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LIST OF ABBREVIATIONS

ACR-TI-RADS: American College of Radiology Thyroid Imaging Reporting and Data
System

AER: Absolute Excess Risk

AML.: Acute myeloid leukemia

ATA: American Thyroid Association

BC: Breast cancer

BCa 95% CI: Bias-corrected and accelerated 95% bootstrap confidence interval
CI: Confidence Interval

CLS: Cowden-like syndromes

CS: Cowden syndrome

EDC: Endocrine disrupting chemical

ER: Estrogen Receptor

ERa: Estrogen Receptor Alpha

ETA: European Thyroid Association

EU-TIRADS: European Thyroid Imaging and Reporting Data System
FFPE block: Formalin-Fixed Paraffin-Embedded block
FNAB: Fine needle aspiration biopsy

GBq: Gigabecquerel

hCG: Human chorionic gonadotropin

HR: Hazard Ratio

IGV: Integrative genomics viewer

1-131: lodine-131

ISP: lon sphere particles

LN: Lymph node

INcRNS: long non-coding RNA

MPN: Myeloproliferative neoplasia

NHANES: National Health and Nutrition Examination Survey
NIS: Sodium/lodid symporter

OR: Odds Ratio

RAI: Radioactive lodine

RR: Relative Risk

SD: Standard deviation



SEER: Surveillance, Epidemiology, and End Results
SERM: Selective estrogen receptor modulator
SIR: Standardized Incidence Ratio

SMR: Standardized Mortality Ratio

SNP: Single-nucleotide polymorphism

SPM: Second Primary Malignancy

TC: Thyroid cancer

TG: Thyroglobulin

TPO: thyreoperoxidase

TRH: Thyrotropin-releasing hormone
T2DM: Type 2 Diabetes Mellitus

US: Ultrasound



1. INTRODUCTION

I. Synchronous/metachronous malignancies associated with thyroid cancer

Incidence of thyroid cancer has tripled in the last three decades all over the world, except
for Africa possibly due to the insufficient detection. Thyroid cancer accounts for 1,0-1,5%
of all new cancers found each year in USA (1, 2). According to IARC data in 2022,
thyroid cancer has an age-standardized incidence rate of 13,6/100.000 in women and
4,2/100.000 in men in North America and Europe. Thus, for today, it is the most common
endocrine malignancy and the fifth most frequent overall malignancy in women in the

western region.

The synchronous or metachronous association of differentiated thyroid cancers with
several other tumor types has long been recognized (3). The significance of which is that
mortality, and thus prognosis, in survivors of malignant disease is significantly influenced

by the development of second primary tumors.

A second primary tumor/malignancy (SPM) is a malignancy that develops in a survivor
of a histologically or clonally distinct malignancy, with an incidence of 2-17% (4). Based
on the relative timing of the two tumors, we can speak of synchronous (<6 months) or
asynchronous/metachronous primary tumors (>6 months). The incidence of SPM
compared to the age-adjusted general population can be expressed by SIR (standardised

incidence ratio): observed incidence/expected incidence.

According to Hou et al. published in 2023 (5), the incidence of second primary
malignancies after a first primary thyroid cancer was 15% during a median follow-up of
19,9 years. After thyroid cancer, the most common second primary malignant tumors in
men were prostate, lung/bronchus, renal/renal pelvis cancer, followed by cutaneous
melanoma, bladder cancer, nodal non-Hodgkin lymphoma, pancreatic cancer, multiple
myeloma, rectal carcinoma. Women with thyroid cancer were followed most frequently
by breast, lung/bronchus, uterine cancer, then by skin melanoma, renal/renal pelvis
cancer, nodal non-Hodgkin lymphoma, ovarian, pancreatic carcinoma and multiple
myeloma, in order of frequency. The 10-year survival of thyroid cancer without a second
primary cancer was 93,7%, and 69,4% for SPM, showing that the presence of a second
primary tumor significantly reduced survival. Their results showed that age over 55 years
(HR= 3,102; 95% CI 2,949-3,263), male sex (HR= 1,363; 95% CI 1,292-1,438) and



multifocal thyroid tumor (HR=1,135; 95% CI 1,076-1,197) were independent risk factors
for a second primary tumor after differentiated thyroid cancer. A higher TNM stage I11 or
IV was a protective factor (HR= 0,823; 95% CI 0,755-0,897). Compared to Caucasian
race, the risk of SPM was the same in black ethnicity, but lower in Asian/ Pacific Islander
(HR=0,823; 95% CI 0,755-0,897) and other races (HR= 0,454; 95% CI 0,337-0,613).
The different risk between races may be caused by different genetic backgrounds,
different thyroid cancer treatment, different medical care, economic and lifestyle factors.
The protective nature of the higher stage I11/IVV may be due to shorter survival, that is,

insufficient time for the second primary tumor to develop (survival bias).

Subramanian et al’s significant paper was published in 2007 in Thyroid (6). Their results
showed that the overall SPM SIR for second primary malignancies in thyroid carcinomas
was 1,2 (95% CI 1,17-1,24), which means that any second malignancy after thyroid
cancer is 20% more common than in those without a history of thyroid cancer. After
thyroid cancer, significantly higher incidence occurred in salivary gland (SIR=2,97; 95%
Cl 1,78-4,15), gastric (SIR= 1,21; 95% CI 1,02-1,40), colon (SIR= 1,17; 95% CI 1,05-
1,28), colorectal (SIR=1,27; 95% CI 1,13-1,41), female breast (SIR=1,25; 95% CI 1,17-
1,32), prostate (SIR= 1,38; 95% CI 1,25-1,51), kidney (SIR= 2,30; 95% CI 1,99-2,62),
brain/central nervous system (SIR= 1,45 CI; 95% 1,12-1,78), adrenal (SIR= 6,54; 95%
Cl 2,73-10,35), bone/joint (SIR= 3,04; 95% CI 1,42-4,67) malignancies, and soft tissue
sarcoma (SIR=2,18; 95% CI 1,46-2,83), non-Hodgkin's lymphoma (SIR= 1,22; 95% ClI
1,03-1,42), multiple myeloma (SIR=1,33; 95% CI 1,00-1,66) and leukemia (SIR= 1,74;
95% ClI 1,46-2,02). However, there was a significantly lower incidence of second primary
lung cancer (SIR=0,84; 95% CI 0,75-0,92) and cervical cancer (SIR=0,76; 95% CI1 0,57-
0,95).

