Tg antibodies, which were not assessed in this study. Prior studies have emphasized that Tg
levels alone may not reliably predict recurrence unless interpreted in the context of antibody status

and imaging findings (Zahra et al., 2021; Yang et al., 2015).
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Limitations of the Study

Despite the comprehensive molecular and biochemical analysis in this study, some limitations

should be acknowledged when applying the results:

Sample Size and Population Scope

While a sufficient number of participants (n = 100) allows for the identification of statistically
significant relationships, the sample size remains relatively small compared to other multicenter
genomic studies. Recruiting primarily Bangladeshi participants from a single center requires
caution when applying these findings to all South Asians or broader populations. Larger, multi-

ethnic studies are crucial for verifying the prevalence and health impacts of these variants.

Targeted Gene Panel Constraints

Mutation screening was limited to predefined hotspots in specific oncogenes and tumor suppressor
genes using the lon AmpliSeq™ Cancer Hotspot Panel v2. While this approach was cost-effective,
it did not encompass other potentially relevant genomic regions. As a result, potentially non-
hotspot driver mutations and structural variants (such as gene fusions and copy number alterations)
may have been missed. Whole-exome or whole-genome sequencing would likely provide a more

comprehensive view of the mutation spectrum.

Functional Validation of Variants

The newly identified novel variants in NRAS (c.7775T>A, ¢.7797G>A) and RB1 (c.161020T>A;
p.1le680Asn) showed strong statistical associations with PTC. However, these have not been
confirmed through in vitro or in vivo functional assays, such as splicing tests, reporter gene
systems, or CRISPR-mediated knock-in models. Additionally, because there is no direct functional

data, the causative role of these variations in PTC development remains only speculative.

Biochemical Assay Constraints

While biochemical profiling showed significant correlations (e.g., hypocalcemia in mutation-
positive subjects), serum data were limited to baseline measurements and were not available for
longitudinal analysis. Monitoring TSH, calcium, vitamin D, PTH, and thyroglobulin over time,

especially before and after treatment, could provide more detailed genotype-related metabolic
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insights. Additionally, anti-thyroglobulin antibody (TgAb) status was not evaluated, which might

have impacted the interpretation of thyroglobulin levels.

Clinical Stratification Limitations

Risk group classification was also performed following American Thyroid Association (ATA)
guidelines; however, the number of patients in the high- and low-risk groups was small in this
sample, which may indicate insufficient statistical power for subgroup analysis. Therefore,
conclusions about the enrichment of variants in intermediate-risk categories should be interpreted
with caution and confirmed in larger cohorts with proportional representation of subgroups.

Environmental and Epigenetic Factors Not Evaluated

Although the present study focused on somatic mutations, we did not analyze detailed
environmental exposures (e.g., iodine intake, radiation history, dietary factors) or epigenetic
modifications (e.g., DNA methylation, histone marks). These unmeasured factors could have

affected the associations between mutation and biochemistry.

Cross-Sectional Study Design

This study is cross-sectional and cannot determine causality among genetic variants, biochemical
dysregulation, and clinical outcomes. A longer follow-up is necessary to evaluate the significance
of these mutations in prognosis, as well as their effects on recurrence, metastasis, and therapy

response.

Conclusion

This research provides a comprehensive molecular and biochemical analysis of papillary thyroid
carcinoma (PTC) in a Bangladeshi population, using targeted next-generation sequencing (NGS),
Sanger sequencing validation, and serum biomarker profiling. The study identifies and
characterizes two novel intronic variants in NRAS (g.7775T>A and g.7797G>A) and a missense
variant in RB1 (c.2039T>A,; p.1le680Asn) that are significantly associated with mutation-positive
PTC cases. These variants are common among individuals without a family history of thyroid

disease and among non-smokers. These findings strongly suggest a sporadic pattern of tumor
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development, possibly influenced by region-specific environmental or epigenetic factors, rather

than inherited or exposure-related carcinogenesis.

Clinically, these mutations were more common among patients classified as intermediate risk and
those with tumors of small to moderate size. Instead of indicating a highly aggressive disease,
these changes seem to contribute to early tumor development and may identify a distinct molecular
subtype of PTC. This stratification has implications for improving diagnostic and prognostic

methods, particularly given region-specific disease patterns.

From a biochemical perspective, genotype-specific changes in systemic metabolic markers were
observed. Mutation-positive patients exhibited lower serum calcium, distinct vitamin D-
thyroglobulin relationships, and elevated TSH levels. These results suggest that NRAS and RB1
mutations may disrupt endocrine—genetic axes, particularly in calcium homeostasis and thyroid—
parathyroid signaling. The positive correlation between vitamin D and calcium in mutation
carriers, along with a unique inverse relationship between vitamin D and thyroglobulin,
emphasizes the potential for these mutations to influence tumor biology through metabolic

pathways beyond conventional oncogenic signaling.

These findings support a more integrated model of thyroid cancer biology, in which somatic
mutations in NRAS and RB1 influence not only cellular proliferation pathways (e.g., MAPK,
PI3K-Akt) but also metabolic and endocrine regulatory systems. This approach may ultimately
enable more precise molecular and metabolic subtyping of PTC and guide personalized treatment
strategies.

By establishing NRAS and RB1 variants as candidate biomarkers for early detection and risk
stratification, this study paves the way for integrating mutation-guided decision-making into
standard clinical practices. The inclusion of serum calcium and vitamin D markers, alongside
genotypic data, offers a promising method for metabolically informed patient stratification,
particularly in resource-limited settings such as Bangladesh and other South Asian regions. Future
research should focus on validating the functions of these new variants, investigating their
downstream transcriptional and signaling effects, and evaluating their potential for use in clinical
risk-stratification tools. Furthermore, developing region-specific genetic screening panels and
metabolically informed diagnostic algorithms will improve the delivery of personalized care for
PTC patients.
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In conclusion, this study emphasizes the importance of integrating genetic mutation analysis with
biochemical profiling to improve our understanding, classification, and management of papillary
thyroid carcinoma. It supports the expanding recognition that both genomic and metabolic changes
are crucial to thyroid cancer development and progression, offering a promising route for more

precise and personalized treatment strategies.

177 | Page



Chapter 5

References



Abuduwaili, M., Xing, Z., Xia, B., Fei, Y., Zhu, J., & Su, A. (2022). Correlation between Pre-Operative
25-Hydroxyvitamin D Levels and Poor Prognostic Factors for Papillary Thyroid Cancer. Journal of
investigative surgery : the official journal of the Academy of Surgical Research, 35(5), 1076-1082.
https://doi.org/10.1080/08941939.2021.2010842

Acufia-Ruiz, A., Carrasco-Lépez, C., & Santisteban, P. (2023). Genomic and epigenomic profile of thyroid
cancer. Best practice & research. Clinical endocrinology & metabolism, 37(1), 101656.
https://doi.org/10.1016/j.beem.2022.101656

Adam, M. A., Thomas, S., Hyslop, T., Scheri, R. P., Roman, S. A., & Sosa, J. A. (2016). Exploring the
Relationship Between Patient Age and Cancer-Specific Survival in Papillary Thyroid Cancer: Rethinking
Current Staging Systems. Journal of clinical oncology : official journal of the American Society of Clinical
Oncology, 34(36), 4415-4420. https://doi.org/10.1200/JC0.2016.68.9372

Adzhubei, 1., Jordan, D. M., & Sunyaev, S. R. (2013). Predicting functional effect of human missense
mutations using PolyPhen-2. Current protocols in human genetics, Chapter 7, Unit7.20.
https://doi.org/10.1002/0471142905.hg0720s76

Agcaoglu, O., Sucu, S., Toprak, S., & Tezelman, S. (2024). Techniques for Thyroidectomy and Functional
Neck Dissection. Journal of clinical medicine, 13(7), 1914. https://doi.org/10.3390/jcm13071914

Ahmadi, S., & Landa, I. (2024). The prognostic power of gene mutations in thyroid cancer. Endocrine
connections, 13(2), e230297. https://doi.org/10.1530/EC-23-0297

Akbulut, D., Kuz, E. D., Kursun, N., & Dizbay Sak, S. (2021). Capsular Invasion Matters Also in "Papillary
Patterned” Tumors: A Study on 121 Cases of Encapsulated Conventional Variant of Papillary Thyroid
Carcinoma. Endocrine pathology, 32(3), 357—-367. https://doi.org/10.1007/s12022-020-09650-1

Akhoundova, D., & Rubin, M. A. (2022). Clinical application of advanced multi-omics tumor profiling:
Shaping precision oncology of the  future. Cancer  cell, 40(9), 920-938.
https://doi.org/10.1016/j.ccell.2022.08.011

Alabousi, M., Alabousi, A., Adham, S., Pozdnyakov, A., Ramadan, S., Chaudhari, H., Young, J. E. M.,
Gupta, M., & Harish, S. (2022). Diagnostic Test Accuracy of Ultrasonography vs Computed Tomography
for Papillary Thyroid Cancer Cervical Lymph Node Metastasis: A Systematic Review and Meta-analysis.
JAMA otolaryngology-- head & neck surgery, 148(2), 107-118.
https://doi.org/10.1001/jamaoto.2021.3387

Alaraifi, A. K., Alessa, M., Hijazi, L. O., Alayed, A. M., & Alsalem, A. A. (2023). TSH level as a risk
factor of thyroid malignancy for nodules in euthyroid patients. Acta otorhinolaryngologica Italica : organo
ufficiale della Societa italiana di otorinolaringologia e chirurgia cervico-facciale, 43(3), 183-188.
https://doi.org/10.14639/0392-100X-N2288

Ali, S. Z., Baloch, Z. W., Cochand-Priollet, B., Schmitt, F. C., Vielh, P., & VanderLaan, P. A. (2023). The
2023 Bethesda System for Reporting Thyroid Cytopathology. Thyroid : official journal of the American
Thyroid Association, 33(9), 1039-1044. https://doi.org/10.1089/thy.2023.0141

178 | Page



AllenT. A. (2024). The Role of Circulating Tumor Cells as a Liquid Biopsy for Cancer: Advances, Biology,
Technical Challenges, and Clinical Relevance. Cancers, 16(7), 1377.
https://doi.org/10.3390/cancers16071377

Al-Suhaimi, E.A., Khan, F.A. (2022). Thyroid Glands: Physiology and Structure. In: Al-Suhaimi, E.A.
(eds) Emerging Concepts in Endocrine Structure and Functions. Springer, Singapore.
https://doi.org/10.1007/978-981-16-9016-7_5

American Cancer Society. (2024). Cancer facts & figures 2024. American Cancer Society. Available from:
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/2024-cancer-facts-
figures.html

Andersen, S., Karmisholt, J., Bruun, N. H., Riis, J., Noahsen, P., Westergaard, L., & Andersen, S. L. (2022).
Interpretation of TSH and T4 for diagnosing minor alterations in thyroid function: a comparative analysis
of two separate longitudinal cohorts. Thyroid research, 15(1), 19. https://doi.org/10.1186/s13044-022-
00137-1

Andersen, S., Karmisholt, J., Bruun, N. H., Riis, J., Noahsen, P., Westergaard, L., & Andersen, S. L. (2022).
Interpretation of TSH and T4 for diagnosing minor alterations in thyroid function: a comparative analysis
of two separate longitudinal cohorts. Thyroid research, 15(1), 19. https://doi.org/10.1186/s13044-022-
00137-1

Avagliano, A., Fiume, G., Bellevicine, C., Troncone, G., Venuta, A., Acampora, V., De Lella, S., Ruocco,
M. R., Masone, S., Velotti, N., Carotenuto, P., Mallardo, M., Caiazza, C., Montagnani, S., & Arcucci, A.
(2022). Thyroid Cancer and Fibroblasts. Cancers, 14(17), 4172. https://doi.org/10.3390/cancers14174172

Avram, A. M., Zukotynski, K., Nadel, H. R., & Giovanella, L. (2022). Management of Differentiated
Thyroid Cancer: The Standard of Care. Journal of nuclear medicine : official publication, Society of Nuclear
Medicine, 63(2), 189-195. https://doi.org/10.2967/jnumed.121.262402

Babi¢ Leko, M., Juresko, 1., Rozi¢, 1., Plei¢, N., Gunjaca, 1., & Zemunik, T. (2023). Vitamin D and the
Thyroid: A Critical Review of the Current Evidence. International journal of molecular sciences, 24(4),
3586. https://doi.org/10.3390/ijms24043586

Bakht A, Cannon ST, Waltonen JD, Shattuck TM, Li W. Risk of Malignancy and Management of
Indeterminate Thyroid Nodules with HRAS/NRAS Mutations. J Clin Transl Pathol. 2024;4(3):106-1009.
https://doi.org/10.14218/JCTP.2024.00011

Baloch, Z. W., Asa, S. L., Barletta, J. A., Ghossein, R. A., Juhlin, C. C., Jung, C. K., LiVolsi, V. A., Papotti,
M. G., Sobrinho-Simdes, M., Tallini, G., & Mete, O. (2022). Overview of the 2022 WHO Classification of
Thyroid Neoplasms. Endocrine pathology, 33(1), 27-63. https://doi.org/10.1007/s12022-022-09707-3

Bamodu, O. A., & Chung, C. C. (2024). Cancer Care Disparities: Overcoming Barriers to Cancer Control
in  Low- and Middle-Income Countries. JCO global oncology, 10, €2300439.
https://doi.org/10.1200/G0.23.00439

Bath, S.C. Thyroid function and iodine intake: global recommendations and relevant dietary trends. Nat
Rev Endocrinol 20, 474-486 (2024). https://doi.org/10.1038/s41574-024-00983-z

179 | Page



Behranvand, N., Nasri, F., Zolfaghari Emameh, R., Khani, P., Hosseini, A., Garssen, J., & Falak, R. (2022).
Chemotherapy: a double-edged sword in cancer treatment. Cancer immunology, immunotherapy : ClI,
71(3), 507-526. https://doi.org/10.1007/s00262-021-03013-3

Bellevicine, C., Sgariglia, R., Malapelle, U., Vigliar, E., Nacchio, M., Ciancia, G., Eszlinger, M., Paschke,
R., & Troncone, G. (2016). Young investigator challenge: Can the lon AmpliSeq Cancer Hotspot Panel v2
be used for next-generation sequencing of thyroid FNA samples?. Cancer cytopathology, 124(11), 776—
784. https://doi.org/10.1002/cncy.21780

Belousov P. V. (2022). The Autoantibodies against Tumor-Associated Antigens as Potential Blood-Based
Biomarkers in Thyroid Neoplasia: Rationales, Opportunities and Challenges. Biomedicines, 10(2), 468.
https://doi.org/10.3390/biomedicines10020468

Benvenga, Salvatore, Giovanni Tuccari, Antonio leni, and Roberto Vita. 2018. Thyroid Gland: Anatomy
and Physiology., 382-390. doi:10.1016/b978-0-12-801238-3.96022-7

Berinde, G. M., Socaciu, A. I., Socaciu, M. A., Cozma, A., Rajnoveanu, A. G., Petre, G. E., & Piciu, D.
(2022). Thyroid Cancer Diagnostics Related to Occupational and Environmental Risk Factors: An
Integrated Risk  Assessment  Approach. Diagnostics (Basel, Switzerland), 12(2), 318.
https://doi.org/10.3390/diagnostics12020318

Bhattacharya, S., Mahato, R. K., Singh, S., Bhatti, G. K., Mastana, S. S., & Bhatti, J. S. (2023). Advances
and challenges in thyroid cancer: The interplay of genetic modulators, targeted therapies, and Al-driven
approaches. Life sciences, 332, 122110. https://doi.org/10.1016/j.1fs.2023.122110

Bi, J., & Zhang, H. (2023). A meta-analysis of total thyroidectomy and lobectomy outcomes in papillary
thyroid microcarcinoma. Medicine, 102(50), e36647. https://doi.org/10.1097/MD.0000000000036647

Bikle D. D. (2022). Vitamin D Regulation of Immune Function. Current osteoporosis reports, 20(3), 186—
193. https://doi.org/10.1007/s11914-022-00732-z

Biomatters Ltd. (2024). Geneious Prime (Version 2024.1) [Computer software]. Available from
https://www.geneious.com/

Bizuayehu, H. M., Ahmed, K. Y., Kibret, G. D., Dadi, A. F., Belachew, S. A., Bagade, T., Tegegne, T. K.,
Venchiarutti, R. L., Kibret, K. T., Hailegebireal, A. H., Assefa, Y., Khan, M. N., Abajobir, A., Alene, K.
A., Mengesha, Z., Erku, D., Enquobahrie, D. A., Minas, T. Z., Misgan, E., & Ross, A. G. (2024). Global
Disparities of Cancer and Its Projected Burden in 2050. JAMA network open, 7(11), e2443198.
https://doi.org/10.1001/jamanetworkopen.2024.43198

Bogovi¢ Crnéié, T., Ili¢ Tomas, M., Girotto, N., & Grbac Ivankovi¢, S. (2020). Risk Factors for Thyroid
Cancer: What Do We Know So Far?. Acta clinica Croatica, 59(Suppl 1), 66-72.
https://doi.org/10.20471/acc.2020.59.51.08

Bolin J. (2021). Thyroid Follicular Epithelial Cell-Derived Cancer: New Approaches and Treatment
Strategies. Journal of nuclear medicine technology, 49(3), 199-208.
https://doi.org/10.2967/jnmt.120.257105

180 | Page



Bonaldi, E., Gargiuli, C., De Cecco, L., Micali, A., Rizzetti, M. G., Greco, A., Borrello, M. G., & Minna,
E. (2021). BRAF Inhibitors Induce Feedback Activation of RAS Pathway in Thyroid Cancer Cells.
International journal of molecular sciences, 22(11), 5744. https://doi.org/10.3390/ijms22115744

Boucai, L., Seshan, V., Williams, M., Knauf, J. A., Saqcena, M., Ghossein, R. A., & Fagin, J. A. (2022).
Characterization of Subtypes of BRAF-Mutant Papillary Thyroid Cancer Defined by Their Thyroid
Differentiation Score. The Journal of clinical endocrinology and metabolism, 107(4), 1030-1039.
https://doi.org/10.1210/clinem/dgab851

Boucai, L., Zafereo, M., & Cabanillas, M. E. (2024). Thyroid Cancer: A Review. JAMA, 331(5), 425-435.
https://doi.org/10.1001/jama.2023.26348

BrainKart. (n.d.). Thyroid Gland — The Endocrine Glands. Retrieved August 11, 2025, from
https://www.brainkart.com/article/Thyroid-Gland---The-Endocrine-Glands_21030/

Brandler, T. C., Zhou, F., Liu, C. Z., Serrano, A., Sun, W., Nikiforov, Y. E., & Hodak, S. P. (2023).
Molecular Profiles of Noninvasive, Minimally Invasive, and Invasive Follicular Patterned Thyroid
Neoplasms with Papillary Nuclear Features. Thyroid : official journal of the American Thyroid Association,
33(6), 715-723. https://doi.org/10.1089/thy.2023.0047

Bray, F., Laversanne, M., Sung, H., Ferlay, J., Siegel, R. L., Soerjomataram, 1., & Jemal, A. (2024). Global
cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185
countries. CA: A Cancer Journal for Clinicians, 74(3), 229-263. https://doi.org/10.3322/caac.21834

Brlek, P., Buli¢, L., Bra¢i¢, M., Proji¢, P., Skaro, V., Shah, N., Shah, P., & Primorac, D. (2024).
Implementing Whole Genome Sequencing (WGS) in Clinical Practice: Advantages, Challenges, and Future
Perspectives. Cells, 13(6), 504. https://doi.org/10.3390/cells13060504

Brtko J. (2021). Thyroid hormone and thyroid hormone nuclear receptors: History and present state of art.
Endocrine regulations, 55(2), 103-119. https://doi.org/10.2478/enr-2021-0012

Bumber, B., Potrosko, V., Vugrinec, O., Ferenfakovi¢, M., & Grsi¢, K. (2020). Hypocalcemia After
Completion Thyroidectomy for Papillary Thyroid Carcinoma. Acta clinica Croatica, 59(Suppl 1), 136-145.
https://doi.org/10.20471/acc.2020.59.51.18