Information on the rates of second primary tumors after thyroid cancer can be obtained
from two large "pan-cancer" studies, i.e. comprehensive cancer registry analyses. One
was published by Wang and colleagues (4) in 2024 based on 206 studies and analysis of
the Surveillance, Epidemiology, and End Results (SEER) and National Health and
Nutrition Examination Survey (NHANES) databases. Out of 9,617,643 patients with a
first primary tumor, 677,430 patients developed a second primary tumor, with 3
significant associations in the pattern. Among these, one aspect of particular relevance to
our study was that second primary breast cancer and colorectal cancer developed more

frequently after first primary thyroid cancer (19% and 8%), fallopian tube cancer (28%
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and 17%), ovarian carcinoma (24% and 15%), uterine carcinoma (26% and 14%) or
vulvar and vaginal (22% and 11%) malignancies - i.e. after thyroid and gynecological
tumors. Although no SIR value was reported, it is worth noting that after primary thyroid
cancer, 19% develop a second primary breast cancer; 9% lung cancer; 8% colorectal
carcinoma; 6% lymphoproliferative neoplasia and gastric carcinoma; 5% prostate
carcinoma; 4% renal or uterine cancer; 2% bladder, pancreas, ovarian and liver cancers,
melanoma and head and neck malignancies; 1% brain and central nervous system,
gallbladder and biliary tract malignancies. However, there were no malignancies of the
skin, esophagus, small intestine, vulva and vagina, ureter, bone, testis, eye and penis, after

thyroid cancer.

The other large pan-cancer study was carried out by Ruan and colleagues (7) in 2023
using the SEER database, supplemented by a two-sample Mendelian randomisation study
using UK Biobank data to search for causality. The Mendelian randomisation
methodology uses genetic diversity to investigate possible causal associations between
specific risk factors or clinical outcomes. In total, 264 significant SIRs were found in 22
solid tumors or hematologic malignancies. Notably, second primary thyroid cancer, small
bowel cancer and endocrine malignancies were strongly and significantly associated with
most first primary cancers. Second primary thyroid cancer was more common after first
primary renal, oropharyngeal, gastric, pancreatic, male urothelial, lung, esophageal, liver,
colorectal, ovarian, female breast, cervical, prostate and bladder malignancies, as well as
lymphoma, primary melanoma, multiple myeloma and leukemia, On the other hand, first
primary thyroid cancer was more common after second primary bone and soft tissue,
kidney, male breast, female breast, small bowel, endocrine, oropharyngeal, prostate and
brain malignancies, and also cutaneous melanoma, non-Hodgkin lymphoma, myeloma
and leukemia. After thyroid cancer, however, esophageal and cervical malignancies were

less common.

According to the results of the study (7), there was often no concordance between SIR
values in SEER and Mendelian randomization results. For example, in thyroid cancer, no
correlation with Mendelian randomization was found for any tumor. This may mean that
there is no causal relationship between these tumors, but it seems more likely to indicate
a detection bias due to increased diagnostic screening. It should be noted that the results

of the Mendelian randomisation test are influenced by several factors, such as follow-up



time, so a causal relationship is likely with this method in the case of a positive correlation

but cannot be excluded in the absence of a positive correlation.

Allen et al has provided data about the risk of second primary thyroid cancer after female
(8) and also male (9) breast cancer. According to his results, the risk of second primary
thyroid cancer was the highest among women with breast cancer (SIR= 1,89; 95% ClI
1,49-2,38). Moreover, the risk of second primary thyroid cancer after male breast cancer
(SIR=5,58; 95% CI: 1,04-30,05) was also elevated.

The increased co-occurrence of breast cancer and differentiated thyroid cancer compared
to chance alone has been found repeatedly in recent decades (4-15). A number of
hypotheses have been suggested to explain these findings (12, 13, 15), implying the
multifactorial origin of this association (Figure 1). These include the earlier detection of
indolent thyroid cancers due to increasingly sensitive diagnostics, carcinogenic treatment
(radiotherapy, chemotherapy, radioiodine therapy) given to breast cancer, radiation
exposure due to increased diagnostic activity (e.g. mammography), hormonal factors,
lifestyle factors (smoking, alcohol, obesity, diabetes, sedentary lifestyle) and rare genetic

syndromes, as well as overall genetic susceptibility.

Diabetes Mellitus
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Obesity
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Thyroid Cancer

+

Breast Cancer

Hormonal
Chemotherapy Effects
Epigenetics
/ Female Sex Hormones

Specific Syndromes
(e.g. Cowden-sy) Sporadic ?

Figure 1. Potential factors associated with the co-occurrence of thyroid and breast cancer

A shared genetic background of these cancers (thyroid and breast cancer) is also a

potential explanation for the observed association. Tan and colleagues (16) investigated



the causal association between thyroid cancer and breast cancer in a two-sample
Mendelian randomization study. Their results found that, based on GWAS data from
342.499 individuals, a higher genetic predisposition to ER (estrogen receptor) positive
breast cancer was also associated with a higher risk of thyroid cancer (OR=1,135; 95%
Cl: 1,006-1,279). However, this relationship was not observed for triple negative breast

cancer.

PTEN hamartoma tumor syndrome consists of Cowden/Cowden-like syndrome,
Bannayan-Riley-Ruvalcaba syndrome and Proteus-like syndrome, that are characterized
by the presence of hamartomas and an increased risk of, among others, both thyroid and
breast cancer. These conditions are mostly monogenic disorders with an autosomal
dominant inheritance. Mutations in the PTEN, SDHB, SDHD, MTHFR, PARPA4,
MANCR and VEGF genes, and hypermethylation of KLLN have all been implicated (15,
17-20).

Much less is known about the genetic background of sporadic cases of metachronous or
synchronous breast and thyroid cancer (20). In a 1994 publication (21), an increased risk
of thyroid cancer was described in first-degree relatives of breast cancer patients (Family
Relative Risk = 1,69; 95% CI 1,3-2,2), implicating a potential germline mutation
underlying the association. No further genetic studies are available on the sporadic co-

occurrence of thyroid and breast cancer.

I1. MicroRNA expression profiling in papillary thyroid cancer

In cytological studies of thyroid nodules, Bethesda 111 and IV occur in approximately 20-
30% of cases. These are considered indeterminate readings, carrying a risk of malignancy
of 10-30% and 25-40%, respectively, therefore, further testing is necessary for clinical
decision-making (22). A readily available minimal invasive diagnostic option in both
categories is molecular testing, which can provide valuable information, taking into
account cytological, radiological, and clinical factors (22, 23). In addition to DNA-based
molecular testing, microRNA-based diagnostics also show promising results in
indeterminate cytological readings (24), as well as in determining the prognosis of already

diagnosed thyroid cancer (25).

MicroRNAs (miRNAs) form a special group of RNAs, being small and non-coding

nucleic acids with a fine-tuning regulatory role in gene expression (26). Briefly, miRNAs
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are around 18-25 nucleotides in length and take effect by binding to their complementary
sequences on messenger RNA (mRNA) transcripts, which could result either in target
degradation or translational repression and, by that, gene silencing (27) (Figure 2).
miRNAs are quite stable molecules, making them accessible from a variety of biological
samples such as fresh tissues, fine-needle aspiration biopsy (FNAB) specimens (28, 29),
blood samples (30, 31), or even from formalin-fixed paraffin-embedded (FFPE) tissues
(32). miRNAs represent a long-hidden and complex layer of gene regulation that is a
crucial component in many physiological and pathological processes including
cardiovascular diseases (e.g., cardiac fibrosis and cardiac hypertrophy) (33, 34),
microbiome homeostasis (35), diabetes mellitus (36, 37), calcium and bone metabolism
(38, 39), as well as in the pharmacodynamics of certain drugs (40). miRNAs influence
many cellular processes such as differentiation, proliferation, apoptosis, and metastasis
development (41-44). In addition, research on the role of miRNAs in anti-cancer drug

sensitivity in thyroid cancer has also been published (31).
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Figure 2. Canonical miRNA biogenesis and miRNAs’ mechanism of action. A: pri-
miRNA is trancribed from DNA by RNA-polymerase Il. Then pri-miRNA is cropped by
the Drosha-DGCR8 complex to produce the pre-miRNA. Pre-miRNA is transferred from
the nucleus to the cytoplasm by Exportin 5. In the cytoplasm, Dicer cleaves the hairpin
region of miRNA. The resulting double-stranded (duplex) miRNA binds to Ago protein
(Agol-4), after wich one strand is eliminated, forming the RNA-induced silencig
complex (RISC) containing the mature single-stranded miRNA and the Ago protein. B:
The miRNA in RISC binds to the complementery region of the mRNA target, resulting
in translational inhibition with/without mRNA degradation, mediated by GW182 protein.
(45, 46) (Hlustrated with Adobe Illustrator)

In oncology, miRNAs are receiving more and more attention due to their duality acting
both as oncogenes and tumor suppressors (47). Emerging data suggest that different
molecular backgrounds, including aberrant miRNA expressions, are a common feature of
various cancers (48, 49), including thyroid malignancies and their most common form,
PTC, in particular (50). PTC is seemingly well known by many clinicians and
pathologists, although it is still slowly turning into a more heterogeneous category, which
can be further divided not only into clinicopathological subtypes but molecular ones as

well (51). Admittedly, some papers have already been published investigating the role of
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miRNAs in PTC pathogenesis (52-54); however, establishing the exact depth of the
correlation between specific miRNA expressions and the development of the disease
lacks original molecular studies with sufficiently large control case numbers even to this
day. Also, these studies provide markedly smaller coverage of miRNA types. For
instance, even The Cancer Genome Atlas (TCGA) project involved PTCs with only 59
matched controls for miRNA analysis and evaluated 1046 different miRNAs while
lacking clinicopathological aspects (52). miRNAs’ association with the pathogenesis of
other conventional thyroid cancer types such as follicular thyroid carcinoma (FTC),
medullary thyroid carcinoma (MTC), or anaplastic thyroid carcinoma (ATC) has also
been noticed (55). In cases when differentiated thyroid carcinoma (DTC) (including PTC
and FTC) was diagnosed, tumor development might be traced back to a DICER1 RNase

[11b hotspot mutation generating an unbalanced expression ratio of 5p:3p miRNAs (56).

PTC, characterized by its unique molecular signature, often exhibits alterations in miRNA
expression (44, 48, 57). The link between these miRNA deviations and disease
development is making specific miRNAs perfect candidates for being diagnostic or
prognostic markers. Indeed, miR-21, miR-127, miR-136, miR-146b, miR-221, and miR-
222 are frequently upregulated in PTC and are associated with a more aggressive course
of the disease and an overall poorer prognosis (31, 44, 49, 52, 55, 58-65). Also, BRAF-
targeting miR-486-5p, miR-9-5p, and miR-708-3p in PTC were previously described as
downregulated and — in case of miR-486-5p — associated with lymph node metastasis
development as well as more advanced tumor stage and recurrence risk (53). Based on
previous findings, the 5p/3p expression ratio of specific mMiIRNAs might also play a role
in the onset of lymph node metastases (54). Upregulation of miR-181a in thyroid cancer
has also been identified previously (44). Moreover, expression alterations of miRNAs
such as miR-204, miR-146b, miR-221, and miR-222 have been described in association
with important cancer features like extrathyroidal invasion and/or metastasis
development (42, 44, 64, 65). Alternatively, a decrease in tumor-suppressing miRNA
levels, such as let-7, miR-125b, and miR-204-5p (52, 66), has also been noted,
propagating the malignant conversion of thyroid cells (67). Furthermore, miR-136, miR-
21, and miR-127 showed significant correlation with the risk of persistent disease and
potential relapse as well as with the risk categories defined by the American Thyroid

Association’s (ATA) risk stratification system (68, 69).
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Highlighting the importance of miRNAs in papillary thyroid cancer, a large-scale,

comprehensive research aiming miRNA expression profiling was warranted.