Burghel, G. J., Hurst, C. D., Watson, C. M., Chambers, P. A., Dickinson, H., Roberts, P., & Knowles, M.
A. (2015). Towards a Next-Generation Sequencing Diagnostic Service for Tumour Genotyping: A
Comparison of Panels and Platforms. BioMed research international, 2015, 478017.
https://doi.org/10.1155/2015/478017

Butler, K. S., Young, M. Y., Li, Z., Elespuru, R. K., & Wood, S. C. (2016). Performance characteristics of
the AmpliSeq Cancer Hotspot panel v2 in combination with the lon Torrent Next Generation Sequencing
Personal Genome Machine. Regulatory toxicology and pharmacology : RTP, 74, 178-186.
https://doi.org/10.1016/j.yrtph.2015.09.011

Butt, E., Alyami, S., Nageeti, T., Saeed, M., AlQuthami, K., Bouazzaoui, A., Athar, M., Abduljaleel, Z.,
Al-Allaf, F., & Taher, M. (2019). Mutation profiling of anaplastic ependymoma grade Il by lon Proton
next generation DNA sequencing. F1000Research, 8, 613. https://doi.org/10.12688/f1000research.18721.2

181 | Page



Dhaka University Institutional Repository

Cabanillas, M. E., lyer, P. C., & Hu, M. I. (2023). A Decade of Progress in Targeted Therapy for Advanced
Thyroid Cancer: An Overview. Endocrine Practice, 29(3), 221-227.
https://doi.org/10.1016/j.eprac.2022.10.179

Cai, Y., Zhao, L., Zhang, Y., & Luo, D. (2024). Association between blood inflammatory indicators and
prognosis of papillary thyroid carcinoma: a narrative review. Gland surgery, 13(6), 1088-1096.
https://doi.org/10.21037/gs-24-72

Can, N., Bulbul, B. Y., Ozyilmaz, F., Sut, N., Mercan, M. A., Andag, B., Celik, M., Tastekin, E., Guldiken,
S., Sezer, Y. A., Salt, S. A., Erdogan, E. G., Ustun, F., & Gurkan, H. (2024). The Impact of Total Tumor
Diameter on Lymph Node Metastasis and Tumor Recurrence in Papillary Thyroid Carcinomas. Diagnostics
(Basel, Switzerland), 14(3), 272. https://doi.org/10.3390/diagnostics14030272

Candido, A. C., Azevedo, F. M., Silva, D. L. F., Ribeiro, S. A. V., & Castro Franceschini, S. D. C. (2023).
Effects of iodine supplementation on thyroid function parameter: Systematic review and meta-analysis.
Journal of trace elements in medicine and biology : organ of the Society for Minerals and Trace Elements
(GMS), 80, 127275. https://doi.org/10.1016/j.jtemb.2023.127275

Carmeliet, P., & Jain, R. K. (2000). Angiogenesis in cancer and other diseases. Nature, 407(6801), 249—
257. https://doi.org/10.1038/35025220

Casey, C., & Hopkins, D. (2023). The role of preoperative vitamin D and calcium in preventing post-
thyroidectomy hypocalcaemia: a systematic review. European archives of oto-rhino-laryngology : official
journal of the European Federation of Oto-Rhino-Laryngological Societies (EUFOS) : affiliated with the
German Society for Oto-Rhino-Laryngology - Head and Neck Surgery, 280(4), 1555-1563.
https://doi.org/10.1007/s00405-022-07791-z

Casolino, R., Beer, P. A., Chakravarty, D., Davis, M. B., Malapelle, U., Mazzarella, L., Normanno, N.,
Pauli, C., Subbiah, V., Turnbull, C., Westphalen, C. B., & Biankin, A. V. (2024). Interpreting and
integrating genomic test results in clinical cancer care: Overview and practical guidance. CA: a cancer
journal for clinicians, 74(3), 264—285. https://doi.org/10.3322/caac.21825

Casula, M., Pisano, M., Paliogiannis, P., Colombino, M., Sini, M. C., Zinellu, A., Santeufemia, D., Manca,
A., Casula, S., Tore, S., Lobrano, R., Sardinian Lung Cancer Study Group, Cossu, A., & Palmieri, G.
(2023). Comparison between Three Different Techniques for the Detection of EGFR Mutations in Liquid
Biopsies of Patients with Advanced Stage Lung Adenocarcinoma. International journal of molecular
sciences, 24(7), 6410. https://doi.org/10.3390/ijms24076410

Cavalheiro, B. G., de Matos, L. L., Leite, A. K. N., Kulcsar, M. A. V., Cernea, C. R., & Kowalski, L. P.
(2021). Survival in differentiated thyroid carcinoma: Comparison between the 7th and 8th editions of the
AJCC/UICC TNM staging system and the ATA initial risk stratification system. Head & neck, 43(10),
2913-2922. https://doi.org/10.1002/hed.26773

Censi, S., Manso, J., & Mian, C. (2023). Other markers of medullary thyroid cancer, not only calcitonin.
European journal of endocrinology, 188(1), Ivac009. https://doi.org/10.1093/ejendo/Ivac009

Cerami, E., Gao, J., Dogrusoz, U., Gross, B. E., Sumer, S. O., Aksoy, B. A., Jacobsen, A., Byrne, C. J.,
Heuer, M. L., Larsson, E., Antipin, Y., Reva, B., Goldberg, A. P., Sander, C., & Schultz, N. (2012). The

182 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data.
Cancer discovery, 2(5), 401-404. https://doi.org/10.1158/2159-8290.CD-12-0095

Chauhan, A., Sen, S., Amin, K., & Burmeister, L. A. (2025). Papillary Thyroid Carcinoma With 5 Unique
Point  Mutations and  Typical  Behavior. JCEM  case reports, 3(5), luaf062.
https://doi.org/10.1210/jcemcr/luaf062

Chen, D. S., & Mellman, 1. (2017). Elements of cancer immunity and the cancer-immune set point. Nature,
541(7637), 321-330. https://doi.org/10.1038/nature21349

Chen, P, Yao, Y., Tan, H., & Li, J. (2024). Systemic treatments for radioiodine-refractory thyroid cancers.
Frontiers in endocrinology, 15, 1346476. https://doi.org/10.3389/fendo.2024.1346476

Chen, X., Wang, H. Y., Yu, L., Liu, J. Q., & Sun, H. (2025). Correlation of multiple peripheral blood
parameters with metastasis and invasion of papillary thyroid cancer: a retrospective cohort study.
Endocrine, 88(3), 757—765. https://doi.org/10.1007/s12020-025-04194-y

Chen, Z., Zhao, Q., Du, J., Wang, Y., Han, R., Xu, C., Chen, X., & Shu, M. (2021). Risk factors for
postoperative hypocalcaemia after thyroidectomy: A systematic review and meta-analysis. The Journal of
international medical research, 49(3), 300060521996911. https://doi.org/10.1177/0300060521996911

Chera, A., Stancu, A. L., & Bucur, O. (2022). Thyroid-related adverse events induced by immune
checkpoint inhibitors. Frontiers in endocrinology, 13, 1010279.
https://doi.org/10.3389/fendo.2022.1010279

Chin, A., Robilliard, R., Groblewski, J. C., Tarro, J. M., Chen, S., & Topor, L. S. (2023). Occult Metastatic
Papillary Thyroid Cancer in an Adolescent. AACE clinical case reports, 10(1), 27-30.
https://doi.org/10.1016/j.aace.2023.11.005

Chou, R., Dana, T., Brent, G. A., Goldner, W., Haymart, M., Leung, A. M., Ringel, M. D., & Sosa, J. A.
(2022). Serum Thyroglobulin Measurement Following Surgery Without Radioactive lodine for
Differentiated Thyroid Cancer: A Systematic Review. Thyroid : official journal of the American Thyroid
Association, 32(6), 613-639. https://doi.org/10.1089/thy.2021.0666

Chowdhury, R., Turkdogan, S., Alsayegh, R., Almhanedi, H., Al Majid, D., Le Blanc, G., Gerardis, G., &
Himdi, L. (2024). Comprehensive Diagnostic Approach to Head and Neck Masses. Journal of
Otorhinolaryngology, Hearing and Balance Medicine, 5(2), 17. https://doi.org/10.3390/0hbm5020017

Chua, W. M., Tang, C. Y. L., Loke, K. S. H., Lam, W. W., Yang, S. P., Lee, M. S., Hou, W., Lim, M. Y.
S., Lim, K. C., & Chen, R. C. (2024). Differentiated Thyroid Cancer after Thyroidectomy. Radiographics :
a review publication of the Radiological Society of North America, Inc, 44(10), e240021.
https://doi.org/10.1148/rg.240021

Cipolla, C., Macaione, I., Vieni, S., Latteri, M., Vullo, A., Graceffa, G., & Fiorentino, E. (2021).
Laryngopharyngeal reflux as a potential cause of persistent local neck symptoms after total thyroidectomy.
European archives of oto-rhino-laryngology : official journal of the European Federation of Oto-Rhino-
Laryngological Societies (EUFOS) : affiliated with the German Society for Oto-Rhino-Laryngology - Head
and Neck Surgery, 278(5), 1577-1583. https://doi.org/10.1007/s00405-020-06223-0

183 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Cirello, V., Gambale, C., Nikitski, A. V., Masaki, C., Roque, J., & Colombo, C. (2024). Poorly
differentiated thyroid carcinoma: molecular, clinico-pathological hallmarks and therapeutic perspectives.
Panminerva medica, 66(2), 155-173. https://doi.org/10.23736/S0031-0808.23.05040-1

Clark, K., Karsch-Mizrachi, 1., Lipman, D. J., Ostell, J., & Sayers, E. W. (2016). GenBank. Nucleic acids
research, 44(D1), D67-D72. https://doi.org/10.1093/nar/gkv1276

Cohen, B., Cadesky, A., & Jaggi, S. (2023). Dermatologic manifestations of thyroid disease: a literature
review. Frontiers in endocrinology, 14, 1167890. https://doi.org/10.3389/fend0.2023.1167890

Cracolici, V., & Cipriani, N. A. (2023). High-Grade Non-Anaplastic Thyroid Carcinomas of Follicular Cell
Origin: A Review of Poorly Differentiated and High-Grade Differentiated Carcinomas. Endocrine
pathology, 34(1), 34—47. https://doi.org/10.1007/s12022-023-09752-6

Crescenzi, E., Leonardi, A., & Pacifico, F. (2024). NF-xB in Thyroid Cancer: An Update. International
journal of molecular sciences, 25(21), 11464. https://doi.org/10.3390/ijms252111464

Crezee, T., Petrulea, M., Piciu, D., Jaeger, M., Smit, J. W. A,, Plantinga, T. S., Georgescu, C. E., & Netea-
Maier, R. (2020). Aktl genetic variants confer increased susceptibility to thyroid cancer. Endocrine
connections, 9(11), 1065-1074. https://doi.org/10.1530/EC-20-0311

Crumbie, L. (2023, October 30). Thyroid gland: Histology, anatomy and function. In Kenhub. Retrieved
August 11, 2025, from https://www.kenhub.com/en/library/anatomy/histology-of-the-thyroid-gland

CUSABIO Technology LLC. (n.d.). Thyroid Cancer and its research. Retrieved August 11, 2025, from
https://www.cusabio.com/cancer/Thyroid-Cancer.html

Dakal, T. C., Dhabhai, B., Pant, A., Moar, K., Chaudhary, K., Yadav, V., Ranga, V., Sharma, N. K., Kumar,
A., Maurya, P. K., Maciaczyk, J., Schmidt-Wolf, I. G. H., & Sharma, A. (2024). Oncogenes and tumor
suppressor genes: functions and roles in cancers. MedComm, 5(6), €582. https://doi.org/10.1002/mc02.582

Dallavalasa, S., Tulimilli, S. V., Bettada, V. G., Karnik, M., Uthaiah, C. A., Anantharaju, P. G., Nataraj, S.
M., Ramashetty, R., Sukocheva, O. A., Tse, E., Salimath, P. V., & Madhunapantula, S. V. (2024). Vitamin
D in Cancer Prevention and Treatment: A Review of Epidemiological, Preclinical, and Cellular Studies.
Cancers, 16(18), 3211. https://doi.org/10.3390/cancers16183211

Damaraju, N., Miller, A. L., & Miller, D. E. (2024). Long-Read DNA and RNA Sequencing to Streamline
Clinical Genetic Testing and Reduce Barriers to Comprehensive Genetic Testing. The journal of applied
laboratory medicine, 9(1), 138-150. https://doi.org/10.1093/jalm/jfad107

Damian D. (2025). Methods for Nucleic Acid Extraction from Ticks: Challenges and Potential for
Advancement. Vector borne and zoonotic diseases (Larchmont, N.Y.), 25(5), 329-338.
https://doi.org/10.1089/vbz.2024.0125

Das, S., Dey, M. K., Devireddy, R., & Gartia, M. R. (2023). Biomarkers in Cancer Detection, Diagnosis,
and Prognosis. Sensors (Basel, Switzerland), 24(1), 37. https://doi.org/10.3390/s24010037

De Leo, A., Di Simone, E., Spano, A., Puliani, G., & Petrone, F. (2021). Nursing Management and Adverse
Events in Thyroid Cancer Treatments with Tyrosine Kinase Inhibitors. A Narrative Review. Cancers,
13(23), 5961. https://doi.org/10.3390/cancers13235961

184 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

De Luca, G., & Dono, M. (2021). The Opportunities and Challenges of Molecular Tagging Next-Generation
Sequencing in  Liquid Biopsy. Molecular diagnosis &  therapy, 25(5), 537-547.
https://doi.org/10.1007/s40291-021-00542-6

De Martino, E., Medeot, C., D'Amico, L., Stanta, G., & Bonin, S. (2022). Impact of standardization in tissue
processing: the performance of different fixatives. New biotechnology, 71, 30-36.
https://doi.org/10.1016/j.nbt.2022.07.001

Dhingra, S., Juneja, R., & Tigga, A. (2022). Papillary Carcinoma of Thyroglossal Cyst with Thyroid
Hemiagenesis: Is Conservative Surgical Management Enough?. Indian journal of otolaryngology and head
and neck surgery : official publication of the Association of Otolaryngologists of India, 74(Suppl 2), 1992—
1995. https://doi.org/10.1007/s12070-020-01951-5

Dinets, A., Gorobeiko, M., Lovin, A., Dibrova, V., & Hoperia, V. (2024). PSAMMOMA BODIES IN
LYMPH NODES OF THE NECK: POSSIBLE PRECURSOR OF LOCOREGIONAL METASTASES OF
PAPILLARY THYROID CARCINOMA. Experimental oncology, 46(1), 61-67.
https://doi.org/10.15407/exp-oncology.2024.01.061

Douglas, E. H., Rhoads, A., Thomas, A., Aloi, J., Suhl, J., Lycan, T., Jr, Oleson, J., Conway, K. M., Klubo-
Gwiezdzinska, J., Lynch, C. F., & Romitti, P. A. (2020). Incidence and Survival in Reproductive-Aged
Women with Differentiated Thyroid Cancer: United States SEER 18 2000-2016. Thyroid : official journal
of the American Thyroid Association, 30(12), 1781-1791. https://doi.org/10.1089/thy.2020.0152

Drejeriene, 1., Cicenas, S., Stanciute, D., Krasauskas, A., & Gruode, J. (2024). Detection of Oncogene
Hotspot Mutations in Female NSCLC Tumor DNA and Cell-Free DNA. Cancers, 16(9), 1770.
https://doi.org/10.3390/cancers16091770

Dutta, R., Vallurupalli, M., McVeigh, Q., Huang, F. W., & Rebbeck, T. R. (2023). Understanding inequities
in precision oncology diagnostics. Nature cancer, 4(6), 787—794. https://doi.org/10.1038/s43018-023-
00568-1

Dutta, S., & Knauf, J. A. (2025). Development of animal models to study aggressive thyroid cancers.
European thyroid journal, ETJ-24-0361. Advance online publication. https://doi.org/10.1530/ETJ-24-0361

Dwivedi, S. N., Kalaria, T., & Buch, H. (2023). Thyroid autoantibodies. Journal of clinical pathology,
76(1), 19-28. https://doi.org/10.1136/jcp-2022-208290

Elia, G., Patrizio, A., Ragusa, F., Paparo, S. R., Mazzi, V., Balestri, E., Botrini, C., Rugani, L., Benvenga,
S., Materazzi, G., Spinelli, C., Antonelli, A., Fallahi, P., & Ferrari, S. M. (2022). Molecular features of
aggressive thyroid cancer. Frontiers in oncology, 12, 1099280. https://doi.org/10.3389/fonc.2022.1099280

Elisei, R., & Romei, C. (2023). Looking for RET alterations in thyroid cancer: clinical relevance,
methodology and timing. Endocrine, 81(2), 206-215. https://doi.org/10.1007/s12020-023-03368-w

Elisei, R., Romei, C., Vorontsova, T., Cosci, B., Veremeychik, V., Kuchinskaya, E., Basolo, F., Demidchik,
E. P., Miccoli, P., Pinchera, A., & Pacini, F. (2001). RET/PTC rearrangements in thyroid nodules: studies
in irradiated and not irradiated, malignant and benign thyroid lesions in children and adults. The Journal of
clinical endocrinology and metabolism, 86(7), 3211-3216. https://doi.org/10.1210/jcem.86.7.7678

185 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Elmore S. (2007). Apoptosis: a review of programmed cell death. Toxicologic pathology, 35(4), 495-516.
https://doi.org/10.1080/01926230701320337

Elsheikh, T. M., Thomas, M., Brainard, J., Di Marco, J., Manosky, E., Springer, B., Underwood, D., &
Chute, D. J. (2024). Papillae, psammoma bodies, and/or many nuclear pseudoinclusions are helpful criteria
but should not be required for a definitive cytologic diagnosis of papillary thyroid carcinoma: An
institutional experience of 207 cases with surgical follow up. Cancer cytopathology, 132(6), 348-358.
https://doi.org/10.1002/cncy.22817

Eng, Z. H., Abdul Aziz, A., Ng, K. L., & Mat Junit, S. (2023). Changes in antioxidant status and DNA
repair capacity are corroborated with molecular alterations in malignant thyroid tissue of patients with
papillary thyroid cancer. Frontiers in molecular biosciences, 10, 1237548.
https://doi.org/10.3389/fmolb.2023.1237548

Fallahi, P., Ferrari, S. M., Galdiero, M. R., Varricchi, G., Elia, G., Ragusa, F., Paparo, S. R., Benvenga, S.,
& Antonelli, A. (2022). Molecular targets of tyrosine kinase inhibitors in thyroid cancer. Seminars in cancer
biology, 79, 180-196. https://doi.org/10.1016/j.semcancer.2020.11.013

Fan, L., Meng, F., Gao, Y., & Liu, P. (2021). Insufficient iodine nutrition may affect the thyroid cancer
incidence in  China.  The  British  journal of nutrition, 126(12), 1852-1860.
https://doi.org/10.1017/S0007114521000593

Fan, X. Y., You, W., Chen, Y., Nie, C. C., Wang, X. L., Lei, C., Song, J., & Luo, H. L. (2024). A meta-
analysis of the value of serum TSH concentration in the diagnosis of differentiated thyroid cancer in patients
with thyroid nodules. Heliyon, 10(2), e24391. https://doi.org/10.1016/j.heliyon.2024.e24391

Faten Limaiem, Anis Rehman and Mazzoni, T. (2019). Cancer, Papillary Thyroid Carcinoma (PTC).
[online] Nih.gov. Available at: https://www.ncbi.nIm.nih.gov/books/NBK536943/

FavorGen Biotech Corp. (2025). FavorPrep™ Blood Genomic DNA Extraction HE Mini Kit.
https://www.favorgen.com/en/product.php?act=view&cid=164&id=60

Febrero, B., Ruiz-Manzanera, J. J., Ros-Madrid, I., Herndndez, A. M., Orenes-Pifiero, E., & Rodriguez, J.
M. (2024). Tumor microenvironment in thyroid cancer: Immune cells, patterns, and novel treatments. Head
& neck, 46(6), 1486-1499. https://doi.org/10.1002/hed.27695

Feldt-Rasmussen, U., Effraimidis, G., & Klose, M. (2021). The hypothalamus-pituitary-thyroid (HPT)-axis
and its role in physiology and pathophysiology of other hypothalamus-pituitary functions. Molecular and
cellular endocrinology, 525, 111173. https://doi.org/10.1016/j.mce.2021.111173

Fischer, N. W., Ma, Y. V., & Gariépy, J. (2023). Emerging insights into ethnic-specific TP53 germline
variants. Journal of the National Cancer Institute, 115(10), 1145-1156. https://doi.org/10.1093/jnci/djad106

Florent, L., Saby, C., Slimano, F., & Morjani, H. (2023). BRAF VV600-Mutated Metastatic Melanoma and
Targeted Therapy Resistance: An Update of the Current Knowledge. Cancers, 15(9), 2607.
https://doi.org/10.3390/cancers15092607

Franz, M., Rodriguez, H., Lopes, C., Zuberi, K., Montojo, J., Bader, G. D., & Morris, Q. (2018).
GeneMANIA update 2018. Nucleic acids research, 46(W1), W60-W64.
https://doi.org/10.1093/nar/gky311

186 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Fu, G., Chazen, R. S., MacMillan, C., & Witterick, 1. J. (2024). Discriminating Interpatient Variabilities of
RAS Gene Variants for Precision Detection of Thyroid Cancer. JAMA network open, 7(5), e24119109.
https://doi.org/10.1001/jamanetworkopen.2024.11919

Gallant, J.-N., Weiss, V. L., Chen, S.-C., Liang, J., Belcher, R. H., Ye, F., Correa, H., & Wang, H. (2023).
Hashimoto’s Thyroiditis and the Risk of Papillary Thyroid Cancer in Children. Cancers, 15(19), 4902.
https://doi.org/10.3390/cancers15194902

Galuppini, F., Censi, S., Merante Boschin, 1., Fassan, M., Sbharaglia, M., Valeri, N., Hahne, J. C., Bertazza,
L., Munari, G., Galasso, M., Cascione, L., Barollo, S., Rugge, M., Vianello, F., Dei Tos, A. P., Mian, C.,
& Pennelli, G. (2022). Papillary Thyroid Carcinoma: Molecular Distinction by MicroRNA Profiling.
Frontiers in endocrinology, 13, 834075. https://doi.org/10.3389/fendo.2022.834075

Gan, X., Shen, F., Deng, X., Feng, J., Lu, J., Cai, W., Peng, L., Zheng, W., Wang, W., Huang, P., Chen, Z.,
Guo, M., & Xu, B. (2020). Prognostic implications of the BRAF-V600E mutation in papillary thyroid
carcinoma based on a new cut-off age stratification. Oncology letters, 19(1), 631-640.
https://doi.org/10.3892/01.2019.11132

Gao, X., Hong, C., Xie, Y., & Zeng, X. (2023). Immunotherapy or targeted therapy: What will be the future
treatment for anaplastic thyroid carcinoma?. Frontiers in oncology, 13, 1103147.
https://doi.org/10.3389/fonc.2023.1103147

Garrett W. S. (2015). Cancer and the microbiota. Science (New York, N.Y.), 348(6230), 80-86.
https://doi.org/10.1126/science.aaa4972

Gazola, A. A., Lautert-Dutra, W., Archangelo, L. F., Reis, R. B. D., & Squire, J. A. (2024). Precision
oncology platforms: practical strategies for genomic database utilization in cancer treatment. Molecular
cytogenetics, 17(1), 28. https://doi.org/10.1186/s13039-024-00698-w

Ghai, S., Goldstein, D. P., & Sawka, A. M. (2024). Ultrasound Imaging in Active Surveillance of Small,
Low-Risk Papillary Thyroid Cancer. Korean journal of radiology, 25(8), 749-755.
https://doi.org/10.3348/kjr.2024.0148

Gilson, P., Merlin, J. L., & Harlé, A. (2022). Deciphering Tumour Heterogeneity: From Tissue to Liquid
Biopsy. Cancers, 14(6), 1384. https://doi.org/10.3390/cancers14061384

Giovanella, L., Avram, A. M., Ov¢ari¢ek, P. P., & Clerc, J. (2022). Thyroid functional and molecular
imaging. Presse medicale (Paris, France : 1983), 51(2), 104116. https://doi.org/10.1016/j.1pm.2022.104116

Giovanella, L., D'Aurizio, F., Algeciras-Schimnich, A., Gorges, R., Petranovic Ovcaricek, P., Tuttle, R. M.,
Visser, W. E., Verburg, F. A., & hsTg&TgAb Consensus Working Group (2023). Thyroglobulin and
thyroglobulin antibody: an updated clinical and laboratory expert consensus. European journal of
endocrinology, 189(2), R11-R27. https://doi.org/10.1093/ejendo/Ivad109

Giovanella, L., D'Aurizio, F., Petranovi¢ Ovcaricek, P., & Gorges, R. (2024). Diagnostic, Theranostic and
Prognostic Value of Thyroglobulin in Thyroid Cancer. Journal of clinical medicine, 13(9), 2463.
https://doi.org/10.3390/jcm13092463

187 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Giovanella, L., Deandreis, D., Vrachimis, A., Campenni, A., & Petranovic Ovcaricek, P. (2022). Molecular
Imaging and Theragnostics of Thyroid Cancers. Cancers, 14(5), 1272.
https://doi.org/10.3390/cancers14051272

Giovanella, L., Garo, M. L., Campenni, A., Petranovi¢ Ovcaricek, P., & Gorges, R. (2023). Thyroid
Hormone Withdrawal versus Recombinant Human TSH as Preparation for 1-131 Therapy in Patients with
Metastatic Thyroid Cancer: A Systematic Review and Meta-Analysis. Cancers, 15(9), 2510.
https://doi.org/10.3390/cancers15092510

Giuliano S, Mirabelli M, Chiefari E, Tocci V, Donnici A, luliano S, Salatino A, Foti DP, Aversa A, Brunetti
A. The Initial ATA Risk Classification, but Not the AJCC/TNM Stage, Predicts the Persistence or Relapse
of Differentiated Thyroid Cancer in Long-Term Surveillance. Endocrines. 2022; 3(3):512-521.
https://doi.org/10.3390/endocrines3030041

Grani, G., Sponziello, M., Filetti, S. et al. Thyroid nodules: diagnosis and management. Nat Rev Endocrinol
20, 715-728 (2024). https://doi.org/10.1038/s41574-024-01025-4

Grivennikov, S. I., Greten, F. R., & Karin, M. (2010). Immunity, inflammation, and cancer. Cell, 140(6),
883-899. https://doi.org/10.1016/j.cell.2010.01.025

Grgnlund, M. P., Jensen, J. S., Hahn, C. H., Grgnhgj, C., & Buchwald, C. V. (2021). Risk Factors for
Recurrence of Follicular Thyroid Cancer: A Systematic Review. Thyroid : official journal of the American
Thyroid Association, 31(10), 1523-1530. https://doi.org/10.1089/thy.2020.0921

Habchi, Y., Himeur, Y., Kheddar, H., Boukabou, A., Atalla, S., Chouchane, A., Ouamane, A., & Mansoor,
W. (2023). Al in Thyroid Cancer Diagnosis: Techniques, Trends, and Future Directions. Systems, 11(10),
519. https://doi.org/10.3390/systems11100519

Haghzad, T., Khorsand, B., Razavi, S. A., & Hedayati, M. (2024). A computational approach to assessing
the prognostic implications of BRAF and RAS mutations in patients with papillary thyroid carcinoma.
Endocrine, 86(2), 707-722. https://doi.org/10.1007/s12020-024-03911-3

Haghzad, T., Khorsand, B., Razavi, S.A. et al. A computational approach to assessing the prognostic
implications of BRAF and RAS mutations in patients with papillary thyroid carcinoma. Endocrine 86, 707—
722 (2024). https://doi.org/10.1007/s12020-024-03911-3

Hamidi, S., & Hu, M. I. (2024). RET kinase inhibitors for the treatment of RET-altered thyroid cancers:
Current  knowledge and future directions. Annales dendocrinologie, 85(2), 118-126.
https://doi.org/10.1016/j.and0.2024.02.001

Hanahan D. (2022). Hallmarks of Cancer: New Dimensions. Cancer discovery, 12(1), 31-46.
https://doi.org/10.1158/2159-8290.CD-21-1059

Hanahan, D., & Weinberg, R. A. (2000). The hallmarks of cancer. Cell, 100(1), 57-70.
https://doi.org/10.1016/s0092-8674(00)81683-9

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of cancer: the next generation. Cell, 144(5), 646—674.
https://doi.org/10.1016/j.cell.2011.02.013

188 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Handkiewicz-Junak, D., Swierniak, M., Rusinek, D. et al. Gene signature of the post-Chernobyl papillary
thyroid cancer. Eur J Nucl Med Mol Imaging 43, 1267-1277 (2016). https://doi.org/10.1007/s00259-015-
3303-3

Harahap, A. S., & Jung, C. K. (2024). Cytologic hallmarks and differential diagnosis of papillary thyroid
carcinoma subtypes. Journal of pathology and translational medicine, 58(6), 265-282.
https://doi.org/10.4132/jptm.2024.10.11

Harahap, A. S., Subekti, I., Panigoro, S. S., Asmarinah, Lisnawati, Werdhani, R. A., Agustina, H.,
Khoirunnisa, D., Mutmainnah, M., Salinah, Siswoyo, A. D., & Ham, M. F. (2023). Profile of BRAFV600E,
BRAFKG601E, NRAS, HRAS, and KRAS Mutational Status, and Clinicopathological Characteristics of
Papillary Thyroid Carcinoma in Indonesian National Referral Hospital. The application of clinical genetics,
16, 99-110. https://doi.org/10.2147/TACG.S412364

Haymart M. R. (2021). Progress and Challenges in Thyroid Cancer Management. Endocrine practice :
official journal of the American College of Endocrinology and the American Association of Clinical
Endocrinologists, 27(12), 1260-1263. https://doi.org/10.1016/j.eprac.2021.09.006

Hecht, F., Valerio, L., Gongalves, C. F. L., Harinquet, M., Ameziane El Hassani, R., Carvalho, D. P.,
Koundrioukoff, S., Cadoret, J., & Dupuy, C. (2024). A post-irradiation-induced replication stress promotes
RET proto-oncogene breakage. European Thyroid Journal, 13(4), e240028. Retrieved Jan 12, 2025, from
https://doi.org/10.1530/ETJ-24-0028

Hernandez-Prera, J. C., & Wenig, B. M. (2024). RAS-Mutant Follicular Thyroid Tumors: A Continuous
Challenge for Pathologists. Endocrine pathology, 35(3), 167-184. https://doi.org/10.1007/s12022-024-
09812-5

Herranen, A., Rannaud-Bartaire, P., & Fini, J. B. (2025). The thyroid hormone system and its disruption.
Annales d'endocrinologie, 86(3), 101773. https://doi.org/10.1016/j.and0.2025.101773

Heydt, C., Wolwer, C. B., Velazquez Camacho, O., Wagener-Ryczek, S., Pappesch, R., Siemanowski, J.,
Rehker, J., Haller, F., Agaimy, A., Worm, K., Herold, T., Pfarr, N., Weichert, W., Kirchner, T., Jung, A.,
Kumbrink, J., Goering, W., Esposito, I., Buettner, R., Hillmer, A. M., Merkelbach-Bruse, S. (2021).
Detection of gene fusions using targeted next-generation sequencing: a comparative evaluation. BMC
medical genomics, 14(1), 62. https://doi.org/10.1186/s12920-021-00909-y

Hong, S.-H., & Myung, S.-K. (2024). Association between seafood intake and the risk of thyroid cancer: A
meta-analysis. International Journal for Vitamin and Nutrition Research, 94(2), 95-107.
https://doi.org/10.1024/0300-9831/a000774

Hu, C., Yan, L., Li,P., & Yu, Y. (2023). Identification of calcium metabolism related score associated with
the poor outcome in papillary thyroid carcinoma. Frontiers in oncology, 13, 1108773.
https://doi.org/10.3389/fonc.2023.1108773

Hu, J., Yuan, I. J., Mirshahidi, S., Simental, A., Lee, S. C., & Yuan, X. (2021). Thyroid Carcinoma:
Phenotypic Features, Underlying Biology and Potential Relevance for Targeting Therapy. International
journal of molecular sciences, 22(4), 1950. https://doi.org/10.3390/ijms22041950

189 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Hu, J., Yuan, I. J., Mirshahidi, S., Simental, A., Lee, S. C., & Yuan, X. (2021). Thyroid Carcinoma:
Phenotypic Features, Underlying Biology and Potential Relevance for Targeting Therapy. International
journal of molecular sciences, 22(4), 1950. https://doi.org/10.3390/ijms22041950

Hu, S., Wu, X., & Jiang, H. (2024). Trends and projections of the global burden of thyroid cancer from
1990 to 2030. Journal of global health, 14, 04084. https://doi.org/10.7189/jogh.14.04084

Huang, H., Rusiecki, J., Zhao, N., Chen, Y., Ma, S., Yu, H., Ward, M. H., Udelsman, R., & Zhang, Y.
(2017). Thyroid-stimulating hormone, thyroid hormones, and risk of papillary thyroid cancer: A nested
case-control study. Cancer Epidemiology Biomarkers and Prevention, 26(8), 1209-1218.
https://doi.org/10.1158/1055-9965.EPI-16-0845

Huang, H., Rusiecki, J., Zhao, N., Chen, Y., Ma, S., Yu, H., Ward, M. H., Udelsman, R., & Zhang, Y.
(2017). Thyroid-Stimulating Hormone, Thyroid Hormones, and Risk of Papillary Thyroid Cancer: A
Nested Case-Control Study. Cancer epidemiology, biomarkers & prevention : a publication of the American
Association for Cancer Research, cosponsored by the American Society of Preventive Oncology, 26(8),
1209-1218. https://doi.org/10.1158/1055-9965.EPI-16-0845

Huang, M. F., Wang, Y. X., Chou, Y. T., & Lee, D. F. (2024). Therapeutic Strategies for RB1-Deficient
Cancers: Intersecting Gene Regulation and Targeted Therapy. Cancers, 16(8), 1558.
https://doi.org/10.3390/cancers16081558

Huang, Y., Li, Z., Yang, K. et al. The association of uric acid with the development of thyroid nodules: a
retrospective cohort study. BMC Endocr Disord 22, 197 (2022). https://doi.org/10.1186/s12902-022-
01119-y

Huang, Y., Liu, Y., Mo, G., Zhou, T., Hou, Q., Shi, C., Jiang, Q., & Lv, Y. (2022). Inflammation Markers
Have Important Value in Predicting Relapse in Patients with papillary thyroid carcinoma: A Long-Term
Follow-Up Retrospective Study. Cancer control : journal of the Moffitt Cancer Center, 29,
10732748221115236. https://doi.org/10.1177/10732748221115236

Iglesias, M. L., Schmidt, A., Ghuzlan, A. A., Lacroix, L., Vathaire, F., Chevillard, S., & Schlumberger, M.
(2017). Radiation exposure and thyroid cancer: a review. Archives of endocrinology and metabolism, 61(2),
180-187. https://doi.org/10.1590/2359-3997000000257

International Agency for Research on Cancer. (2022). GLOBOCAN 2022: Global Cancer Observatory—
Cancer today. Retrieved August 10, 2025, from https://gco.iarc.fr/today

Ivanyi, G., Christofi, A., Sipka, G., Zombori, T., Kuthi, L., Simon, A., Dobi, D., Lazar, G., Valkusz, Z., &
Ivanyi, B. (2025). Radiation-Induced Synchronous Parathyroid Carcinoma and Papillary Thyroid
Carcinoma: Clinical, Morphological, and Genetic Insights. International journal of molecular sciences,
26(9), 4441. https://doi.org/10.3390/ijms26094441

Jannin, A., Escande, A., Al Ghuzlan, A., Blanchard, P., Hartl, D., Chevalier, B., Deschamps, F., Lamartina,
L., Lacroix, L., Dupuy, C., Baudin, E., Do Cao, C., & Hadoux, J. (2022). Anaplastic Thyroid Carcinoma:
An Update. Cancers, 14(4), 1061. https://doi.org/10.3390/cancers14041061

Jarboe, T., Tuli, N. Y., Chakraborty, S., Maniyar, R. R., DeSouza, N., Xiu-Min Li, Moscatello, A.,
Geliebter, J., & Tiwari, R. K. (2021). Inflammatory Components of the Thyroid Cancer Microenvironment:

190 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

An Avenue for Identification of Novel Biomarkers. Advances in experimental medicine and biology, 1350,
1-31. https://doi.org/10.1007/978-3-030-83282-7_1

Jeong, S., Lee, S. G., Kim, H., Lee, G., Park, S., Kim, I. K, Lee, J., & Jo, Y. S. (2021). Simultaneous
Expression of Long Non-Coding RNA FAL1 and Extracellular Matrix Protein 1 Defines Tumour Behaviour
in  Young  Patients  with  Papillary  Thyroid  Cancer.  Cancers, 13(13), 3223.
https://doi.org/10.3390/cancers13133223

Jeroch, J., Riedlinger, T., Schmitt, C., Ebner, S., Winkelmann, R., Wild, P. J., & Demes, M. (2023). A
Comparison of Two Different FFPE Tissue Dissection Methods for Routine Diagnostics in Molecular
Pathology: Manual Macrodissection versus Automated Microdissection Using the Roche "AVENIO
Millisect” System. Cancers, 15(12), 3249. https://doi.org/10.3390/cancers15123249

Ji, H., Hu, C., Yang, X,, Liu, Y., Ji, G, Ge, S., Wang, X., & Wang, M. (2023). Lymph node metastasis in
cancer progression: molecular mechanisms, clinical significance and therapeutic interventions. Signal
transduction and targeted therapy, 8(1), 367. https://doi.org/10.1038/s41392-023-01576-4

Jin, H., Wang, L., & Bernards, R. (2023). Rational combinations of targeted cancer therapies: background,
advances and challenges. Nature reviews. Drug discovery, 22(3), 213-234. https://doi.org/10.1038/s41573-
022-00615-z

Jin, M., Song, D. E., Ahn, J,, Song, E., Lee, Y. M., Sung, T. Y., Kim, T. Y., Kim, W. B., Shong, Y. K.,
Jeon, M. J., & Kim, W. G. (2021). Genetic Profiles of Aggressive Variants of Papillary Thyroid
Carcinomas. Cancers, 13(4), 892. https://doi.org/10.3390/cancers13040892

Jo, V. Y., & Fletcher, C. D. (2014). WHO classification of soft tissue tumors: an update based on the 2013
(4th) edition. Pathology, 46(2), 95-104. https://doi.org/10.1097/PAT.0000000000000050

Jones, O. (2024, February 14). The thyroid gland — Location — Blood supply. TeachMeAnatomy.
https://teachmeanatomy.info/neck/viscera/thyroid-gland/

Juhlin, C. C., Mete, O., & Baloch, Z. W. (2022). The 2022 WHO classification of thyroid tumors: novel
concepts in  nomenclature and grading. Endocrine-related cancer, 30(2), €220293.
https://doi.org/10.1530/ERC-22-0293

Jung, C. K., Bychkov, A., & Kakudo, K. (2022). Update from the 2022 World Health Organization
Classification of Thyroid Tumors: A Standardized Diagnostic Approach. Endocrinology and metabolism
(Seoul, Korea), 37(5), 703-718. https://doi.org/10.3803/EnM.2022.1553

Jung, C. K., Bychkov, A, Song, D. E., Kim, J. H., Zhu, Y., Liu, Z., Keelawat, S., Lai, C. R., Hirokawa, M.,
Kameyama, K., & Kakudo, K. (2021). Molecular Correlates and Nuclear Features of Encapsulated
Follicular-Patterned Thyroid Neoplasms. Endocrinology and metabolism (Seoul, Korea), 36(1), 123-133.
https://doi.org/10.3803/EnM.2020.860

Kaliszewski, K., Diakowska, D., Nowak, L., Wojtczak, B., & Rudnicki, J. (2020). The age threshold of the
8th edition AJCC classification is useful for indicating patients with aggressive papillary thyroid cancer in
clinical practice. BMC cancer, 20(1), 1166. https://doi.org/10.1186/s12885-020-07636-0

Kalluri, R., & Weinberg, R. A. (2009). The basics of epithelial-mesenchymal transition. The Journal of
clinical investigation, 119(6), 1420-1428. https://doi.org/10.1172/JC139104