I11. Preoperative assessment of thyroid cancer

Despite the increasing incidence of differentiated thyroid cancer, the mortality rate of the
disease persists (2). Overdiagnosis by the general use of novel ultrasound (US) techniques
is one of the main reasons for the ,,TC epidemic” (70-72). However, novel data shows a
1,1% per year increment of thyroid cancer mortality, moreover, a 2,9% per year increment
of advanced stage papillary thyroid cancer (PTC) and 1,7% per year increment of all PTC
between 1994-2013, suggesting a genuine increase of thyroid cancer incidence, which
can not be explained by overdiagnosis alone (72). In another study (73), the 10-year
survival was 99,9% and 97,8% for TNM stage I-1l PTC, and 100,0% and 94,4% for
follicular thyroid cancer (FTC). For stage Vb cancer, PTC had 52,3% and FTC had
15,2% mortality. Nevertheless, the mostly indolent behavior of differentiated thyroid
cancer (68) requires the most conservative, cost-efficient, yet well-founded and free of

complication management.

The most controversial issue is the first therapeutic step, the surgical approach of the 1—
4 cm low risk DTCs in resectable cases. Papillary (83,6%) and follicular (10,8%) thyroid
cancer are considered well differentiated, and these consists of the majority of thyroid
cancers (beside medullary, anaplastic and others) (72). Of all thyroid cancers, 28.6% are
under 1 cmand 9.6% are over 4 cm (13% of unknown size). Half of thyroid cancers (49%)
are in the 1-4 cm size range (72). For low risk, well differentiated thyroid cancers of 1-4
cm, two main approaches exist: initial lobectomy or total thyroidectomy. Primary
lobectomy alone may lead to a potentially lower surgical complication rate and less
frequent need for thyroxine (T4) substitution. The 2015 guidelines of the American
Thyroid Association (ATA) (68, 74), follow this approach and advocate for lobectomy in
low risk DTCs between 1 to 4 cm in diameter. At the time of our research, the 2015 ATA
guideline was in effect, therefore we used that as a basis, and this is what we refer to in
the text as ,,ATA”. The most recent, 2025 ATA guideline introduce a similarly lenient
approach (75), thus, the results of our findings do not lose their validity. The final risk
stratification, however, is based on the postoperative pathologic assessment (e.g. lymph

node metastasis, angioinvasion, extrathyroidal invasion, multifocal disease, etc.). The

13



initial diagnostics and the factors needed to be considered for the initial management of

differentiated thyroid cancer is depicted on Figure 3.

Signs/Symptomps of Thyroid Cancer Expcrt Neck Ultrasound
+ Cervical mass Nodule size Gther Factors to Consn:le\
* Compression symptoms (<lem, 1-4 cm, 4cm<) Family History
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Fncidental Findings tateral/ Mulutocal nodularity Patient Preferences

k Age (>45 years) _/

Fine Needle Aspiration Cytology
(Bethesda Classification)

Bethesda I-1I Bethesda [1I-V Bethesda VI
Observati
servation Molecular Profiling Surgery
Suspicious " Lobectomy?
Genetic - ( Total Thyroidectomy ? )
No Alteration? Yes N - - S/

Figure 3. The initial diagnostics and the factors needed to be considered for the initial
management of differentiated thyroid cancer. ACR-TI-RADS: American College of
Radiology Thyroid Imaging Reporting and Data EU-TIRADS: European Thyroid
Imaging and Reporting Data System.

After the final histology result, contralateral lobectomy is needed in certain cases. These
microscopic features are less well predictable by prior clinical investigation (76).
Undiscovered contralateral foci are also needed to be considered. Thus, the greatest
concern about this approach is the high rate of completion thyroidectomy (77-79), with
all its disadvantages which include a second general anesthesia and hospital admission,
surgical difficulties raised by scar tissue, but also psychological concerns. Furthermore,
without the total/near total removal of thyroid tissue, the adjuvant 1-131 ablation and the
serum thyroglobulin (Se TG) follow-up could not be achieved. Thus, the European
Thyroid Association (ETA) guidelines (80) suggest a lower threshold (1 cm or above in
tumor diameter) for total thyroidectomy taking into account the above detailed

considerations.

It should be noted that the need for thyroxin supplementation is not avoidable in all cases
after thyroid lobectomy alone. According to ATA recommendation (68), mild TSH
suppression (TSH 0,5-2,0 mU/L) is recommended after hemithyroidectomy. Based on
two studies, 76% (81) and 80% (82) of patients required levothyroxine substitution to

14



meet these criteria. With logistic regression, only preoperative THS value more than
2mU/L served as a predictive factor for postoperative thyroxin supplementation (OR=
1,7, 95% CI 1,059-3,403). In a large meta-analysis (83) the overall incidence of
hypothyroidism showed 29% (95% CI 25-34%), and the transient hypothyroidism
occurred in 34% of patients (95% CI 21-47%). Moreover, female sex, age, right sided
lobectomy, the preoperative presence of anti-TPO and anti-Thyreoglobulin antibodies
and Hashimoto’s thyroiditis were all independent risk factors for thyroxin

supplementation, beside preoperative high (>=2 mU/L) TSH level.

To assess the levothyroxine treatment dose after total/near total thyroidectomy, our
research group has conducted a study in 2024 (84). Among the 44 patients treated with
total thyroidectomy, based on the univariate analysis, only age (F = 6.61,  =—-0.011,p =
0.011) affected LT4 dose (mcg/kgBW) significantly meaning that thyroxin requirement
decreases with higher ages. Interestingly, the mean levothyroxine dose to achieve stable
euthyroidism was 1,27+0,38 mcg/kgBW (microgram/bodyweight kilogram), which is
significantly lower, than it is suggested by the current guidelines (1,6-1,8 mcg/kgBW)
(85).

In another study by our research group an investigation was carried out to establish the
factors associated with quality of life in patients with well-controlled hypothyroidism. In
our final 157 patients with 11,2 + 8,2 years disease duration (70,7% Hashimoto’s and
29,3% iatrogenic hypothyroidism) and with a TSH value of 1,8 £ 0,9 mIU/L, thyroid
specific markers such as FT3, FT4, reverse-T3, TSH, anti-TPO antibody positivity, sex-
hormone-binding globulin, the sum activity of deiodinase activity, neither was associated
with thyroid-dependent quality of life. However, based on our multivariable model (r?
=0,31), psychological factors as well as somatosensory amplification (p=0,002),
depression (p< 0,001), also body mass index (p=0,021) were predictors of thyroid-
dependent quality of life, emphasised somatosensory amplification as a strong predictor
(86).

Altogether, the choice of the primary surgical approach is of great importance and has
significant implications. A comparison of the 2015 ATA guidelines, ETA guidelines, and

real-life practice using a real patient data set would be warranted.

Based on the above, three major challenges can be identified:
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1. We have observed an increased co-occurrence of thyroid cancer and breast cancer,
and we aim to investigate the underlying genetic background of this association.

2. In cases classified as Bethesda category I11-1V on cytology, which account for
approximately 20-30% of cases, clinical decision-making remains uncertain.
While DNA-based molecular testing from cytological samples is available,
microRNA expression profiling may provide additional diagnostic value.

3. Once a diagnosis of thyroid cancer has been established, the optimal surgical
approach remains controversial. Reoperation rate is relatively high, and current
clinical guidelines differ in their recommendations regarding the extent of initial

surgery.
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2. OBJECTIVES

1. We investigated the potential for a shared genetic background of thyroid and
breast cancers (20). The recognition and elucidation of such genetic risk factors
could help in the identification of the other tumor, selection of the initial surgical
approach (lobectomy/total thyroidectomy), follow-up, and potential preventive
treatment of high-risk individuals with a first primary malignancy.

2. To increase the diagnostic accuracy in distinguishing between malignant and
benign thyroid nodules in cases with indeterminate cytology, in a study we aimed
to reveal differences in miRNA expression patterns between cancerous and non-
cancerous thyroid tissue samples related to patients previously diagnosed with
PTC (51). A better understanding of miRNA expression profiles of thyroid cancer
may also provide insights into disease progression risk, histological findings,
offering a more reliable target regarding choosing the extension of the first
surgical approach, as well as potential therapeutic targets in the future (63, 65).

3. In a retrospective cohort study, our aim was to investigate the reliability of
preoperative assessment of established malignant thyroid nodules, and to compare
the differences in outcomes that are potentially achievable with adherence to ATA

or ETA guidelines, using real-life patient data from our institution (87).
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3. METHODS

I. Investigation of the shared genetic background of breast and thyroid cancer

I.1 Patients and setting

We analyzed the genetic polymorphisms in 112 hereditary cancer risk genes in a case-
control study of patients with a history of either breast or both breast and thyroid cancer.
(20)

Patients were selected from a pool of n =274 thyroid cancer patients who had received I-
131 treatment at our institution between January 2014 and October 2018. Twenty-one of
these individuals received treatment for breast cancer before or after the diagnosis of a
thyroid cancer. Two patients could not have been reached for consent, resulting in a final
sample of 19. Given that the risk of thyroid cancer development after breast cancer is
larger than vice versa, the control group consisted of 15 subjects who received treatment
for breast cancer at our institution at least 12 years before the present study. Patients with
a personal or a family history of thyroid cancer were excluded from this group. These
criteria were specified to minimize contamination of the control group with patients with
an increased genetic risk for thyroid cancer development. No other inclusion or exclusion

criteria were set. (20)

We collected the following clinical characteristics from hospital and outpatient records:
age at cancer diagnosis, tumor size, histology, staging and grading, presence or absence
of lymph node and distant metastases, details of surgical-, radiation- chemotherapeutic-,
hormonal and 1-131 treatment. Cancer diagnosis for all cases was based on histological
data using the WHO classification of breast and endocrine tumors (4th and 3/4th edition
respectively). Staging was based on the TNM system (7th edition). Informed consent was
obtained from all subjects before any study related procedures were performed. The study
was approved by Semmelweis University Regional and Institutional Committee of
Science and Research Ethics. (20)

1.2 Genetic analysis

We have aimed to cover all the well-established hereditary cancer risk loci. The final list
of the 112 investigated genes was compiled based on literature data (88-90) and is shown
in Table 1.
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Table 1. List of cancer risk genes assessed. BC associated genes are underlined (20)

ACD CDKN1B |[FANCA |JAGN1 |NFIX PTEN TERC
AIP CDKN2A |[FANCB |KIF1B |NHP2 RADS0 TERT
APC CHEK2 |FANCC [KIT NOP10 RADS51 TINF2
ATM DDB2 FANCD2 [MAX NSD1 RADS51C | TMEM127
ATR DICER1 |FANCE |MDH2 |NTHL1 RAD51D | TP53
AXIN2 DIS3L2 |FANCF |MEN1 |PALB2 RB1 TSC1
BAP1 DKC1 FANCG |MET PARN RECQL TSC2
BARD1 |ELANE |FANCI |MITF PDGFRA |RECQL4 |UBE2T
BLM EPAS1 FANCL |MLH1 |PMS1 RET VHL
BMPR1A |[EPCAM |FANCM |MNX1 |PMS2 RTEL1 VPS45
BRCAl1 |ERCC1 |FH MSH?2 POLD1 SCG5 WAS
BRCA2 |ERCC2 |FLCN MSH6 |POLE SLX4 WRN
BRIP1 ERCC3 |G6PC3 |[MSR1 POLH SMAD4 WT1
BUB1 ERCC4 |GFI1 MUTYH [POT1 SMARCA4 | XPA
CDH1 ERCC5 |GREM1 |NBN PRKARI1A |STK11 XPC
CDK4 ERCC6 |HOXB13 [NF2 PTCH1 SUFU XRCC2