191 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Kamma, H., Kameyama, K., Kondo, T., Imamura, Y., Nakashima, M., Chiba, T., & Hirokawa, M. (2022).
Pathological diagnosis of general rules for the description of thyroid cancer by Japanese Society of Thyroid
Pathology and Japan Association of Endocrine Surgery. Endocrine journal, 69(2), 139-154.
https://doi.org/10.1507/endocrj.EJ21-0388

Kang, I. K., Park, J., Bae, J. S., Kim, J. S., & Kim, K. (2023). Lymph Node Ratio Predicts Recurrence in
Patients with Papillary Thyroid Carcinoma with Low Lymph Node Yield. Cancers, 15(11), 2947.
https://doi.org/10.3390/cancers15112947

Kannan S. (2022). Molecular Markers in the Diagnosis of Thyroid Cancer in Indeterminate Thyroid
Nodules. Indian journal of surgical oncology, 13(1), 11-16. https://doi.org/10.1007/s13193-020-01112-8

Karapanou, O., Simeakis, G., Vlassopoulou, B., Alevizaki, M., & Saltiki, K. (2022). Advanced RAI-
refractory thyroid cancer: an update on treatment perspectives. Endocrine-related cancer, 29(5), R57-R66.
https://doi.org/10.1530/ERC-22-0006

Katoh, H., Okamoto, R., Yokota, M., Naito, K., Kikuchi, M., Tokito, T., Sangai, T., & Yamashita, K.
(2024). CD163+ Tumor-Associated Macrophage Recruitment Predicts Papillary Thyroid Cancer
Recurrence. The Journal of surgical research, 303, 532-544. https://doi.org/10.1016/j.jss.2024.09.035

Kazaure, H. S., Roman, S. A., & Sosa, J. A. (2018). The impact of age on thyroid cancer staging. Current
opinion in endocrinology, diabetes, and obesity, 25(5), 330-334.
https://doi.org/10.1097/MED.0000000000000430

Kedzierska, M., & Bankosz, M. (2024). Role of Proteins in Oncology: Advances in Cancer Diagnosis,
Prognosis, and Targeted Therapy-A Narrative Review. Journal of clinical medicine, 13(23), 7131.
https://doi.org/10.3390/jcm13237131

Kent, W. J., Sugnet, C. W, Furey, T. S., Roskin, K. M., Pringle, T. H., Zahler, A. M., & Haussler, D.
(2002). The human genome browser at UCSC. Genome research, 12(6), 996-1006.
https://doi.org/10.1101/gr.229102

Khatiwada, A. S., & Harris, A. S. (2021). Use of pre-operative calcium and vitamin D supplementation to
prevent post-operative hypocalcaemia in patients undergoing thyroidectomy: a systematic review. The
Journal of laryngology and otology, 135(7), 568-573. https://doi.org/10.1017/S0022215121001523

Kim, C., Agarwal, S., Bychkov, A., Hang, J. F., Harahap, A. S., Hirokawa, M., Kakudo, K., Keelawat, S.,
Liu, C. Y., Liu, Z., Nguyen, T. P., Rana, C., Vuong, H. G., Zhu, Y., & Jung, C. K. (2024). Differentiating
BRAF V600E- and RAS-like alterations in encapsulated follicular patterned tumors through histologic
features: a validation study. Virchows Archiv : an international journal of pathology, 484(4), 645-656.
https://doi.org/10.1007/s00428-024-03761-4

Kim, H. 1., Jin, M., Ko, N. G., Oh, Y. L., Shin, J. H., Kim, J. H., Kim, J. S., Jeon, M. J., Kim, T. Y., Kim,
S. W, Kim, W. B,, Chung, J. H., Shong, Y. K., Kim, W. G., & Kim, T. H. (2022). Effect of TSH levels
during active surveillance of PTMC according to age. Endocrine-related cancer, 29(4), 191-200.
https://doi.org/10.1530/ERC-21-0403

192 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Kim, H. J., Park, H. K., Byun, D. W., Suh, K., Yoo, M. H., Min, Y. K., Kim, S. W., & Chung, J. H. (2018).
lodine intake as a risk factor for BRAF mutations in papillary thyroid cancer patients from an iodine-replete
area. European journal of nutrition, 57(2), 809-815. https://doi.org/10.1007/s00394-016-1370-2

Kim, J., Han, K., Kim, M. K., Baek, K. H., Song, K. H., & Kwon, H. S. (2023). Cumulative exposure to
metabolic syndrome increases thyroid cancer risk in young adults: a population-based cohort study. The
Korean journal of internal medicine, 38(4), 526-533. https://doi.org/10.3904/kjim.2022.405

Kim, K., Cho, S. W., Park, Y. J., Lee, K. E., Lee, D. W., & Park, S. K. (2021). Association between lodine
Intake, Thyroid Function, and Papillary Thyroid Cancer: A Case-Control Study. Endocrinology and
metabolism (Seoul, Korea), 36(4), 790-799. https://doi.org/10.3803/EnM.2021.1034

Kim, M. J., Kim, J. K., Kim, G. J., Kang, S. W., Lee, J., Jeong, J. J., Chung, W. Y., Kim, D., & Nam, K.
H. (2022). TERT Promoter and BRAF V600E Mutations in Papillary Thyroid Cancer: A Single-Institution
Experience in Korea. Cancers, 14(19), 4928. https://doi.org/10.3390/cancers14194928

Kim, M., Jin, M., Jeon, M. J., Kim, E. Y., Shin, D. Y., Lim, D. J., Kim, B. H., Kang, H. C., Kim, W. B.,
Shong, Y. K., Kim, H. K., & Kim, W. G. (2023). Lenvatinib Compared with Sorafenib as a First-Line
Treatment for Radioactive lodine-Refractory, Progressive, Differentiated Thyroid Carcinoma: Real-World
Outcomes in a Multicenter Retrospective Cohort Study. Thyroid : official journal of the American Thyroid
Association, 33(1), 91-99. https://doi.org/10.1089/thy.2022.0054

Kinuya, S., Yokoyama, K., Michigishi, T., & Tonami, N. (2006). Respiratory distress caused by radioiodine
therapy in patients with differentiated thyroid cancer. Annals of nuclear medicine, 20(7), 499-502.
https://doi.org/10.1007/BF02987260

Kiriakopoulos, A., Giannakis, P., & Menenakos, E. (2022). Calcitonin: current concepts and differential
diagnosis. Therapeutic advances in endocrinology and metabolism, 13, 20420188221099344.
https://doi.org/10.1177/20420188221099344

Kitahara, C. M., & Schneider, A. B. (2022). Epidemiology of Thyroid Cancer. Cancer epidemiology,
biomarkers & prevention : a publication of the American Association for Cancer Research, cosponsored by
the American Society of Preventive Oncology, 31(7), 1284-1297. https://doi.org/10.1158/1055-9965.EPI-
21-1440

Kitahara, C. M., & Sosa, J. A. (2016). The changing incidence of thyroid cancer. Nature reviews.
Endocrinology, 12(11), 646-653. https://doi.org/10.1038/nrendo.2016.110

Kitahara, C. M., K Rmendiné Farkas, D., Jergensen, J. O. L., Cronin-Fenton, D., & Sgrensen, H. T. (2018).
Benign Thyroid Diseases and Risk of Thyroid Cancer: A Nationwide Cohort Study. The Journal of clinical
endocrinology and metabolism, 103(6), 2216-2224. https://doi.org/10.1210/jc.2017-02599

Klimaité, R., Kazokaité, M., Kondrotiené, A., Dauk$iené, D., Sabaliauskaité, R., Zukauskaité, K.,
Zilaitiené, B., Jarmalaité, S., & Dauksa, A. (2022). The Role of TSHR, PTEN and RASSF1A Promoters'
Methylation Status for Non-Invasive Detection of Papillary Thyroid Carcinoma. Journal of clinical
medicine, 11(16), 4917. https://doi.org/10.3390/jcm11164917

Kobayashi, T., lwama, S., Yamagami, A., lzuchi, T., Suzuki, K., Otake, K., Yasuda, Y., Ando, M., Onoue,
T., Miyata, T., Sugiyama, M., Hagiwara, D., Suga, H., Banno, R., Hase, T., Nishio, N., Mori, S., Shimokata,

193 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

T., Sano, T., Niimi, K., ... Arima, H. (2024). Combined use of tyrosine kinase inhibitors with PD-(L)1
blockade increased the risk of thyroid dysfunction in PD-(L)1 blockade: a prospective study. Cancer
immunology, immunotherapy : CIlI, 73(8), 146. https://doi.org/10.1007/s00262-024-03733-2

Krishnamurthy, K., Chai, J., Liu, X., Elsayad, M., & Goldstein, D. Y. (2024). Intratumoral heterogeneity
of oncogenic drivers in mixed histology lung adenocarcinomas: How tissue selection impacts molecular
testing?. Pathology, research and practice, 263, 155577. https://doi.org/10.1016/j.prp.2024.155577

Ku, E.J., Yoo, W. S, Lee, E. K., Ahn, H. Y., Woo, S. H., Hong, J. H., Chung, H. K., & Park, J. W. (2021).
Effect of TSH Suppression Therapy on Bone Mineral Density in Differentiated Thyroid Cancer: A
Systematic Review and Meta-analysis. The Journal of clinical endocrinology and metabolism, 106(12),
3655-3667. https://doi.org/10.1210/clinem/dgab539

Kwon, Y.-J., Lee, H.-S., Kang, S.-W., & Lee, J.-W. (2024). Association between Consumption of lodine-
Rich Foods and Thyroid Cancer Prevalence: Findings from a Large Population-Based Study. Nutrients,
16(7), 1041. https://doi.org/10.3390/nu16071041

La Rosa S. (2023). Diagnostic, Prognostic, and Predictive Role of Ki67 Proliferative Index in
Neuroendocrine and Endocrine Neoplasms: Past, Present, and Future. Endocrine pathology, 34(1), 79-97.
https://doi.org/10.1007/s12022-023-09755-3

Lacka, K., Maciejewski, A., Tyburski, P., Manuszewska-Jopek, E., Majewski, P., & Wieckowska, B.
(2025). Rationale for Testing TP53 Mutations in Thyroid Cancer-Original Data and Meta-Analysis.
International journal of molecular sciences, 26(3), 1035. https://doi.org/10.3390/ijms26031035

Lafitte, M., Moranvillier, 1., Garcia, S., Peuchant, E., lovanna, J., Rousseau, B., Dubus, P., Guyonnet-
Dupérat, V., Belleannée, G., Ramos, J., Bedel, A., de Verneuil, H., Moreau-Gaudry, F., & Dabernat, S.
(2013). FGFR3 has tumor suppressor properties in cells with epithelial phenotype. Molecular cancer, 12,
83. https://doi.org/10.1186/1476-4598-12-83

Lamartina, L., Grani, G., Arvat, E., Nervo, A., Zatelli, M. C., Rossi, R., Puxeddu, E., Morelli, S.,
Torlontano, M., Massa, M., Bellantone, R., Pontecorvi, A., Montesano, T., Pagano, L., Daniele, L.,
Fugazzola, L., Ceresini, G., Bruno, R., Rossetto, R., Tumino, S., ... Durante, C. (2018). 8th edition of the
AJCC/TNM staging system of thyroid cancer: what to expect (ITCO#2). Endocrine-related cancer, 25(3),
L7-L11. https://doi.org/10.1530/ERC-17-0453

Landa I. (2023). INTERTwined: how TERT promoter mutations impact BRAFV600E-driven thyroid
cancers.  Current  opinion in  endocrine and  metabolic  research, 30, 100460.
https://doi.org/10.1016/j.coemr.2023.100460

Landa, I., & Cabanillas, M. E. (2024). Genomic alterations in thyroid cancer: biological and clinical
insights. Nature reviews. Endocrinology, 20(2), 93-110. https://doi.org/10.1038/s41574-023-00920-6

Larribére, L., & Martens, U. M. (2021). Advantages and Challenges of Using ctDNA NGS to Assess the
Presence of Minimal Residual Disease (MRD) in Solid Tumors. Cancers, 13(22), 5698.
https://doi.org/10.3390/cancers13225698

Lasolle, H., Schiavo, A., Tourneur, A., Gillotay, P., de Faria da Fonseca, B., Ceolin, L., Monestier, O.,
Aganahi, B., Chomette, L., Kizys, M. M. L., Haenebalcke, L., Pieters, T., Goossens, S., Haigh, J., Detours,

194 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

V., Maia, A. L. S,, Costagliola, S., & Romitti, M. (2024). Dual targeting of MAPK and PI3K pathways
unlocks redifferentiation of Braf-mutated thyroid cancer organoids. Oncogene, 43(3), 155-170.
https://doi.org/10.1038/s41388-023-02889-y

Lau, L.W., Ghaznavi, S., Frolkis, A.D. et al. Malignancy risk of hyperfunctioning thyroid nodules compared
with non-toxic nodules: systematic review and a meta-analysis. Thyroid Res 14, 3 (2021).
https://doi.org/10.1186/s13044-021-00094-1

Lawrence, R., Watters, M., Davies, C. R., Pantel, K., & Lu, Y. J. (2023). Circulating tumour cells for early
detection of clinically relevant cancer. Nature reviews. Clinical oncology, 20(7), 487-500.
https://doi.org/10.1038/s41571-023-00781-y

Leandro-Garcia, L. J., & Landa, I. (2023). Mechanistic Insights of Thyroid Cancer Progression.
Endocrinology, 164(9), bgad118. https://doi.org/10.1210/endocr/bgad118

LeClair, K., Bell, K. J. L., Furuya-Kanamori, L., Doi, S. A., Francis, D. O., & Davies, L. (2021). Evaluation
of Gender Inequity in Thyroid Cancer Diagnosis: Differences by Sex in US Thyroid Cancer Incidence
Compared With a Meta-analysis of Subclinical Thyroid Cancer Rates at Autopsy. JAMA internal medicine,
181(10), 1351-1358. https://doi.org/10.1001/jamainternmed.2021.4804

Lee, A, Lee, S. H.,, Jung, C. K., Park, G, Lee, K. Y., Choi, H. J., Min, K. O., Kim, T. J., Lee, E. J., & Lee,
Y. S. (2018). Use of the lon AmpliSeq Cancer Hotspot Panel in clinical molecular pathology laboratories
for analysis of solid tumors: With emphasis on validation with relevant single molecular pathology tests
and the Oncomine Focus Assay. Pathology, research and practice, 214(5), 713-719.
https://doi.org/10.1016/j.prp.2018.03.009

Lee, H. J,, Ku, C. R,, Cho, A,, Cho, T, Lee, C., Kang, C. W., Kim, D., Cho, Y. H., Koo, J., & Leg, E. J.
(2023). Acetate-Mediated Odorant Receptor OR51E2 Activation Results in Calcitonin Secretion in
Parafollicular C-Cells: A Novel Diagnostic Target of Human Medullary Thyroid Cancer. Biomedicines,
11(6), 1688. https://doi.org/10.3390/biomedicines11061688

Lee, J. K., Ky, E. J., Kim, S. J., Kim, W., Cho, J. W., Jung, K. Y., Yu, H. W., Kang, Y. E., Kim, M., Kim,
H. K., Ryu, J., Choi, J. Y., & MASTER study group (2024). Effect of thyroid-stimulating hormone
suppression on quality of life in thyroid lobectomy patients: interim analysis of a multicenter, randomized
controlled trial in low- to intermediate-risk thyroid cancer patients (MASTER study). Annals of surgical
treatment and research, 106(1), 19-30. https://doi.org/10.4174/astr.2024.106.1.19

Lee, J. S, Lee, J. S, Yun, H. J., Kim, S. M., Chang, H., Lee, Y. S., Chang, H. S., & Park, C. S. (2023).
Aggressive Subtypes of Papillary Thyroid Carcinoma Smaller Than 1 c¢cm. The Journal of clinical
endocrinology and metabolism, 108(6), 1370-1375. https://doi.org/10.1210/clinem/dgac739

Lei, Y., Feng, S., Yu, Q., Shen, G., Yuan, L., & Huang, W. (2022). Conventional papillary thyroid
carcinoma with intraglandular lymphatic dissemination shows more aggressive features. Japanese journal
of clinical oncology, 52(11), 1311-1320. https://doi.org/10.1093/jjco/hyac119

Levine A. J. (2020). p53: 800 million years of evolution and 40 years of discovery. Nature reviews. Cancer,
20(8), 471-480. https://doi.org/10.1038/s41568-020-0262-1

195 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

LI Xiao-mei, WANG Li-li, LI Xiang, DU Li-yan, SONG Ai-lin. Correlation Between lodine Intake and
BRAF V600E Mutation in Thyroid Papillary Carcinoma[J]. Journal of Evidence-Based Medicine, 2022,
22(3): 159-162. https://doi.org/10.12019/j.issn.1671-5144.2022.03.005

Li, C, Li, J., Li, S., Zhao, Y., Liu, G., Du, R., Dionigi, G., Liang, N., & Sun, H. (2022). Prognostic
significance of inflammatory markers LMR, PLR, MPV, FIB in intermediate-and high-risk papillary
thyroid carcinoma. Frontiers in endocrinology, 13, 984157. https://doi.org/10.3389/fendo.2022.984157

Li, M. M., Datto, M., Duncavage, E. J., Kulkarni, S., Lindeman, N. I., Roy, S., Tsimberidou, A. M.,
Vnencak-Jones, C. L., Wolff, D. J., Younes, A., & Nikiforova, M. N. (2017). Standards and Guidelines for
the Interpretation and Reporting of Sequence Variants in Cancer: A Joint Consensus Recommendation of
the Association for Molecular Pathology, American Society of Clinical Oncology, and College of American
Pathologists. The  Journal of molecular  diagnostics : JMD, 19(1), 4-23.
https://doi.org/10.1016/j.jmoldx.2016.10.002

Li, P, Ding, Y., Liu, M., Wang, W., & Li, X. (2021). Sex disparities in thyroid cancer: a SEER population
study. Gland surgery, 10(12), 3200-3210. https://doi.org/10.21037/gs-21-545

Li, S.,Ren, C.,Gong, Y., Ye, F., Tang, Y., Xu, J., Guo, C., & Huang, J. (2022). The Role of Thyroglobulin
in Preoperative and Postoperative Evaluation of Patients With Differentiated Thyroid Cancer. Frontiers in
endocrinology, 13, 872527. https://doi.org/10.3389/fendo.2022.872527

Li, Y., Liu, F., Cai, Q., Deng, L., Ouyang, Q., Zhang, X. H., & Zheng, J. (2025). Invasion and metastasis
in cancer: Molecular insights and therapeutic targets. Signal Transduction and Targeted Therapy, 10(1), 1-
38. https://doi.org/10.1038/s41392-025-02148-4

Lim, H., Devesa, S. S., Sosa, J. A., Check, D., & Kitahara, C. M. (2017). Trends in Thyroid Cancer
Incidence and Mortality in the United States, 1974-2013. JAMA, 317(13), 1338-1348.
https://doi.org/10.1001/jama.2017.2719

Lin, Y. Y., & Hsieh, Y. S. (2023). lodine nutritional status is not a direct factor in the prevalence of the
BRAFV600E mutation in papillary thyroid cancer. Archives of endocrinology and metabolism, 67(2), 172—
178. https://doi.org/10.20945/2359-3997000000530

Liu, J., Feng, Z., Gao, R., Liu, P., Meng, F., Fan, L., Liu, L., & Du, Y. (2024). Analysis of risk factors for
papillary thyroid carcinoma and the association with thyroid function indicators. Frontiers in
Endocrinology, 15, 1429932. https://doi.org/10.3389/fend0.2024.1429932

Liu, S., Zhao, H., & Li, X. (2024). Serum Biochemical Markers for Medullary Thyroid Carcinoma: An
Update. Cancer management and research, 16, 299-310. https://doi.org/10.2147/CMAR.S440477

Liu, Siyu & Ding, Peisen & Yu, Xiaomeng & Xing, Zhilei & Cui, Yushan & Liu, Hongliang. (2024). Excess
iodine  promotes  papillary  thyroid carcinoma  through the AKT/mTOR  pathway.
https://doi.org/10.21203/rs.3.rs-5395582/v1.