Exome amplicon library was prepared using the lon AmpliSeq Library Kit Plus combined
with the ITon AmpliSeq Exome RDY kit (ThermoFisher, MA, USA). Briefly, 100 ng of
genomic DNA was added to dried down, ultra-high multiplexed primer pairs (12 pools)
in a 96-well plate and amplified with the following PCR conditions: at 99 °C for 2 min;
at 99 °C for 15 s and at 60 °C for 16 min (10 cycles) and holding at 10 °C. Primers were
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partially digested using a FuPa reagent, and then sequencing adapters and barcodes were
ligated to the amplicons. The library was purified using the Agencourt AMPure XP
Reagent (Beckmann Coulter, CA, USA). The concentration of the final library was
determined by lon Library TagMan Quantitation Kit (ThermoFisher, MA, USA) on an
ABI 7500 gPCR instrument with absolute quantification method. (20)

Template preparation was performed with lon 540 OT2 Kit (ThermoFisher, MA, USA)
on semi-automated lon OneTouch 2 instrument using emPCR method. After breaking the
emulsion, the non-templated beads were removed from the solution during the semi-
automated enrichment process on lon OneTouch ES (ThermoFisher, MA, USA) machine.
Later adding the sequencing primer and polymerase, the fully prepared lon Sphere
Particles (ISPs) were loaded into an lon 540 chip, and the sequencing runs were
performed using the lon S5 Sequencing kit (ThermoFisher, MA, USA) with 500 flows.
(20)

Sequence data from the lon Torrent run were analyzed using the platform-specific
pipeline software Torrent Suite v5.10 for base calling, trim adapter and primer sequences,
filtering out poor quality reads, and de-multiplex the reads according to the barcode
sequences. Briefly, TMAP algorithm was used to align the reads to the hgl9 human
reference genome, and then, the variant caller plug-in was executed to search for germline
variants in the targeted regions. Integrative genomics viewer (IGV) was used for
visualization of the mapped reads. Variants were annotated using the lon Reporter
(ThermoFisher, MA, USA) software. Variant interpretation was restricted to the selected
genes with known connection to oncology diseases. Variants were stratified by gene
association with breast cancer and by variant association with cancer
(no/potential/known) based on available data from the ClinVar database at the time of

writing (91). Synonymous mutations were not excluded from the analysis. (20)

1.3 Statistical analysis

Descriptive data are given as means + standard deviation (SD) for continuous data, and
frequencies (percentages) for categorical variables. Between-group differences in clinical
parameters were assessed using 2-sample t tests for continuous variables, and y2 tests or

Fisher exact tests for categorical variables. (20)

When comparing the number of different variants across groups, the assumptions of

normality and homogeneity of variances were assessed using the Shapiro—Wilk test and
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Levene’s test respectively. Given that in some cases these assumptions were not met,
Welch’s t-test was used to compare the number of variants with known, potential or no
association with breast cancer and with any cancer. We also used the bootstrap procedure
to get robust confidence intervals and p-values. To increase statistical power, we lumped
together variants with potential and known associations using both weighted and
unweighted scores. To generate the weighted scores, we gave double weight for variants
with known association compared to those variants with potential association. To correct
for multiple testing, we applied the Benjamini-Hochberg procedure targeting a false
discovery rate <15%. A corrected two-tailed p-value less than 0.05 was considered
statistically significant. Effect sizes were computed as adjusted standardized mean
differences (Hedge’s g). Analyses were conducted using IBM SPSS Statistics for
Windows, Version 23.0 (IBM Corp. Released 2015 Armonk, New York, U.S.A.). (20)

Il. MicroRNA profiling in papillary thyroid cancer

We conducted a comprehensive molecular investigation to detect specific miRNASs
associated with PTC based on their expression differences between tumor sections and
adjacent non-tumor tissues. We evaluated the miRNA profiles of thyroid tissue samples
(one cancerous and one healthy sample per case) related to patients previously diagnosed
with PTC and analyzed the sequencing data of the samples in the context of 2656 types
of human miRNAs, doubling the control-matched sample size and more than doubling
the examined miRNA cluster size compared to the TCGA study (50). We matched the
miRNA profile with the clinicopathological variables of the patients, aiming to find a

more accurate preoperative diagnostic approach. (51)

I1.1 Study population, sample collection, and histopathological processing

Anonymized PTC tissue samples from patients who had consecutively undergone thyroid
surgery and had previously been diagnosed and/or treated in our institution (Department
of Medicine and Oncology, Semmelweis University, Hungary) were selected using
clinical and histological databases. Then, the related clinicopathological data of the
anonymized cases and their tissue blocks were collected from medical records of the
Department of Medicine and Oncology, Semmelweis University, Hungary, and
histopathological archives located at the Department of Pathology, Forensic and
Insurance Medicine, Semmelweis University, Hungary, respectively. In this study, we

included the following clinicopathological data as variables: age, sex, ATA (2015) risk
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score, TNM stage, and cancer stage based on the 8th edition of the American Joint
Committee on Cancer (AJCC). The collected tissue samples were FFPE blocks from
which hematoxylin—eosin-stained probe sections were performed to confirm tumor
presence and histological type and to determine the percentage of tumor volume. Only
those PTC samples which had a sufficient proportion of tumor burden at the site of interest
within the Formalin-Fixed Paraffin-Embedded (FFPE) block relative to the overall tissue
volume were involved in further processing. This assessment involved conducting a trial
section on the FFPE block, which was then stained with hematoxylin and eosin and
examined under a microscope by a pathologist to exclude samples containing less than
80% relative tumor volume. Also, the collection of the non-tumor control samples was
optimized by targeting tissue areas as far from the PTC localizations as technically
feasible, usually the contralateral lobe of the thyroid. (51)

Further preparation of the carefully selected tumor tissue blocks was carried out using
macrodissection producing 4 pieces of 10 um thick sections per sample, which were
subjected to molecular diagnostics. An area containing tumor as well as normal tissue

was dissected from the same sample, thus resulting in 129 x 2 specimens. (51)

miRNAs were isolated from 258 tissue samples (related to the cancerous and normal
samples of 129 PTC patients). Ten tissue sample pairs were excluded due to inapplicable
isolate specimens; the remaining ones were then forwarded to sequencing. Via
sequencing, expression patterns were examined in the context of 2656 different types of
miRNAs in total. During the bioinformatic assessment following sequencing, one more
sample pair was also excluded due to insufficient sequencing yield. After all necessary
exclusions, tumor and control sample pairs related to a total of 118 PTC patients were

included in the evaluation. (51)

11.2 Molecular processing (miRNA isolation, quality control (QC), miRNA

guantification, and sequencing)

Zymo Quick RNA FFPE kit (Zymo Research, Irvine, CA, USA) was employed for the
isolation of miRNAs from the prepared FFPE tissue sections. The process started with
the removal of paraffin using proprietary deparaffinization solution, which was followed
by rehydration of the tissue. The tissue was then subjected to proteinase K digestion at 55
°C for 2 h and subsequently at 65 °C for an additional 15 min to ensure thorough lysis.

After digestion, the samples were treated with RNA lysis buffer, which facilitated the
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selective binding of miRNAs to the kit’s Zymo-Spin IICR column. The column was then
washed multiple times to remove contaminants. To ensure the elimination of genomic
DNA, the samples were treated with DNase. Finally, the miRNAs were eluted in 50 pL
of elution buffer. During molecular analysis, we performed RNA quality assessment.
Initially, we determined RNA concentrations using the Qubit™ HS RNA Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) on a Qubit™ 3.0 fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). When necessary, the concentration of miRNASs
was measured again using the Qubit™ microRNA Assay Kit (Thermo Fisher Scientific,

Waltham, MA, USA) also on a Qubit™ 3.0 fluorometer. (51)

Then, we prepared miRNA libraries in the following multi-step process using
NEXTFLEX® Small RNA-Seq Kit v4 (PerkinElmer Inc. Waltham, MA, USA). We
started with an input of 50 ng of RNA, followed by the ligation of the NEXTFLEX® 3’
adenylated adapters. After that, we removed the excess 3’ adapters, then we ligated the
NEXTFLEX® 5’ adapters. This was succeeded by the reverse transcription, first-strand
synthesis; post-synthesis, we conducted bead cleanup, then polymerase chain reaction
(PCR) amplification was performed using barcoded primers (19 cycles). Lastly, we

finished miRNA library preparation with size selection and cleanup. (51)

The next step was the quality control of the miRNA libraries involving DNA
concentration measurement using the Quant-iT™ 1X HS dsDNA Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA) on either a FLUOstar Omega fluorometer (BMG
Labtech, Ortenberg, Germany) or a Qubit™ 3.0 fluorometer, along with assessment of
the fragment sizes using the LabChip® GX Touch™ nucleic acid analyzer (PerkinElmer
Inc. Waltham, MA, USA) with an HT DNA X-Mark Chip (CLS144006) (PerkinElmer
Inc. Waltham, MA, USA) with the HT DNA NGS 3K Reagent Kit (PerkinElmer Inc.
Waltham, MA, USA). (51)

For pooling the libraries, we calculated the molar concentrations based on the overall
concentrations and the fragment sizes. Then, equal molar quantities were pooled from the
libraries. The concentration of this pool was measured using the Quant-iT™ 1X HS
dsDNA Assay Kit again and diluted to the final concentration of 2 nM. (51)

Finally, the sequencing was carried out on a NextSeq 2000 system (Illumina Inc., San
Diego, CA, USA) using a P3 (1 x 50 cycles) kit. This setup allowed us to generate 2 x 40

bp paired-end reads. miRNAs showing expression levels below the set threshold of the
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applied NGS platform both in the PTC and control samples were considered as not-
expressed miRNAs. During the process, we maintained the seeding concentration at 650

pM to ensure optimal sequencing depth and quality. (51)

11.3 Data analysis via bioinformatics and statistical evaluation

The quality check of the raw reads was performed via FastQC v0.11.7 and MultiQC.
Forward and reverse reads were merged via PEAR v0.9.11 and then quality trimmed with
Trim Galore v0.6.10. The quality threshold was set to 30 and only reads between 18 and
30 base pairs (bp) in length were used for further analysis based on the literature. One
sample pair was removed from the analysis due to insufficient sequencing yield compared
to the other samples. Based on recommendations, Bowtiel v1.3.1 was used for the
alignment of the reads to the miRBase v22.1 H. sapiens miRNA (hsa-miRNA) database
with the following parameters: -n O -l 8 --best --strata -m 1 -no-unal. Read counts were
calculated for each miRNA using SAMtools v1.14. (51)

The expression levels of MIRNASs can span several orders of magnitude, making the direct
comparison of raw data challenging and less informative. To address this, we presented
our data using logarithmic values, specifically log. fold change for expression levels and
—log1oP for p-values. We applied a threshold for significant differential expression with
aminimum log> fold change of +1 and a p-value below 0,05 for determining the statistical
significance. By using a logarithmic transformation, we were able to mitigate the impact
of extreme values, create a symmetrical view of up- and downregulation (both of which
can be relevant), and make our results more visible. Principal component analysis (PCA)
is another statistical tool we applied with which we were able to reduce data
dimensionality by identifying the most important patterns that describe the data
variability. PCA also reorients the data into principal components, which are new,

uncorrelated variables ordered by their importance. (51)