Liu, Y., Zhu, J., Zhou, S., Hou, Y., Yan, Z., Ao, X., Wang, P., Zhou, L., Chen, H., Liang, X., Guan, H.,
Gao, S., Xie, D., Gu, Y., & Zhou, P. K. (2024). Low-dose ionizing radiation-induced RET/PTC1

196 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

rearrangement via the non-homologous end joining pathway to drive thyroid cancer. MedComm, 5(8),
e690. https://doi.org/10.1002/mc02.690

Lo C. Y. (2022). Lymph Node Dissection for Papillary Thyroid Carcinoma. Methods in molecular biology
(Clifton, N.J.), 2534, 57—78. https://doi.org/10.1007/978-1-0716-2505-7_5

Lopez-Campistrous, A., Adewuyi, E. E., Williams, D. C., & McMullen, T. P. W. (2021). Gene expression
profile of epithelial-mesenchymal transition mediators in papillary thyroid cancer. Endocrine, 72(2), 452—
461. https://doi.org/10.1007/s12020-020-02466-3

Lord, C. J., & Ashworth, A. (2012). The DNA damage response and cancer therapy. Nature, 481(7381),
287-294. https://doi.org/10.1038/nature10760

Lorenz, K., Schneider, R., & Elwerr, M. (2020). Thyroid Carcinoma: Do We Need to Treat Men and
Women Differently?. Visceral medicine, 36(1), 10-14. https://doi.org/10.1159/000505496

Lu, J., Liao, J., Chen, Y., Li, J., Huang, X., Zhang, H., & Zhang, B. (2023). Risk factor analysis and
prediction model for papillary thyroid carcinoma with lymph node metastasis. Frontiers in endocrinology,
14, 1287593. https://doi.org/10.3389/fendo.2023.1287593

Lu, Y., Zhao, H., Liu, C., Kuang, Z., & Li, X. (2024). The role of preoperative serum thyroglobulin in the
diagnosis and treatment of differentiated thyroid cancer: a systematic review and meta-analysis. Frontiers
in oncology, 14, 1426785. https://doi.org/10.3389/fonc.2024.1426785

Ma, T., Semsarian, C. R., Barratt, A., Parker, L., Kumarasinghe, M. P., Bell, K. J. L., & Nickel, B. (2021).
Rethinking Low-Risk Papillary Thyroid Cancers < 1cm (Papillary Microcarcinomas): An Evidence Review
for Recalibrating Diagnostic Thresholds and/or Alternative Labels. Thyroid : official journal of the
American Thyroid Association, 31(11), 1626-1638. https://doi.org/10.1089/thy.2021.0274

Macerola, E., Poma, A. M., Vignali, P., Basolo, A., Ugolini, C., Torregrossa, L., Santini, F., & Basolo, F.
(2021). Molecular Genetics of Follicular-Derived Thyroid Cancer. Cancers, 13(5), 1139.
https://doi.org/10.3390/cancers13051139

Machens, A., Lorenz, K., Weber, F., & Dralle, H. (2022). Risk Patterns of Distant Metastases in Follicular,
Papillary and Medullary Thyroid Cancer. Hormone and metabolic research = Hormon- und
Stoffwechselforschung = Hormones et metabolisme, 54(1), 7-11. https://doi.org/10.1055/a-1668-0094

Maciejewski, A., & Lacka, K. (2022). Vitamin D-Related Genes and Thyroid Cancer-A Systematic Review.
International journal of molecular sciences, 23(21), 13661. https://doi.org/10.3390/ijms232113661

Macvanin, M. T., Gluvic, Z. M., Zaric, B. L., Essack, M., Gao, X., & Isenovic, E. R. (2023). New
biomarkers: prospect for diagnosis and monitoring of thyroid disease. Frontiers in endocrinology, 14,
1218320. https://doi.org/10.3389/fendo.2023.1218320

Maheshwari, M., & Khan, I. A. (2024). Risk Factors for Transient and Permanent Hypoparathyroidism
Following Thyroidectomy: A Comprehensive Review. Cureus, 16(8), e66551.
https://doi.org/10.7759/cureus.66551

Maino, F., Botte, M., Dalmiglio, C., Valerio, L., Brilli, L., Trimarchi, A., Mattii, E., Cartocci, A., &
Castagna, M. G. (2024). Prognostic Factors Improving ATA Risk System and Dynamic Risk Stratification

197 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

in Low- and Intermediate-Risk DTC Patients. The Journal of clinical endocrinology and metabolism,
109(3), 722—729. https://doi.org/10.1210/clinem/dgad591

Marczyk, V. R., Recamonde-Mendoza, M., Maia, A. L., & Goemann, I. M. (2023). Classification of
Thyroid Tumors Based on DNA Methylation Patterns. Thyroid : official journal of the American Thyroid
Association, 33(9), 1090-1099. https://doi.org/10.1089/thy.2023.0074

Markantes, G. K., Karakioulaki, M., Papanikolopoulou, S., Theodoropoulou, A., Markou, K. B., Vagenakis,
A. G,, Spyridonidis, T., Goulis, D. G., & Michalaki, M. A. (2021). Improving the prediction of persistent
and recurrent differentiated thyroid cancer using the American Thyroid Association 2015 risk stratification
system. Hormones (Athens, Greece), 20(4), 761-768. https://doi.org/10.1007/s42000-021-00313-2

Marongiu, A., Nuvoli, S., De Vito, A., Vargiu, S., Spanu, A., & Madeddu, G. (2024). Minimal Extrathyroid
Extension (METE) as the Only Risk Factor in Patients with Papillary Thyroid Carcinoma (PC): Its Clinical
Impact on Recurrence and Outcome during Long-Term Follow-Up. Biomedicines, 12(2), 350.
https://doi.org/10.3390/biomedicines12020350

Marques, P., de Vries, F., Dekkers, O. M., Korbonits, M., Biermasz, N. R., & Pereira, A. M. (2021). Serum
Inflammation-based Scores in Endocrine Tumors. The Journal of clinical endocrinology and metabolism,
106(10), e3796-€3819. https://doi.org/10.1210/clinem/dgab238

Martin, S., Mustata, T., Enache, O., lon, O., Chifulescu, A., Sirbu, A., Barbu, C., Miron, A., Giulea, C.,
Andrei, F., & Fica, S. (2021). Platelet Activation and Inflammation in Patients with Papillary Thyroid
Cancer. Diagnostics (Basel, Switzerland), 11(11), 1959. https://doi.org/10.3390/diagnostics11111959

Mathur, P., Rana, C., Gupta, V., Ramakant, P., Singh, K., Mishra, A. K., & Babu, S. (2022). Osteoclastic
variant of anaplastic thyroid carcinoma: An insight into a rarest of rare entity. Diagnostic cytopathology,
50(8), E210-E213. https://doi.org/10.1002/dc.24953

Matin, M., Islam, M. S., Razzak, M. A., Khanam, M., Harun, M. A. A., Kabir, Sobhan, A. (2021). Incidence
of Thyroid Cancer in Thyroid Swelling, Study of 200 Cases. Bangladesh Journal of Otorhinolaryngology,
27(1), 12-16. https://doi.org/10.3329/bjo.v27i1.53200

Mayo Clinic. (2025, May 21). Thyroid cancer - Symptoms and causes. Mayo Clinic, from
https://www.mayoclinic.org/diseases-conditions/thyroid-cancer/symptoms-causes/syc-20354161

Mayson, S. E., Chan, C. M., & Haugen, B. R. (2021). Tailoring the approach to radioactive iodine treatment
in thyroid cancer. Endocrine-related cancer, 28(10), T125-T140. https://doi.org/10.1530/ERC-21-0161

Melaccio, A., Sgaramella, L. I., Pasculli, A., Di Meo, G., Gurrado, A., Prete, F. P., Vacca, A., Ria, R., &
Testini, M. (2021). Prognostic and Therapeutic Role of Angiogenic Microenvironment in Thyroid Cancer.
Cancers, 13(11), 2775. https://doi.org/10.3390/cancers13112775

Messaoudi, S. A., Al Sharhan, N. A., Alharthi, B., Babu, S. R., Alsaleh, A. B., Alasiri, A. M., Assidi, M.,
Buhmeida, A., & Almawi, W. Y. (2022). Detection of genetic mutations in patients with breast cancer from
Saudi Arabia using lon AmpliSeq™ Cancer Hotspot Panel v.2.0. Biomedical reports, 16(4), 26.
https://doi.org/10.3892/br.2022.1509

Miccoli, P., Materazzi, G., & Rossi, L. (2021). Levothyroxine Therapy in Thyrodectomized Patients.
Frontiers in endocrinology, 11, 626268. https://doi.org/10.3389/fendo.2020.626268

198 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Mio, C., Verrienti, A., Pecce, V., Sponziello, M., & Damante, G. (2021). Rare germline variants in DNA
repair-related genes are accountable for papillary thyroid cancer susceptibility. Endocrine, 73(3), 648-657.
https://doi.org/10.1007/s12020-021-02705-1

Mirzaei, S., Gholami, M. H., Zabolian, A., Saleki, H., Bagherian, M., Torabi, S. M., Sharifzadeh, S. O.,
Hushmandi, K., Fives, K. R., Khan, H., Ashrafizadeh, M., Zarrabi, A., & Bishayee, A. (2023). Resveratrol
Augments Doxorubicin and Cisplatin Chemotherapy: A Novel Therapeutic Strategy. Current molecular
pharmacology, 16(3), 280-306. https://doi.org/10.2174/1874467215666220415131344

Modica, R., Minotta, R., Liccardi, A., Cannavale, G., Benevento, E., & Colao, A. (2023). Evaluation of
Neutrophil-to-Lymphocyte Ratio (NLR), Platelet-to-Lymphocyte Ratio (PLR) and Systemic Immune-
Inflammation Index (SIl) as Potential Biomarkers in Patients with Sporadic Medullary Thyroid Cancer
(MTC). Journal of personalized medicine, 13(6), 953. https://doi.org/10.3390/jpm13060953

Mohamad Pakarul Razy, N. H., Wan Abdul Rahman, W. F., & Win, T. T. (2019). Expression of Vascular
Endothelial Growth Factor and Its Receptors in Thyroid Nodular Hyperplasia and Papillary Thyroid
Carcinoma: A Tertiary Health Care Centre Based Study. Asian Pacific journal of cancer prevention :
APJCP, 20(1), 277-282. https://doi.org/10.31557/APJCP.2019.20.1.277

Mojsilovic, S., Mojsilovic, S. S., Bjelica, S., & Santibanez, J. F. (2022). Transforming growth factor-betal
and myeloid-derived suppressor cells: A cancerous partnership. Developmental dynamics : an official
publication of the American Association of Anatomists, 251(1), 105-124. https://doi.org/10.1002/dvdy.339

Moleti, M., Sturniolo, G., Di Mauro, M., Russo, M., & Vermiglio, F. (2017). Female Reproductive Factors
and Differentiated Thyroid Cancer. Frontiers in endocrinology, 8, 111.
https://doi.org/10.3389/fendo.2017.00111

Moon, G., Jang, S. W., Nam, K. T., Park, J. H., Kwon, H. J., & Yoon, J. H. (2022). Restratification of
Patients with Intermediate-Risk Papillary Thyroid Carcinoma. Annals of surgical oncology,
10.1245/510434-022-11414-6. Advance online publication. https://doi.org/10.1245/s10434-022-11414-6

Morosan Allo, Y.J., Bosio, L., Morején, A. et al. Comparison of the prognostic value of AJCC cancer
staging system 7th and 8th editions for differentiated thyroid cancer. BMC Endocr Disord 22, 146 (2022).
https://doi.org/10.1186/s12902-022-01054-y

Mosiychuk, L., Shevtsova, O., & Petishko, O. (2021). Clinical and vegetative disorders, adaptive capacity
and stress resistance in patients with precancerous conditions of the stomach in comorbidity with thyroid
pathology. GASTROENTEROLOGY, 55(1), 1-6. https://doi.org/10.22141/2308-2097.55.1.2021.229430

Mu, C., Ming, X., Tian, Y., Liu, Y., Yao, M., Ni, Y., Liu, Y., & Li, Z. (2022). Mapping global epidemiology
of thyroid nodules among general population: A systematic review and meta-analysis. Frontiers in
oncology, 12, 1029926. https://doi.org/10.3389/fonc.2022.1029926

Mukhtar, N., Alhamoudi, K., Alswailem, M., Alhindi, H., Murugan, A. K., Alghamdi, B., & Alzahrani, A.
S. (2023). How do BRAFV600E and TERT promoter mutations interact with the ATA and TNM staging
systems in thyroid cancer?. Frontiers in endocrinology, 14, 1270796.
https://doi.org/10.3389/fendo.2023.1270796

199 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Mufioz, A., & Grant, W. B. (2022). Vitamin D and Cancer: An Historical Overview of the Epidemiology
and Mechanisms. Nutrients, 14(7), 1448. https://doi.org/10.3390/nu14071448

Murugan, A. K., Qasem, E., Al-Hindi, H., & Alzahrani, A. S. (2021). Analysis of ALK, IDH1, IDH2 and
MMP8 somatic mutations in differentiated thyroid cancers. Molecular and clinical oncology, 15(4), 210.
https://doi.org/10.3892/mco0.2021.2373

Musholt, T. J., Staubitz, J. I., Antonio Camara, R. J., Musholt, P. B., Humberg, D., Springer, E., & Schad,
A. (2019). Detection of RET rearrangements in papillary thyroid carcinoma using RT-PCR and FISH
techniques - A molecular and clinical analysis. European journal of surgical oncology : the journal of the
European Society of Surgical Oncology and the British Association of Surgical Oncology, 45(6), 1018—
1024. https://doi.org/10.1016/j.ejs0.2018.11.009

National Cancer Institute. (n.d.). Thyroid gland. In NCI Dictionary of Cancer Terms. U.S. Department of
Health and Human Services. Retrieved August 11, 2025, from
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/thyroid-gland Hacking, C., Knipe, H.,
Walizai, T., et al. (2024). Thyroid gland. Radiopaedia.org.

National Center for Biotechnology Information. (n.d.). Genome Data Viewer: Homo sapiens. U.S. National
Library of Medicine. https://www.ncbi.nlm.nih.gov/genome/gdv/

Nguyen, M., He, G., & Lam, A. K. (2022). Clinicopathological and Molecular Features of Secondary
Cancer (Metastasis) to the Thyroid and Advances in Management. International journal of molecular
sciences, 23(6), 3242. https://doi.org/10.3390/ijms23063242

Nguyen, T. N. A., Huang, P. S., Chu, P. Y., Hsieh, C. H., & Wu, M. H. (2023). Recent Progress in Enhanced
Cancer Diagnosis, Prognosis, and Monitoring Using a Combined Analysis of the Number of Circulating
Tumor Cells (CTCs) and Other Clinical  Parameters.  Cancers, 15(22), 5372.
https://doi.org/10.3390/cancers15225372

NHS. (2023, May 18). Symptoms of thyroid cancer. Retrieved August 11, 2025, from
https://www.nhs.uk/conditions/thyroid-cancer/symptoms/

Niedziela, E., Niedziela, L., Kowalska, A., & Kowalik, A. (2024). Detection of the BRAFV600E Mutation
in Circulating Free Nucleic Acids as a Biomarker of Thyroid Cancer: A Review. Journal of clinical
medicine, 13(18), 5396. https://doi.org/10.3390/jcm13185396

Nikiforov Y. E. (2006). Radiation-induced thyroid cancer: what we have learned from chernobyl. Endocrine
pathology, 17(4), 307-317. https://doi.org/10.1007/s12022-006-0001-5

Nikiforov, Y. E., & Nikiforova, M. N. (2011). Molecular genetics and diagnosis of thyroid cancer. Nature
reviews. Endocrinology, 7(10), 569-580. https://doi.org/10.1038/nrendo.2011.142

Nippon Genetics Europe GmbH. (n.d.). MIDORI Green Advance DNA/RNA stain. Retrieved June 22,
2025, from https://www.nippongenetics.eu/en/products/electrophoresis-dna-rna/nucleic-acid-
stains/midori-green-advance/

Novis, E., Glover, A., Grady, J. P., Silvestri, A., Thavaneswaran, S., Lin, F., Ballinger, M. L., & Thomas,
D. M. (2025). Oncogenic mutations in the TP53 and PI1-3 kinase/AKT pathway are independent predictors

200 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

of survival for advanced thyroid cancer: Analysis from the Molecular Screening and Therapeutics (MoST)
program. Surgery, 177, 108858. https://doi.org/10.1016/j.surg.2024.05.058

Offi, C., Romano, R. M., Cangiano, A., Candela, G., & Docimo, G. (2021). Clinical significance of
neutrophil-to-lymphocyte ratio, lymphocyte-to-monocyte ratio, platelet-to-lymphocyte ratio and prognostic
nutritional index in low-risk differentiated thyroid carcinoma. Acta otorhinolaryngologica Italica : organo
ufficiale della Societa italiana di otorinolaringologia e chirurgia cervico-facciale, 41(1), 31-38.
https://doi.org/10.14639/0392-100X-N1089

Ozcelik, F., Dundar, M. S., Yildirim, A. B., Henehan, G., Vicente, O., Sanchez-Alcazar, J. A., Gokce, N.,
Yildirim, D. T., Bingol, N. N., Karanfilska, D. P., Bertelli, M., Pojskic, L., Ercan, M., Kellermayer, M.,
Sahin, I. O., Greiner-Tollersrud, O. K., Tan, B., Martin, D., Marks, R., Prakash, S., ... Dundar, M. (2024).
The impact and future of artificial intelligence in medical genetics and molecular medicine: an ongoing
revolution. Functional & integrative genomics, 24(4), 138. https://doi.org/10.1007/s10142-024-01417-9

Pace, A., Scirocchi, F., Napoletano, C., Zizzari, I. G., Po, A., Megiorni, F., Asquino, A., Pontecorvi, P.,
Rahimi, H., Marchese, C., Ferretti, E., Nuti, M., & Rughetti, A. (2023). Targeting FGFRs by pemigatinib
induces G1 phase cell cycle arrest, cellular stress and upregulation of tumor suppressor microRNAs. Journal
of translational medicine, 21(1), 626. https://doi.org/10.1186/s12967-023-04450-7

Pace-Asciak, P., Russell, J., Solorzano, C., Berber, E., Singer, M., Shaha, A. R., Khafif, A., Angelos, P.,
Nixon, I., & Tufano, R. P. (2023). The utility of parathyroid autofluorescence as an adjunct in thyroid and
parathyroid surgery 2023. Head & neck, 45(12), 3157-3167. https://doi.org/10.1002/hed.27538

Pacilio, M., Conte, M., Frantellizzi, V., De Feo, M. S., Pisani, A. R., Marongiu, A., Nuvoli, S., Rubini, G.,
Spanu, A., & De Vincentis, G. (2022). Personalized Dosimetry in the Context of Radioiodine Therapy for
Differentiated Thyroid Cancer. Diagnostics (Basel, Switzerland), 12(7), 1763.
https://doi.org/10.3390/diagnostics12071763

Palanca, A., Ampudia-Blasco, F. J., & Real, J. T. (2022). The Controversial Role of Vitamin D in Thyroid
Cancer Prevention. Nutrients, 14(13), 2593. https://doi.org/10.3390/nu14132593

Papaioannou, C., Lamnisos, D., Kyriacou, K., Lyssiotis, T., Constantinides, V., Frangos, S., Economides,
A., & Economides, P. A. (2020). Lymph Node Metastasis and Extrathyroidal Extension in Papillary
Thyroid Microcarcinoma in Cyprus: Suspicious Subcentimeter Nodules Should Undergo FNA When
Multifocality is Suspected. Journal of thyroid research, 2020, 3567658.
https://doi.org/10.1155/2020/3567658

Pappa, T., Ahmadi, S., Marqusee, E., Johnson, H. L., Nehs, M. A., Cho, N. L., Barletta, J. A., Lorch, J. H.,
Doherty, G. M., Lindeman, N. I., Alexander, E. K., & Landa, I. (2021). Oncogenic Mutations in
PI3BK/AKT/mTOR Pathway Effectors Associate with Worse Prognosis in BRAFV600E -Driven Papillary
Thyroid Cancer Patients. Clinical cancer research : an official journal of the American Association for
Cancer Research, 27(15), 4256-4264. https://doi.org/10.1158/1078-0432.CCR-21-0874

Park, J., & Kim, K. (2024). Current and Future of Robotic Surgery in Thyroid Cancer Treatment. Cancers,
16(13), 2470. https://doi.org/10.3390/cancers16132470

201 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Park, J., Kim, K., Lim, DJ. et al. Male sex is not an independent risk factor for recurrence of differentiated
thyroid cancer: a propensity score-matching study. Sci  Rep 11, 14908 (2021).
https://doi.org/10.1038/s41598-021-94461-5

Passaro, A., Al Bakir, M., Hamilton, E. G., Diehn, M., André, F., Roy-Chowdhuri, S., Mountzios, G.,
Wistuba, 1. I., Swanton, C., & Peters, S. (2024). Cancer biomarkers: Emerging trends and clinical
implications for personalized treatment. Cell, 187(7), 1617-1635.
https://doi.org/10.1016/j.cell.2024.02.041

Passos, 1., Stefanidou, E., Meditskou-Eythymiadou, S., Mironidou-Tzouveleki, M., Manaki, V., Magra, V.,
Laskou, S., Mantalovas, S., Pantea, S., Kesisoglou, I., & Sapalidis, K. (2021). A Review of the Significance
in Measuring Preoperative and Postoperative Carcinoembryonic Antigen (CEA) Values in Patients with
Medullary ~ Thyroid Carcinoma (MTC). Medicina (Kaunas, Lithuania), 57(6), 6009.
https://doi.org/10.3390/medicina57060609

Patel, J., Klopper, J., & Cottrill, E. E. (2023). Molecular diagnostics in the evaluation of thyroid nodules:
Current use and prospective opportunities. Frontiers in endocrinology, 14, 1101410.
https://doi.org/10.3389/fend0.2023.1101410

Pavlidis, E. T., Galanis, I. N., & Pavlidis, T. E. (2023). Update on current diagnosis and management of
anaplastic  thyroid carcinoma. World journal of clinical oncology, 14(12), 570-583.
https://doi.org/10.5306/wjco.v14.i12.570

Pei, X. M., Yeung, M. H. Y., Wong, A. N. N, Tsang, H. F., Yu, A. C. S., Yim, A. K. Y., & Wong, S. C. C.
(2023). Targeted Sequencing Approach and Its Clinical Applications for the Molecular Diagnosis of Human
Diseases. Cells, 12(3), 493. https://doi.org/10.3390/cells12030493

Pellegriti, G., Frasca, F., Regalbuto, C., Squatrito, S., & Vigneri, R. (2013). Worldwide increasing incidence
of thyroid cancer: update on epidemiology and risk factors. Journal of cancer epidemiology, 2013, 965212.
https://doi.org/10.1155/2013/965212

Peng, X., Zhang, K., Ma, L., Xu, J., & Chang, W. (2020). The Role of Long Non-Coding RNAs in Thyroid
Cancer. Frontiers in oncology, 10, 941. https://doi.org/10.3389/fonc.2020.00941

Pestean, C., Pavel, A., & Piciu, D. (2024). The Role of SPECT/CT and PET/CT Hybrid Imaging in the
Management of Ectopic Thyroid Carcinoma-A Systematic Review. Diagnostics (Basel, Switzerland),
14(13), 1369. https://doi.org/10.3390/diagnostics14131369

Pinheiro Neto, A., Lucchesi, H. L., Valsecchi, V. A. D. S., Ward, L. S., & Cunha, L. L. (2024).
Immunotherapy for patients with thyroid cancer: a comprehensive appraisal. Chinese clinical oncology,
13(3), 36. https://doi.org/10.21037/cco-23-133

Piperigkou, Z., Kyriakopoulou, K., Koutsakis, C., Mastronikolis, S., & Karamanos, N. K. (2021). Key
Matrix Remodeling Enzymes: Functions and Targeting in Cancer. Cancers, 13(6), 1441.
https://doi.org/10.3390/cancers13061441

Pizzato, M., Li, M., Vignat, J., Laversanne, M., Singh, D., La Vecchia, C., & Vaccarella, S. (2022). The
epidemiological landscape of thyroid cancer worldwide: GLOBOCAN estimates for incidence and

202 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

mortality rates in 2020. The lancet. Diabetes & endocrinology, 10(4), 264-272.
https://doi.org/10.1016/S2213-8587(22)00035-3

Pozdeyev, N., Gay, L. M., Sokol, E. S., Hartmaier, R., Deaver, K. E., Davis, S., French, J. D., Borre, P. V.,
LaBarbera, D. V., Tan, A. C., Schweppe, R. E., Fishbein, L., Ross, J. S., Haugen, B. R., & Bowles, D. W.
(2018). Genetic Analysis of 779 Advanced Differentiated and Anaplastic Thyroid Cancers. Clinical cancer
research : an official journal of the American Association for Cancer Research, 24(13), 3059-3068.
https://doi.org/10.1158/1078-0432.CCR-18-0373

Pozdeyev, N., Gay, L. M., Sokol, E. S., Hartmaier, R., Deaver, K. E., Davis, S., French, J. D., Borre, P. V.,
LaBarbera, D. V., Tan, A. C., Schweppe, R. E., Fishbein, L., Ross, J. S., Haugen, B. R., & Bowles, D. W.
(2018). Genetic Analysis of 779 Advanced Differentiated and Anaplastic Thyroid Cancers. Clinical cancer
research : an official journal of the American Association for Cancer Research, 24(13), 3059-3068.
https://doi.org/10.1158/1078-0432.CCR-18-0373

Prete, A., Borges de Souza, P., Censi, S., Muzza, M., Nucci, N., & Sponziello, M. (2020). Update on
Fundamental Mechanisms of Thyroid Cancer. Frontiers in endocrinology, 11, 102.
https://doi.org/10.3389/fendo.2020.00102

Prete, A., Matrone, A., Gambale, C., Torregrossa, L., Minaldi, E., Romei, C., Ciampi, R., Molinaro, E., &
Elisei, R. (2021). Poorly Differentiated and Anaplastic Thyroid Cancer: Insights into Genomics,
Microenvironment and New Drugs. Cancers, 13(13), 3200. https://doi.org/10.3390/cancers13133200

Prete, A., Pieroni, E., Marrama, E., Bruschini, L., Ferrari, M., Scioti, G., Aprile, V., Guarracino, F.,
Ambrosini, C. E., Molinaro, E., Elisei, R., Lucchi, M., & Materazzi, G. (2024). Management of patients
with extensive locally advanced thyroid cancer: results of multimodal treatments. Journal of
endocrinological investigation, 47(5), 1165-1173. https://doi.org/10.1007/s40618-023-02234-w

Prior, I. A., Hood, F. E., & Hartley, J. L. (2020). The Frequency of Ras Mutations in Cancer. Cancer
research, 80(14), 2969-2974. https://doi.org/10.1158/0008-5472.CAN-19-3682

Prpi¢, M., Franceschi, M., Romi¢, M., Juki¢, T., & Kusi¢, Z. (2018). THYROGLOBULIN AS A TUMOR
MARKER IN DIFFERENTIATED THYROID CANCER - CLINICAL CONSIDERATIONS. Acta clinica
Croatica, 57(3), 518-527. https://doi.org/10.20471/acc.2018.57.03.16

Pusztaszeri, Marc & Stelow, Edward & Westra, William & Zakowski, Maureen & Mastorakis, Emmanuel.
(2023). Papillary Thyroid Carcinoma, Subtypes, and Related Tumors. The Bethesda System for Reporting
Thyroid Cytopathology, (pp.135-176) https://doi.org/10.1007/978-3-031-28046-7_8

QIAGEN. (2020, February). QlAamp® DNA FFPE Tissue Handbook.
https://www.qgiagen.com/us/resources/resourcedetail ?id=7d3df4c2-b522-4f6d-b990-
Oac3a71799b6&lang=en

Ragusa, F., Ferrari, S. M., Elia, G., Paparo, S. R., Balestri, E., Botrini, C., Patrizio, A., Mazzi, V., Guglielmi,
G., Foddis, R., Spinelli, C., Ulisse, S., Antonelli, A., & Fallahi, P. (2022). Combination Strategies Involving
Immune Checkpoint Inhibitors and Tyrosine Kinase or BRAF Inhibitors in Aggressive Thyroid Cancer.
International journal of molecular sciences, 23(10), 5731. https://doi.org/10.3390/ijms23105731

203 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Rajabi, S., Alix-Panabiéres, C., Alaei, A. S., Abooshahab, R., Shakib, H., & Ashrafi, M. R. (2022). Looking
at Thyroid Cancer from the Tumor-Suppressor Genes Point of View. Cancers, 14(10), 2461.
https://doi.org/10.3390/cancers14102461

Ran, R., Tu, G,, Li, H., Wang, H., Mou, E., & Liu, C. (2021). Genetic Variants Associated with Thyroid
Cancer Risk: Comprehensive Research Synopsis, Meta-Analysis, and Cumulative Epidemiological
Evidence. Journal of oncology, 2021, 9967599. https://doi.org/10.1155/2021/9967599

Rangel-Pozzo, A., Sisdelli, L., Cordioli, M. 1. V., Vaisman, F., Caria, P., Mai, S., & Cerutti, J. M. (2020).
Genetic Landscape of Papillary Thyroid Carcinoma and Nuclear Architecture: An Overview Comparing
Pediatric and Adult Populations. Cancers, 12(11), 3146. https://doi.org/10.3390/cancers12113146

Ravindran, Hiran Kattilaparambil. Papillary Carcinoma Thyroid — Histological Subtypes and Clinical
Significance. Journal of Head & Neck Physicians and Surgeons 10(1):p 30-35, Jan—Jun 2022. | DOI:
10.4103/jhnps.jhnps_32_22

Rehman, A. U., Ehsan, M., Javed, H., Ameer, M. Z., Mohsin, A., Aemaz Ur Rehman, M., Nawaz, A.,
Amjad, Z., & Ameer, F. (2022). Solitary and multiple thyroid nodules as predictors of malignancy: a
systematic review and meta-analysis. Thyroid research, 15(1), 22. https://doi.org/10.1186/s13044-022-
00140-6

Remer, L. F., Lee, C. I, Picado, O., & Lew, J. . (2022). Sex Differences in Papillary Thyroid Cancer.
Journal of Surgical Research, 271, 163-170. https://doi.org/10.1016/j.jss.2021.11.004

Resende de Paiva, C., Grgnhgj, C., Feldt-Rasmussen, U., & von Buchwald, C. (2017). Association between
Hashimoto's Thyroiditis and Thyroid Cancer in 64,628 Patients. Frontiers in oncology, 7, 53.
https://doi.org/10.3389/fonc.2017.00053

Riesco-Eizaguirre, G., Santisteban, P., & De la Vieja, A. (2021). The complex regulation of NIS expression
and activity in thyroid and extrathyroidal tissues. Endocrine-related cancer, 28(10), T141-T165.
https://doi.org/10.1530/ERC-21-0217

Romén-Gil, M. S., Pozas, J., Rosero-Rodriguez, D., Chamorro-Pérez, J., Ruiz-Granados, A., Caracuel, I.
R., Grande, E., Molina-Cerrillo, J., & Alonso-Gordoa, T. (2022). Resistance to RET targeted therapy in
Thyroid Cancer: Molecular basis and overcoming strategies. Cancer treatment reviews, 105, 102372.
https://doi.org/10.1016/j.ctrv.2022.102372

Rossi, E. D., Agarwal, S., Erkilic, S., Hang, J. F., Jalaly, J. B., Khanafshar, E., Ladenheim, A., & Baloch,
Z. (2024). Psammoma bodies in thyroid: are they always indicative of malignancy? A multi-institutional
study. Virchows Archiv : an international journal of pathology, 485(5), 853-858.
https://doi.org/10.1007/s00428-024-03934-1

Rovira, A., Carroll, P., & Simo, R. (2023). Thyroid lymphoma. Current opinion in otolaryngology & head
and neck surgery, 31(2), 83-88. https://doi.org/10.1097/M0O0.0000000000000875

Russell, M. D., & Orloff, L. A. (2022). Ultrasonography of the thyroid, parathyroids, and beyond.
Sonographie der Schilddrise, der Nebenschilddriisen und dariiber hinaus. HNO, 70(5), 333-344.
https://doi.org/10.1007/s00106-022-01162-0

204 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Sabi E. M. (2024). The role of genetic and epigenetic modifications as potential biomarkers in the diagnosis
and prognosis of thyroid cancer. Frontiers in oncology, 14, 1474267.
https://doi.org/10.3389/fonc.2024.1474267

Saenko, V., & Mitsutake, N. (2024). Radiation-Related Thyroid Cancer. Endocrine reviews, 45(1), 1-29.
https://doi.org/10.1210/endrev/bnad022

Sako, A., Matsuse, M., Saenko, V., Tanaka, A., Otsubo, R., Morita, M., Kuba, S., Nishihara, E., Suzuki,
K., Ogi, T., Kawakami, A., & Mitsutake, N. (2024). TERT Promoter Mutations Increase Tumor
Aggressiveness by Altering TERT mRNA Splicing in Papillary Thyroid Carcinoma. The Journal of clinical
endocrinology and metabolism, 109(10), e1827-e1838. https://doi.org/10.1210/clinem/dgae220

Salas-Lucia, F., & Bianco, A. C. (2022). T3 levels and thyroid hormone signaling. Frontiers in
endocrinology, 13, 1044691. https://doi.org/10.3389/fend0.2022.1044691

Sang, Y., Hu, G., Xue, J., Chen, M., Hong, S., & Liu, R. (2024). Risk stratification by combining common
genetic mutations and TERT promoter methylation in papillary thyroid cancer. Endocrine, 85(1), 304-312.
https://doi.org/10.1007/s12020-024-03722-6

Santa Maria, C., & O'Dell, K. (2024). Dysphagia as a Manifestation of Endocrine and Metabolic Disorders.
Otolaryngologic clinics of North America, 57(4), 657-668. https://doi.org/10.1016/j.0tc.2024.02.024

Satam, H., Joshi, K., Mangrolia, U., Waghoo, S., Zaidi, G., Rawool, S., Thakare, R. P., Banday, S., Mishra,
A. K, Das, G., & Malonia, S. K. (2023). Next-Generation Sequencing Technology: Current Trends and
Advancements. Biology, 12(7), 997. https://doi.org/10.3390/biology12070997

Sato, A., Tanabe, M., Tsuboi, Y., Niwa, T., Shinozaki-Ushiku, A., Seto, Y., & Murakami, Y. (2021).
Circulating Tumor DNA Harboring the BRAFV600E Mutation May Predict Poor Outcomes of Primary
Papillary Thyroid Cancer Patients. Thyroid : official journal of the American Thyroid Association, 31(12),
1822-1828. https://doi.org/10.1089/thy.2021.0267

Sawhney, S., Vaish, R., Jain, S., Mittal, N., Ankathi, S. K., Thiagarajan, S., & Chaukar, D. (2022).
Parathyroid Carcinoma: a Review. Indian journal of surgical oncology, 13(1), 133-142.
https://doi.org/10.1007/s13193-021-01343-3

Sawka, A. M., Ghai, S., Tomlinson, G., Baxter, N. N., Corsten, M., Imran, S. A., Bissada, E., Lebouef, R.,
Audet, N., Brassard, M., Zhang, H., Gupta, M., Nichols, A. C., Morrison, D., Johnson-Obeski, S., Prisman,
E., Anderson, D., Chandarana, S. P., Ghaznavi, S., Jones, J., ... Canadian Thyroid Cancer Active
Surveillance Study Group (2021). A Protocol for a Pan-Canadian Prospective Observational Study on
Active Surveillance or Surgery for Very Low Risk Papillary Thyroid Cancer. Frontiers in endocrinology,
12, 686996. https://doi.org/10.3389/fendo.2021.686996

Schonfeld, S. J., Morton, L. M., Berrington de Gonzélez, A., Curtis, R. E., & Kitahara, C. M. (2020). Risk
of second primary papillary thyroid cancer among adult cancer survivors in the United States, 2000-2015.
Cancer epidemiology, 64, 101664. https://doi.org/10.1016/j.canep.2019.101664

Semenkovich, N. P., Szymanski, J. J., Earland, N., Chauhan, P. S., Pellini, B., & Chaudhuri, A. A. (2023).
Genomic approaches to cancer and minimal residual disease detection using circulating tumor DNA.
Journal for immunotherapy of cancer, 11(6), e006284. https://doi.org/10.1136/jitc-2022-006284

205 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Sepek, M., Marciniak, D., Gtod, M., Kaliszewski, K., Rudnicki, J., & Wojtczak, B. (2023). Risk Factors
for  Calcium-Phosphate  Disorders after Thyroid Surgery. Biomedicines, 11(8), 2299.
https://doi.org/10.3390/biomedicines11082299

Seyed-Alagheband, S. A., Sharifian, M., Adeli, O. A., Sohooli, M., & Shekouhi, R. (2021). Primary
synovial sarcoma of thyroid gland: A case report and review of literature. International journal of surgery
case reports, 85, 106245. https://doi.org/10.1016/j.ijscr.2021.106245

Shafabakhsh, R., Asemi, Z., Mansournia, M. A., Yousefi, B., & Hallajzadeh, J. (2023). CircRNAs: A Novel
Strategy in Diagnosis and Treatment of Thyroid Cancer. Current molecular medicine, 23(8), 737-747.
https://doi.org/10.2174/1566524022666220701141914

Shank, J. B., Are, C., & Wenos, C. D. (2022). Thyroid Cancer: Global Burden and Trends. Indian journal
of surgical oncology, 13(1), 40-45. https://doi.org/10.1007/s13193-021-01429-y

Shao, C., Li, Z.,, Zhang, C., Zhang, W., He, R., Xu, J., & Cai, Y. (2022). Optical diagnostic imaging and
therapy for thyroid cancer. Materials today. Bio, 17, 100441. https://doi.org/10.1016/j.mtbio.2022.100441

Shay, J. W., & Wright, W. E. (2019). Telomeres and telomerase: three decades of progress. Nature reviews.
Genetics, 20(5), 299-309. https://doi.org/10.1038/s41576-019-0099-1

Shen, X., Zhu, G., Liu, R., Viola, D., Elisei, R., Puxeddu, E., Fugazzola, L., Colombo, C., Jarzab, B.,
Czarniecka, A., Lam, A. K., Mian, C., Vianello, F., Yip, L., Riesco-Eizaguirre, G., Santisteban, P., O'Neill,
C. J., Sywak, M. S,, Clifton-Bligh, R., Bendlova, B., ... Xing, M. (2018). Patient Age-Associated Mortality
Risk Is Differentiated by BRAF V600E Status in Papillary Thyroid Cancer. Journal of clinical oncology :
official  journal of the American Society of Clinical Oncology, 36(5), 438-445.
https://doi.org/10.1200/JC0O.2017.74.5497

Shen, Y., Wang, X., Wang, L., Xiong, D., Wu, C., Cen, L., Xie, L., & Li, X. (2024). Modifiable risk factors
for thyroid cancer: lifestyle and residence environment. Endokrynologia Polska, 75(2), 119-129.
https://doi.org/10.5603/ep.97258

Shi, D., Yao, M., Wu, D., Jiang, M., Li, J., Zheng, Y., & Yang, Y. (2024). Detection of genetic mutations
in 855 cases of papillary thyroid carcinoma by next generation sequencing and its clinicopathological
features. Diagnostic pathology, 19(1), 146. https://doi.org/10.1186/s13000-024-01573-3

Shi, L., Chen, H., Qin, Y. Y., Gan, T. Q., & Wei, K. L. (2020). Clinical and biologic roles of PDGFRA in
papillary thyroid cancer: a study based on immunohistochemical and in vitro analyses. International journal
of clinical and experimental pathology, 13(5), 1094-1107

Shi, Y. B., Chen, S. Y., & Liu, R. B. (2023). The new insights into autophagy in thyroid cancer progression.
Journal of translational medicine, 21(1), 413. https://doi.org/10.1186/s12967-023-04265-6

Shim, S. R., Kitahara, C. M., Cha, E. S., Kim, S. J., Bang, Y. J., & Lee, W. J. (2021). Cancer Risk After
Radioactive lodine Treatment for Hyperthyroidism: A Systematic Review and Meta-analysis. JAMA
network open, 4(9), e2125072. https://doi.org/10.1001/jamanetworkopen.2021.25072

Shobab, L., Al-Souri, D., Mathews-Kim, L., McCoy, M., Kuenstner, W., Hubbard, G. K., Kumari, S., Chou,
J., Lee, W., Rosen, J., Klubo-Gwiezdzinska, J., Atkins, M., Wartofsky, L., Vasko, V., & Burman, K. (2024).
PD-L1 Expression Varies in Thyroid Cancer Types and Is Associated with Decreased Progression Free

206 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Survival (PFS) in Patients with Anaplastic Thyroid Cancer. Cancers, 16(21), 3632.
https://doi.org/10.3390/cancers16213632

Siemens Healthineers. (n.d.). Siemens Healthineers: Pioneering breakthroughs in healthcare. Siemens
Healthineers. https://www.siemens-healthineers.com/

Signore, A., Lauri, C., Di Paolo, A., Stati, V., Santolamazza, G., Capriotti, G., Prosperi, D., Tofani, A,
Valabrega, S., & Campagna, G. (2023). Predictive Role of Serum Thyroglobulin after Surgery and before
Radioactive lodine Therapy in Patients with Thyroid Carcinoma. Cancers, 15(11), 2976.
https://doi.org/10.3390/cancers15112976

Silaghi, H., Lozovanu, V., Georgescu, C. E., Pop, C., Nasui, B. A., Catoi, A. F., & Silaghi, C. A. (2022).
State of the Art in the Current Management and Future Directions of Targeted Therapy for Differentiated
Thyroid Cancer. International journal of molecular sciences, 23(7), 3470.
https://doi.org/10.3390/ijms23073470

Singh R. R. (2022). Target Enrichment Approaches for Next-Generation Sequencing Applications in
Oncology. Diagnostics (Basel, Switzerland), 12(7), 1539. https://doi.org/10.3390/diagnostics12071539

Singh, A. K., Olsen, M. F., Lavik, L. A. S., Vold, T., Drablgs, F., & Sjursen, W. (2021). Detecting copy
number variation in next generation sequencing data from diagnostic gene panels. BMC medical genomics,
14(1), 214. https://doi.org/10.1186/s12920-021-01059-x

Singh, A., Ham, J., Po, J. W., Niles, N., Roberts, T., & Lee, C. S. (2021). The Genomic Landscape of
Thyroid Cancer Tumourigenesis and Implications for Immunotherapy. Cells, 10(5), 1082.
https://doi.org/10.3390/cells10051082

Singh, Swati & Behl, Tapan & Kumar, Dhruv. (2024). Molecular mechanism(s) of angiogenesis,
inflammation, and oxidative stress in cancer. 10.1016/B978-0-443-13587-3.00008-4.

Sinha, R. A, & Yen, P. M. (2024). Metabolic Messengers: Thyroid Hormones. Nature metabolism, 6(4),
639-650. https://doi.org/10.1038/s42255-024-00986-0

Smyth, P. P. (2021). lodine, Seaweed, and the Thyroid. European Thyroid Journal, 10(2), 101-108.
Retrieved Jan 13, 2025, from https://doi.org/10.1159/000512971

Soares, P., POvoa, A.A., Melo, M. et al. Molecular Pathology of Non-familial Follicular Epithelial-Derived
Thyroid Cancer in Adults: From RAS/BRAF-like Tumor Designations to Molecular Risk Stratification.
Endocr Pathol 32, 44-62 (2021). https://doi.org/10.1007/s12022-021-09666-1

Soetedjo, N. N. M., Agustini, D., & Permana, H. (2024). The impact of thyroid disorder on cardiovascular
disease: Unraveling the connection and implications for patient care. International journal of cardiology.
Heart & vasculature, 55, 101536. https://doi.org/10.1016/j.ijcha.2024.101536

Son, H., Lee, H., Kang, K., & Lee, I. (2018). The risk of thyroid cancer and obesity: A nationwide
population-based study using the Korea National Health Insurance Corporation cohort database. Surgical
Oncology, 27(2), 166-171. https://doi.org/10.1016/j.suronc.2018.03.001

207 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Song, M., Liu, Q., Sun, W., & Zhang, H. (2023). Crosstalk between Thyroid Carcinoma and Tumor-
Correlated Immune Cells in the Tumor Microenvironment. Cancers, 15(10), 2863.
https://doi.org/10.3390/cancers15102863

Song, P., Pan, G., Zhang, Y., Ni, Y., Wang, Q., Shi, J., Peng, Y., Jing, R., & Luo, D. (2024). Prospects and
Challenges of Immunotherapy for Thyroid Cancer. Endocrine practice : official journal of the American
College of Endocrinology and the American Association of Clinical Endocrinologists, S1530-
891X(24)00840-1. Advance online publication. https://doi.org/10.1016/j.eprac.2024.11.012

Song, W.J.,Um, I. C., Kwon, S.R,, Lee, J. H., Lim, H. W., Jeong, Y. U., Chung, S. M., Moon, J. S., Yoon,
J. S., Won, K. C., & Lee, H. W. (2023). Predictive factors of lymph node metastasis in papillary thyroid
cancer. PloS one, 18(11), e0294594. https://doi.org/10.1371/journal.pone.0294594

Song, Z., Wu, C., Kasmirski, J., Gillis, A., Fazendin, J., Lindeman, B., & Chen, H. (2024). Incidental
Thyroid Nodules on Computed Tomography: A Systematic Review and Meta-Analysis Examining
Prevalence, Follow-Up, and Risk of Malignancy. Thyroid : official journal of the American Thyroid
Association, 34(11), 1389-1400. https://doi.org/10.1089/thy.2024.0313

Staubitz-Vernazza, J. |., Lederer, A. K., Bouzakri, N., Lozan, O., Wild, F., & Musholt, T. J. (2024). Calcium
and vitamin D substitution for hypoparathyroidism after thyroidectomy - how is it continued after discharge
from hospital?. Langenbeck's archives of surgery, 409(1), 373. https://doi.org/10.1007/s00423-024-03556-
w

Stenman, A., Backman, S., Johansson, K., Paulsson, J. O., Stalberg, P., Zedenius, J., & Juhlin, C. C. (2021).
Pan-genomic characterization of high-risk pediatric papillary thyroid carcinoma. Endocrine-Related
Cancer, 28(5), 337-351. Retrieved Jan 19, 2025, from https://doi.org/10.1530/ERC-20-0464

Stenman, A., Kjellman, M., Zedenius, J., & Juhlin, C. C. (2022). Synchronous lateral lymph node
metastases from papillary and follicular thyroid carcinoma: case report and review of the literature. Thyroid
research, 15(1), 1. https://doi.org/10.1186/s13044-022-00120-w

Stewart, L. A., & Kuo, J. H. (2021). Advancements in the treatment of differentiated thyroid cancer.
Therapeutic  advances in  endocrinology and  metabolism, 12, 20420188211000251.
https://doi.org/10.1177/20420188211000251

Strieder, D. L., Cristo, A. P., Zanella, A. B., Faccin, C. S., Farenzena, M., Graudenz, M. S., Dora, J. M.,
Maia, A. L., & Scheffel, R. S. (2022). Using an ultrasonography risk stratification system to enhance the
thyroid fine needle aspiration performance. European journal of radiology, 150, 110244.
https://doi.org/10.1016/j.ejrad.2022.110244

Su X, Li Z., He C., Chen W., Fu X., Yang A. Radiation exposure, young age, and female gender are
associated with high prevalence of RET/PTC1 and RET/PTC3 in papillary thyroid cancer: a meta-analysis.
Oncotarget. 2016; 7: 16716-16730. Retrieved from https://www.oncotarget.com/article/7574/text/

Su,J. Y., Huang, T., Zhang, J. L., Lu,J. H., Wang, M. L., Yan, J., Lin, R. B., Lin, S. Y., & Wang, J. (2024).
Leveraging molecular targeted drugs and immune checkpoint inhibitors treat advanced thyroid carcinoma
to achieve thyroid carcinoma redifferentiation. American journal of cancer research, 14(2), 407-428.
https://doi.org/10.62347/EJAA3388

208 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Su, Y. P., Niu, H. W, Chen, J. B., Fu, Y. H., Xiao, G. B., & Sun, Q. F. (2014). Radiation dose in the thyroid
and the thyroid cancer risk attributable to CT scans for pediatric patients in one general hospital of China.
International  journal of environmental research and public health, 11(3), 2793-2803.
https://doi.org/10.3390/ijerph110302793

Suh, Y. J,, Kwon, M. J., Noh, H. M., Lee, H. K., Ra, Y. J., & Kim, N. Y. (2021). Limited Clinical and
Diagnostic Utility of Circulating Tumor DNA Detection in Patients with Early-Stage Well-Differentiated
Thyroid Cancer: Comparison with Benign Thyroid Nodules and Healthy Individuals. Healthcare (Basel,
Switzerland), 9(4), 386. https://doi.org/10.3390/healthcare9040386

Sun, N., Ogulur, 1., Mitamura, Y., Yazici, D., Pat, Y., Bu, X., Li, M., Zhu, X., Babayev, H., Ardicli, S.,
Ardicli, O., D'Avino, P., Kiykim, A., Sokolowska, M., van de Veen, W., Weidmann, L., Akdis, D.,
Ozdemir, B. G., Briiggen, M. C., Biedermann, L., ... Akdis, C. A. (2024). The epithelial barrier theory and
its associated diseases. Allergy, 79(12), 3192-3237. https://doi.org/10.1111/all.16318

Sun, N., Ogulur, I., Mitamura, Y., Yazici, D., Pat, Y., Bu, X., Li, M., Zhu, X., Babayev, H., Ardicli, S.,
Ardicli, O., D'Avino, P., Kiykim, A., Sokolowska, M., van de Veen, W., Weidmann, L., Akdis, D.,
Ozdemir, B. G., Briiggen, M. C., Biedermann, L., ... Akdis, C. A. (2024). The epithelial barrier theory and
its associated diseases. Allergy, 79(12), 3192-3237. https://doi.org/10.1111/all.16318

Sun, W., Hu, Q., Liu, Z., Zhang, Q., & Wang, J. (2024). Analysis of the clonal origin and differences in the
biological behavior of multifocal papillary thyroid carcinoma. Oncology letters, 28(5), 544.
https://doi.org/10.3892/01.2024.14677

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, |., Jemal, A., & Bray, F. (2021). Global
Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in
185 Countries. CA: a cancer journal for clinicians, 71(3), 209-249. https://doi.org/10.3322/caac.21660

Sur, M. L., Gaga, R., Lazar, C., Lazea, C., Aldea, C., & Sur, D. (2020). Papillary thyroid carcinoma in
children with Hashimoto's thyroiditis - a review of the literature between 2000 and 2020. Journal of
pediatric endocrinology & metabolism: JPEM, 33(12), 1511-1517. https://doi.org/10.1515/jpem-2020-
0383

Suteau, V., Munier, M., Briet, C., & Rodien, P. (2021). Sex Bias in Differentiated Thyroid Cancer.
International Journal of Molecular Sciences, 22(23), 12992. https://doi.org/10.3390/ijms222312992

Suzuki, K., Mitsutake, N., Saenko, V., & Yamashita, S. (2015). Radiation signatures in childhood thyroid
cancers after the Chernobyl accident: possible roles of radiation in carcinogenesis. Cancer science, 106(2),
127-133. https://doi.org/10.1111/cas.12583

Suzuki, M., Moriya, S., Kobayashi, S., Nishijima, Y., Fujii, T., Ikota, H., Yokoo, H., & Saio, M. (2021).
Computer-assisted image analysis of cytological specimens clarify the correlation between nuclear size and
intranuclear cytoplasmic inclusions regardless of BRAFVG600E mutation in papillary thyroid carcinoma.
Cytopathology : official journal of the British Society for Clinical Cytology, 32(6), 718-731.
https://doi.org/10.1111/cyt.13022

Tafe, L. J., Pierce, K. J., Peterson, J. D., de Abreu, F., Memoli, V. A., Black, C. C., Pettus, J. R., Marotti,
J. D., Gutmann, E. J., Liu, X., Shirai, K., Dragnev, K. H., Amos, C. I., & Tsongalis, G. J. (2016). Clinical
Genotyping of Non-Small Cell Lung Cancers Using Targeted Next-Generation Sequencing: Utility of

209 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Identifying Rare and Co-mutations in Oncogenic Driver Genes. Neoplasia (New York, N.Y.), 18(9), 577-
583. https://doi.org/10.1016/j.ne0.2016.07.010

Tanda, M.L., Ippolito, S. (2022). Thyroid Hormone Receptors. In: La Rosa, S., Uccella, S. (eds) Endocrine
Pathology. Encyclopedia of Pathology. Springer, Cham. https://doi.org/10.1007/978-3-030-62345-6_5290

Tao, Y., Li, P, Feng, C., & Cao, Y. (2023). New Insights into Immune Cells and Immunotherapy for
Thyroid Cancer. Immunological investigations, 52(8), 1039-1064.
https://doi.org/10.1080/08820139.2023.2268656

Tarigan, T. J. E., Anwar, B. S., Sinto, R., & Wisnu, W. (2022). Diagnostic accuracy of palpation versus
ultrasound-guided fine needle aspiration biopsy for diagnosis of malignancy in thyroid nodules: a
systematic  review and  meta-analysis. BMC  endocrine  disorders,  22(1), 181
https://doi.org/10.1186/s12902-022-01085-5

Taylor, P. N., Lansdown, A., Witczak, J., Khan, R., Rees, A., Dayan, C. M., & Okosieme, O. (2023). Age-
related variation in thyroid function - a narrative review highlighting important implications for research
and clinical practice. Thyroid research, 16(1), 7. https://doi.org/10.1186/s13044-023-00149-5

Tirro, E., Martorana, F., Romano, C., Vitale, S. R., Motta, G., Di Gregorio, S., Massimino, M., Pennisi, M.
S., Stella, S., Puma, A., Giani, F., Russo, M., Manzella, L., & Vigneri, P. (2019). Molecular Alterations in
Thyroid Cancer: From Bench to Clinical Practice. Genes, 10(9), 709.
https://doi.org/10.3390/genes10090709

Tong, J., Ruan, M., Jin, Y., Fu, H., Cheng, L., Luo, Q., Liu, Z, Lv, Z.,, & Chen, L. (2022). Poorly
differentiated thyroid carcinoma: a clinician's perspective. European thyroid journal, 11(2), e220021.
https://doi.org/10.1530/ETJ-22-0021

Toraih, E. A., Hussein, M. H., Zerfaoui, M., Attia, A. S., Marzouk Ellythy, A., Mostafa, A., Ruiz, E. M. L.,
Shama, M. A., Russell, J. O., Randolph, G. W., & Kandil, E. (2021). Site-Specific Metastasis and Survival
in Papillary Thyroid Cancer: The Importance of Brain and Multi-Organ Disease. Cancers, 13(7), 1625.
https://doi.org/10.3390/cancers13071625

Toro-Tobon, D., Loor-Torres, R., Duran, M., Fan, J. W., Singh Ospina, N., Wu, Y., & Brito, J. P. (2023).
Artificial Intelligence in Thyroidology: A Narrative Review of the Current Applications, Associated
Challenges, and Future Directions. Thyroid : official journal of the American Thyroid Association, 33(8),
903-917. https://doi.org/10.1089/thy.2023.0132

Trimboli, P., Bojunga, J., Deandrea, M., Frasca, F., Imperiale, A., Leoncini, A., Paone, G., Pitoia, F.,
Rotondi, M., Sadeghi, R., Scappaticcio, L., Treglia, G., & Piccardo, A. (2024). Reappraising the role of
thyroid scintigraphy in the era of TIRADS: A clinically-oriented viewpoint. Endocrine, 85(3), 1035-1040.
https://doi.org/10.1007/s12020-024-03825-0

Tufail, M., Jiang, C. H., & Li, N. (2025). Wnt signaling in cancer: from biomarkers to targeted therapies
and clinical translation. Molecular cancer, 24(1), 107. https://doi.org/10.1186/5s12943-025-02306-w

Turner, N., Hamidi, S., Ouni, R., Rico, R., Henderson, Y. C., Puche, M., Alekseev, S., Colunga-Minutti, J.
G., Zafereo, M. E., Lai, S. Y., Kim, S. T., Cabanillas, M. E., & Nurieva, R. (2024). Emerging therapeutic

210 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

options for follicular-derived thyroid cancer in the era of immunotherapy. Frontiers in immunology, 15,
1369780. https://doi.org/10.3389/fimmu.2024.1369780

Tuttle, R. M., & Alzahrani, A. S. (2019). Risk Stratification in Differentiated Thyroid Cancer: From
Detection to Final Follow-Up. The Journal of clinical endocrinology and metabolism, 104(9), 4087-4100.
https://doi.org/10.1210/jc.2019-00177

Tuttle, R. M., Haugen, B., & Perrier, N. D. (2017). Updated American Joint Committee on Cancer/Tumor-
Node-Metastasis Staging System for Differentiated and Anaplastic Thyroid Cancer (Eighth Edition): What
Changed and Why?. Thyroid : official journal of the American Thyroid Association, 27(6), 751-756.
https://doi.org/10.1089/thy.2017.0102

Ullmann, T.M., Thiesmeyer, J.W., Lee, Y.J. et al. RET Fusion-Positive Papillary Thyroid Cancers are
Associated with a More Aggressive Phenotype. Ann Surg Oncol 29, 4266-4273 (2022).
https://doi.org/10.1245/s10434-022-11418-2

Uno, D., Endo, K., Yoshikawa, T., Hirai, N., Kobayashi, E., Nakanishi, Y., Kondo, S., & Yoshizaki, T.
(2024). Correlation between gene mutations and clinical characteristics in papillary thyroid cancer: a
retrospective analysis of BRAF mutations and RET rearrangements. Thyroid research, 17(1), 21.
https://doi.org/10.1186/s13044-024-00209-4

Valenzano, M., Giaccherino, R. R., Pagano, L., Garberoglio, S., & Garberoglio, R. (2025). Ultrasound
Assessment and Sexual Dimorphism of Thyroid Nodules: Bringing Gender Medicine to Clinical Practice.
Endocrines, 6(2), 15. https://doi.org/10.3390/endocrines6020015

Valerio, L., Maino, F., Castagna, M. G., & Pacini, F. (2023). Radioiodine therapy in the different stages of
differentiated thyroid cancer. Best practice & research. Clinical endocrinology & metabolism, 37(1),
101703. https://doi.org/10.1016/j.beem.2022.101703

van Gerwen, M., Cerutti, J. M., Mendes, T. B., Brody, R., Genden, E., Riggins, G. J., & Taioli, E. (2023).
TERT and BRAF V600E mutations in thyroid cancer of World Trade Center Responders. Carcinogenesis,
44(4), 350-355. https://doi.org/10.1093/carcin/bgad029

Van Uytfanghe, K., Ehrenkranz, J., Halsall, D., Hoff, K., Loh, T. P., Spencer, C. A., & Kbhrle, J. (2023).
Thyroid Stimulating Hormone and Thyroid Hormones (Triiodothyronine and Thyroxine): An American
Thyroid Association-Commissioned Review of Current Clinical and Laboratory Status. Thyroid : official
journal of the American Thyroid Association, 33(9), 1013-1028. https://doi.org/10.1089/thy.2023.0169

Vander Heiden, M. G., Cantley, L. C., & Thompson, C. B. (2009). Understanding the Warburg effect: the
metabolic requirements of cell proliferation. Science (New York, N.Y.), 324(5930), 1029-1033.
https://doi.org/10.1126/science.1160809

Vaser, R., Adusumalli, S., Leng, S. et al. SIFT missense predictions for genomes. Nat Protoc 11, 1-9 (2016).
https://doi.org/10.1038/nprot.2015.123

Veiga, L. H., Holmberg, E., Anderson, H., Pottern, L., Sadetzki, S., Adams, M. J., Sakata, R., Schneider,
A. B., Inskip, P., Bhatti, P., Johansson, R., Neta, G., Shore, R., de Vathaire, F., Damber, L., Kleinerman,
R., Hawkins, M. M., Tucker, M., Lundell, M., & Lubin, J. H. (2016). Thyroid Cancer after Childhood

211 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Exposure to External Radiation: An Updated Pooled Analysis of 12 Studies. Radiation research, 185(5),
473-484. https://doi.org/10.1667/RR14213.1

Vujovic, F., & Farahani, R. M. (2025). Thyroid Hormones and Brain Development: A Focus on the Role
of  Mitochondria as  Regulators of  Developmental Time. Cells, 14(3), 150.
https://doi.org/10.3390/cells14030150

Vuong, H. G., Le, M. K., Hassell, L., Kondo, T., & Kakudo, K. (2022). The differences in distant metastatic
patterns and their corresponding survival between thyroid cancer subtypes. Head & neck, 44(4), 926-932.
https://doi.org/10.1002/hed.26987

Wang, B., Huang, J., & Chen, L. (2024). Management of medullary thyroid cancer based on variation of
carcinoembryonic  antigen and calcitonin.  Frontiers in  endocrinology, 15, 1418657.
https://doi.org/10.3389/fend0.2024.1418657

Wang, P., Dong, Z., Zhao, S., Su, Y., Zhang, J., Ma, Y., Diao, C., Qian, J., Cheng, R., & Liu, W. (2024).
Trends of the prevalence rate of central lymph node metastasis and multifocality in patients with low-risk
papillary thyroid carcinoma after delayed thyroid surgery. Frontiers in endocrinology, 15, 1349272.
https://doi.org/10.3389/fend0.2024.1349272

Wang, Q., Zeng, Z., Nan, J., Zheng, Y., & Liu, H. (2022). Cause of Death Among Patients With Thyroid
Cancer: A Population-Based Study. Frontiers in oncology, 12, 852347.
https://doi.org/10.3389/fonc.2022.852347

Wang, W., Ding, Y., Meng, C., Li, P., Bai, N., & Li, X. (2023). Patient's age with papillary thyroid cancer:
Is it a key factor for cervical lymph node metastasis?. European journal of surgical oncology : the journal
of the European Society of Surgical Oncology and the British Association of Surgical Oncology, 49(7),
1147-1153. https://doi.org/10.1016/j.ejs0.2023.02.011

Wang, X., Wang, L., Lin, H., Zhu, Y., Huang, D., Lai, M., Xi, X., Huang, J., Zhang, W., & Zhong, T.
(2024). Research progress of CTC, ctDNA, and EVs in cancer liquid biopsy. Frontiers in oncology, 14,
1303335. https://doi.org/10.3389/fonc.2024.1303335

Wang, Y., Zhang, L., Liu, Z. (2023). Molecular Classification of Thyroid Tumors and Key Molecular
Features to Identify High-Grade Thyroid Carcinomas. In: Kakudo, K., Liu, Z., Jung, C.K., Hirokawa, M.,
Bychkov, A., Lai, CR. (eds) Thyroid FNA Cytology. Springer, Singapore. https://doi.org/10.1007/978-981-
99-6782-7_21

Wei, X., Wang, X., Xiong, J., Li, C., Liao, Y., Zhu, Y., & Mao, J. (2022). Risk and Prognostic Factors for
BRAFV600E Mutations in Papillary Thyroid Carcinoma. BioMed research international, 2022, 9959649.
https://doi.org/10.1155/2022/9959649

Wiersinga, W. M., Poppe, K. G., & Effraimidis, G. (2023). Hyperthyroidism: aetiology, pathogenesis,
diagnosis, management, complications, and prognosis. The lancet. Diabetes & endocrinology, 11(4), 282—
298. https://doi.org/10.1016/52213-8587(23)00005-0

Wijewardene, A., Clifton-Bligh, R. J., Wang, B., Luxford, C., Robinson, B. G., Bullock, M., & Gild, M.
(2025). Evaluating the prognostic potential of circulating cell-free DNA in advanced thyroid cancer.
Endocrine-related cancer, 32(2), e240227. https://doi.org/10.1530/ERC-24-0227

212 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Willard, N., Sholl, L., & Aisner, D. (2022). Panel Sequencing for Targeted Therapy Selection in Solid
Tumors. Clinics in laboratory medicine, 42(3), 309-323. https://doi.org/10.1016/j.cll.2022.04.004

Wilson, S. A., Stem, L. A., & Bruehlman, R. D. (2021). Hypothyroidism: Diagnosis and Treatment.
American family physician, 103(10), 605-613.

World Medical Association (2013). World Medical Association Declaration of Helsinki: ethical principles
for ~ medical research  involving  human  subjects. JAMA,  310(20), 2191-2194.
https://doi.org/10.1001/jama.2013.281053

Wu, Q., Hu, C., Feng, L., Yang, X., Cui, Y., Zhao, H., Xiao, T., & Guo, H. (2024). Comprehensive genomic
profiling of infiltrative follicular variant of papillary thyroid carcinoma. Cancer, 130(24), 4241-4256.
https://doi.org/10.1002/cncr.35517

Xie, J., Yao, W., Chen, L., Zhu, W., Liu, Q., Geng, G., Fang, J., Zhao, Y., Xiao, L., Huang, Z., & Zhao, J.
(2023). Plasma ctDNA increases tissue NGS-based detection of therapeutically targetable mutations in lung
cancers. BMC cancer, 23(1), 294. https://doi.org/10.1186/s12885-023-10674-z

Xing, M. (2013). Molecular pathogenesis and mechanisms of thyroid cancer. Nature Reviews Cancer,
13(3), 184-199. https://doi.org/10.1038/nrc3431

Xu, B., & Ghossein, R. A. (2023). Advances in Thyroid Pathology: High Grade Follicular Cell-derived
Thyroid Carcinoma and Anaplastic Thyroid Carcinoma. Advances in anatomic pathology, 30(1), 3-10.
https://doi.org/10.1097/PAP.0000000000000380

Xu, B., Gu, S. Y., Zhou, N. M., & Jiang, J. J. (2023). Association between thyroid stimulating hormone
levels and papillary thyroid cancer risk: A meta-analysis. Open life sciences, 18(1), 20220671.
https://doi.org/10.1515/biol-2022-0671

Xu, S., Huang, H., Huang, Y., Qian, J., Wang, X., Xu, Z., Liu, S., & Liu, J. (2023). Comparison of
Lobectomy vs Total Thyroidectomy for Intermediate-Risk Papillary Thyroid Carcinoma With Lymph Node
Metastasis. JAMA surgery, 158(1), 73-79. https://doi.org/10.1001/jamasurg.2022.5781

Xu, Y., Gao, F., Zhang, J., Cai, P., & Xu, D. (2022). Fibroblast growth factor receptor 2 promotes the
proliferation, migration, and invasion of ectopic stromal cells via activation of extracellular-signal-
regulated kinase signaling pathway in endometriosis. Bioengineered, 13(4), 8360-8371.
https://doi.org/10.1080/21655979.2022.2054207

Xue, T., Liu, C., Liu, J. J., Hao, Y. H., Shi, Y. P., Zhang, X. X., Zhang, Y. J., Zhao, Y. F., & Liu, L. P.
(2021). Analysis of the Relevance of the Ultrasonographic Features of Papillary Thyroid Carcinoma and
Cervical Lymph Node Metastasis on Conventional and Contrast-Enhanced Ultrasonography. Frontiers in
oncology, 11, 794399. https://doi.org/10.3389/fonc.2021.794399

Yabanoglu, H., Arer, I. M., & Ozarslan, F. (2024). PARATHYROID CANCER: REVIEW OF
UNCOMMON DISEASE. Acta endocrinologica (Bucharest, Romania : 2005), 20(2), 212-221.
https://doi.org/10.4183/aeb.2024.212

Yang, L., Ning, Q., & Tang, S. S. (2022). Recent Advances and Next Breakthrough in Immunotherapy for
Cancer Treatment. Journal of immunology research, 2022, 8052212. https://doi.org/10.1155/2022/8052212

213 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Yang, S. R., Tsai, M. H., Hung, C. J., Peng, S. L., Chiu, N. T., Huang, Y. H., & Tsai, H. J. (2021). Anaplastic
Thyroid Cancer Successfully Treated With Radiation and Immunotherapy: A Case Report. AACE clinical
case reports, 7(5), 299-302. https://doi.org/10.1016/j.aace.2021.03.003

Yang, X., Guo, N., Gao, X., Liang, J., Fan, X., & Zhao, Y. (2022). Meta-analysis of TSH suppression
therapy and the risk of cardiovascular events after thyroid cancer surgery. Frontiers in endocrinology, 13,
991876. https://doi.org/10.3389/fend0.2022.991876

Yang, X., Liang, J., Li, T.J., Yang, K., Liang, D. Q., Yu, Z., & Lin, Y. S. (2015). Postoperative stimulated
thyroglobulin level and recurrence risk stratification in differentiated thyroid cancer. Chinese medical
journal, 128(8), 1058-1064. https://doi.org/10.4103/0366-6999.155086

Yates, A. D., Achuthan, P., Akanni, W., Allen, J., Allen, J., Alvarez-Jarreta, J., Amode, M. R., Armean, I.
M., Azov, A. G., Bennett, R., Bhai, J., Billis, K., Boddu, S., Marugan, J. C., Cummins, C., Davidson, C.,
Dodiya, K., Fatima, R., Gall, A., Giron, C. G., ... Flicek, P. (2020). Ensembl 2020. Nucleic acids research,
48(D1), D682-D688. https://doi.org/10.1093/nar/gkz966

Yazdaan, H. E., Jaya, F., Sanjna, F., Junaid, M., Rasool, S., Baig, A., Natt, M. Z., Maurya, N., Igbal, S.,
Yeldo, B. A., Khan, A. S., Varrassi, G., Kumar, S., Khatri, M., & Awan, S. K. (2023). Advances in Thyroid
Function Tests: Precision Diagnostics and Clinical Implications. Cureus, 15(11), e48961.
https://doi.org/10.7759/cureus.48961

Ye, J., Coulouris, G., Zaretskaya, ., Cutcutache, I., Rozen, S., & Madden, T. L. (2012). Primer-BLAST: a
tool to design target-specific primers for polymerase chain reaction. BMC bioinformatics, 13, 134.
https://doi.org/10.1186/1471-2105-13-134

Yin, Y., Butler, C., & Zhang, Q. (2021). Challenges in the application of NGS in the clinical laboratory.
Human immunology, 82(11), 812-819. https://doi.org/10.1016/j.humimm.2021.03.011

Yu, K., Wu, X., Dai, L., Le, Q., Xie, Y., Wang, Y., & Zhang, W. (2024). Risk factors associated with lymph
node metastasis in papillary thyroid cancer: a retrospective analysis based on 2,428 cases. Frontiers in
oncology, 14, 1473858. https://doi.org/10.3389/fonc.2024.1473858

Yu, X., Zhang, H., Zhang, H., Hou, C., Wang, X., Gu, P., Han, Y., Yang, Z., & Zou, W. (2024). The role
of epigenetic methylations in thyroid Cancer. World journal of surgical oncology, 22(1), 281.
https://doi.org/10.1186/512957-024-03568-2

Yuan, S., Kar, S., Vithayathil, M., Carter, P., Mason, A.M., Burgess, S. and Larsson, S.C. (2020), Causal
associations of thyroid function and dysfunction with overall, breast and thyroid cancer: A two-sample
Mendelian randomization study. Int. J. Cancer, 147: 1895-1903. https://doi.org/10.1002/ijc.32988

Zahedi, A., Bondaz, L., Rajaraman, M., Leslie, W. D., Jefford, C., Young, J. E., Pathak, K. A, Bureau, Y.,
Rachinsky, 1., Badreddine, M., De Brabandere, S., Fong, H., Maniakas, A., & Van Uum, S. (2020). Risk
for Thyroid Cancer Recurrence Is Higher in Men Than in Women Independent of Disease Stage at
Presentation. Thyroid : official journal of the American Thyroid Association, 30(6), 871-877.
https://doi.org/10.1089/thy.2018.0775

Zahra, H. O., Omran, G. A, Gewely, A. G., Eldehn, A. F., Abdo, W., EImahallawy, E. K., & Okda, T. M.
(2021). Prognostic Value of Serum Thyroglobulin and Anti-Thyroglobulin Antibody in Thyroid Carcinoma

214 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Patients  following  Thyroidectomy.  Diagnostics  (Basel,  Switzerland), 11(11), 2080.
https://doi.org/10.3390/diagnostics11112080

Zalis, M., Viana Veloso, G. G., Aguiar, P. N., Jr, Gimenes, N., Reis, M. X., Matsas, S., & Ferreira, C. G.
(2024). Next-generation sequencing impact on cancer care: applications, challenges, and future directions.
Frontiers in genetics, 15, 1420190. https://doi.org/10.3389/fgene.2024.1420190

Zampella, E., Klain, M., Pace, L., & Cuocolo, A. (2021). PET/CT in the management of differentiated
thyroid cancer. Diagnostic and interventional imaging, 102(9), 515-523.
https://doi.org/10.1016/j.diii.2021.04.004

Zekri, Y., Flamant, F., & Gauthier, K. (2021). Central vs. Peripheral Action of Thyroid Hormone in
Adaptive Thermogenesis: A Burning Topic. Cells, 10(6), 1327. https://doi.org/10.3390/cells10061327

Zeng, P. Y. F., Prokopec, S. D, Lai, S. Y., Pinto, N., Chan-Seng-Yue, M. A., Clifton-Bligh, R., Williams,
M. D., Howlett, C. J., Plantinga, P., Cecchini, M. J., Lam, A. K., Siddiqui, 1., Wang, J., Sun, R. X., Watson,
J. D., Korah, R., Carling, T., Agrawal, N., Cipriani, N., Ball, D., ... Nichols, A. C. (2024). The genomic
and evolutionary landscapes of anaplastic thyroid carcinoma. Cell reports, 43(3), 113826.
https://doi.org/10.1016/j.celrep.2024.113826

Zhang, J., & Xu, S. (2024). High aggressiveness of papillary thyroid cancer: from clinical evidence to
regulatory cellular networks. Cell death discovery, 10(1), 378. https://doi.org/10.1038/s41420-024-02157-
2

Zhang, L., Feng, Q., Wang, J., Tan, Z., Li, Q., & Ge, M. (2023). Molecular basis and targeted therapy in
thyroid cancer: Progress and opportunities. Biochimica et biophysica acta. Reviews on cancer, 1878(4),
188928. https://doi.org/10.1016/j.bbcan.2023.188928

Zhang, L., Li, Z., Zhang, M., Zou, H., Bai, Y., Liu, Y., Lv, J,, Lv, L., Liu, P., Deng, Z., & Liu, C. (2023).
Advances in the molecular mechanism and targeted therapy of radioactive-iodine refractory differentiated
thyroid  cancer.  Medical oncology  (Northwood, London, England), 40(9), 258.
https://doi.org/10.1007/s12032-023-02098-3

Zhang, L., Zhou, M., Gao, X., Xie, Y., Xiao, J., Liu, T., & Zeng, X. (2023). Estrogen-related genes for
thyroid cancer prognosis, immune infiltration, staging, and drug sensitivity. BMC cancer, 23(1), 1048.
https://doi.org/10.1186/s12885-023-11556-0

Zhang, M. L., Guo, L. M., Li, P. C., Zhang, J. K., & Guo, C. X. (2022). An effective method to reduce
lymphatic drainage post-lateral cervical lymph node dissection of differentiated thyroid cancer: a
retrospective analysis. World journal of surgical oncology, 20(1), 294. https://doi.org/10.1186/s12957-022-
02759-z

Zhang, X., Gu, Y., Li, Y., Cui, H., Liu, X, Sun, H., Yu, Q., Yu, Y., Liu, Y., Zhan, S., & Cheng, Y. (2020).
Association of rs944289, rs965513, and rs1443434 in TITFL/TITF2 with Risks of Papillary Thyroid
Carcinoma and with Nodular Goiter in Northern Chinese Han Populations. International journal of
endocrinology, 2020, 4539747. https://doi.org/10.1155/2020/4539747

Zhang, X., Zhang, F., Li, Q., Feng, C., & Teng, W. (2022). lodine nutrition and papillary thyroid cancer.
Frontiers in nutrition, 9, 1022650. https://doi.org/10.3389/fnut.2022.1022650

215 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Zhang, Y., Deng, Y., Zhou, M., Wu, B., & Zhou, J. (2024). Intraglandular dissemination: a special
pathological feature. Frontiers in oncology, 14, 1428274. https://doi.org/10.3389/fonc.2024.1428274

Zhao, H., & Gong, Y. (2022). Radioactive iodine in low- to intermediate-risk papillary thyroid cancer.
Frontiers in endocrinology, 13, 960682. https://doi.org/10.3389/fend0.2022.960682

Zhao, H., De Souza, C., Kumar, V. E., Nambiar, R., Hao, D., Zhu, X,, Luo, Y., Liu, S., Zhang, L., & Zhu,
J. (2021). Long non-coding RNA signatures as predictors of prognosis in thyroid cancer: a narrative review.
Annals of translational medicine, 9(4), 359. https://doi.org/10.21037/atm-20-8191

Zhao, J., Xu, L., Sun, J., Song, M., Wang, L., Yuan, S., Zhu, Y., Wan, Z., Larsson, S., Tsilidis, K., Dunlop,
M., Campbell, H., Rudan, I., Song, P., Theodoratou, E., Ding, K., & Li, X. (2023). Global trends in
incidence, death, burden and risk factors of early-onset cancer from 1990 to 2019. BMJ oncology, 2(1),
e000049. https://doi.org/10.1136/bmjonc-2023-000049

Zhao, L., & Ma, B. (2022). Radiomics Features of Different Sizes of Medullary Thyroid Carcinoma (MTC)
and Papillary Thyroid Carcinoma (PTC) Tumors: A Comparative Study. Clinical Medicine Insights.
Oncology, 16, 11795549221097675. https://doi.org/10.1177/11795549221097675

Zhong, Y., Xu, F., Wu, J., Schubert, J., & Li, M. M. (2021). Application of Next Generation Sequencing in
Laboratory Medicine. Annals of laboratory medicine, 41(0), 25-43.
https://doi.org/10.3343/alm.2021.41.1.25

Zhu, X., Hu, C., Zhang, Z., Zhu, Y., Liu, W., Zheng, B., Feng, X., & Lu, H. (2024). PD-L1 and B7-H3 are
Effective Prognostic Factors and Potential Therapeutic Targets for High-Risk Thyroid Cancer. Endocrine
pathology, 35(3), 230—244. https://doi.org/10.1007/s12022-024-09822-3

216 | Page


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Chapter 6

Appendices


Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Questionnaire sample of the study
Department of Biochemistry and Molecular Biology
University of Dhaka

Study Title: Molecular and Biochemical Investigation of Papillary Thyroid Carcinoma in
the Bangladeshi Population

Section A: Participant Identification & Consent

1. Participant ID (Assigned code):
2. Date of Interview:
3. Interviewer Name & Signature:

Section B: Demographic Information

Age (years):

Sex: 0 Male o Female o Other

Ethnicity: o Bengali o Other (specify)

Place of residence: o0 Urban o Rural o Semi-urban

el A

Section C: Lifestyle & Environmental Exposure

1. Smoking status: o0 Current o Former o Never
o If yes, duration (years): Quantity/day:
Betel nut or tobacco chewing: o Yes o No
Alcohol consumption: 0 Yes o No
Occupational exposure to radiation/chemicals: o Yes o0 No (specify)
Residential proximity to industrial areas: o0 Yes o No

okrwn

Section D: Family History

1. Family history of thyroid cancer: o Yes o No
o Ifyes, relation:
2. Family history of other cancers: o Yes o No
o Ifyes, specify:
3. Family history of benign thyroid disease: 0 Yes 0 No
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Section E: Clinical Presentation

=

Duration of symptoms before diagnosis: months

Symptoms at presentation:

0 Neck swelling o Hoarseness 0 Dysphagia o Pain o Palpable lymph nodes o Other
(specify)

Comorbidities:

0 Diabetes o Hypertension o Auto-immune thyroiditis o Others

Section F: Tumor Characteristics & Staging

N

4.

Histopathological type: o Classical PTC o Follicular variant o Other
Tumor size (cm):
TNM stage:
o T:cTloT2o T30 T4
o N:oNOoNlaoNIb
o M:oMOoMl
Risk category (ATA guidelines): 0 Low o Intermediate o High

Section G: Research Consent for Future Studies

Do you consent for your stored biological samples and data to be used for future research related
to thyroid cancer?
0 Yes o0 No

Data Collected by: ................ccoonl.
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