Statistical analysis of the read counts was performed in the R v4.2.1 programming
environment. Differential mMiRNA expression was calculated with the DESeq2 package.
miRNAs were evaluated to be significantly differentially expressed if the absolute value
of the estimated log. fold change was higher than or equal to 1 and the Benjamini—

Hochberg-corrected p-value was less than or equal to 0,05. (51)
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I11. Surgical strategies and preoperative assessment in differentiated thyroid

cancer

I11.1 Patients and setting

We performed a retrospective patient database analysis. We included patients who were
referred to our tertiary referral center with differentiated thyroid cancer between January
2014 and October 2018 for radioiodine treatment evaluation. Surgical indications and
operation plans were established in other centers in some cases. Although surgical
indication could either be clinically benign or malignant thyroid disease, our patients were
selected retrospectively based on histopathology. Inclusion criteria were: final histology
of DTC (any subtype of papillary, follicular or Hirthle-cell carcinoma) and total/near
total removal of the thyroid gland (either in one or more steps). Patients whose thyroid
gland had not been removed (near) totally were excluded from the evaluation. Cancer
diagnosis for every case was based on histological data from surgical specimens, using
the WHO Classification 3rd and 4th edition. Staging was based on the TNM system 7th
edition. For preoperative staging, clinical investigation was used (ultrasound in all cases
[most of them with FNAB], and CT, MR, PET-CT in some cases). Mostly a selective
lymph node dissection was performed, but in some cases, documentation was poor, and
malignancy was not suspected preoperatively — resulting no lymph node dissection. No

other inclusion or exclusion criteria were set. (87)

The analyzed patient data included age, past medical and familial history (neck and
thoracic irradiation, thyroid cancer in relatives), preoperative tumor characteristics, type
of surgery, surgical complications and postoperative histological findings. Preoperative
tumor characteristics were: size on imaging, multifocality and/or bilateral tumor presence,
lymph node (LN) and/or distant metastases, extrathyroidal extension, aggressive
histologic variant with FNAB. Postoperative histological findings included: cancer type
and subtype, pathological staging, angioinvasion, tumor capsule invasion, extrathyroidal

extension, signs of incomplete tumor resection. (87)

A./ We retrospectively evaluated the different outcomes that could have been achieved
using surgical approaches based on the ATA (2015) and ETA guidelines and these were
compared to our practice. Clinical data from all patients were re-evaluated using both of
these guidelines and we established the type of surgery that would have been indicated

based on the preoperative data. In cases where one or both guidelines advocated for
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lobectomy, the need for hypothetical reoperation was evaluated based on postoperative
data. (87)

B./ We compared our institute’s practice to both the ATA and ETA guidelines by
analyzing all cases where one step total/near total thyroidectomy was performed despite
one or the other association’s guideline recommending lobectomy based on the

preoperative data.

We evaluated the need for completion thyroidectomy after a hypothetical lobectomy

based on the available postoperative histological data.

C./ We assessed the accuracy of our preoperative evaluation in predicting the optimal
surgical course when compared to postoperative histological data. Positive and negative
predictive values (PPV and NPV, respectively), sensitivity and specificity were
calculated. Cohen’s kappa was calculated to evaluate concordance between preoperative

ATA or ETA recommendations and the histopathology based correct course of action.

We examined the utility of preoperative ultrasound and clinical findings in predicting the
optimal surgical strategy. These included tumor diameter, age, sex, and presence of
Hashimoto thyroiditis. The relevance of tumor size in predicting individual postoperative
high-risk features, such as bilateral tumor, angioinvasion, extrathyroid extension,
incomplete surgical resection, aggressive histology and lymph node metastasis, was also

evaluated.
D./ We compared the complication rate in different types of surgeries. (87)

I11.2 Statistical methods

Data are given as mean+ SD for continuous and frequencies for discrete variables.
Between-group differences with categorical predictors and outcomes (e.g. complication
rates of different surgical strategies) were assessed using Chi-square and Fisher’s exact
test. In cases with one or more independent scale variable (e.g. predictive value of tumor
diameter on surgical outcome), binary logistic regression was used to build the
appropriate model. Unless otherwise noted p-values less than 0.05 are considered
statistically significant. Analyses were conducted using IBM SPSS Statistics for
Windows, Version 23.0 (IBM Corp. Released 2015 Armonk, New York, USA.). (87)
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111.3 Ethical approval

The study was approved by Semmelweis University Regional and Institutional
Committee of Science and Research Ethics (Egészségligyi Tudomanyos Tanacs,
Tudoméanyos és Kutatéasetikai Bizottsdg (under case number 1V/4097-2/2020/EKU)).
Since this retrospective cohort study was performed on an anonymous database, the

informed consent was waived. (87)
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4. RESULTS

I. Investigation of the shared genetic background of breast and thyroid cancer

Table 2 displays patients’ clinical characteristics. Breast cancer (BC) only patients had a
slightly younger age at the time of breast cancer diagnosis compared to the
synchronous/metachronous cancer group (47,7 vs 54,4, p=0,079). All other clinical
parameters evaluated were similar in the BC and BC-TC groups (as BC-TC group refers
to the synchronous/metachronous breast- and thyroid cancer patients). It is worth noting
that no difference was found in the frequency of the different BC treatment modalities

(irradiation, hormone or chemotherapy). (20)
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Table 2. Patient characteristics at BC diagnosis and at follow-up (20)

BC only BCand TC
Mean / No Mean / No p-value
of cases SD/ % of cases SD/ %
No. of patients 15 19
Age at follow-up 67,3 9,2 62,3 10,5 0,16
BC clinical characteristics
Age at BC diagnosis 47,7 10,2 54,4 11,2 0,079
BC grade 0,363
1 3 37,5% 3 20% 1
2 1 12,5% 6 40% 0,104
3 4 50% 6 40% 1
BC T stage 0,393
1 4 36,4% 7 58,3% 0,715
2 6 54,5% 5 41,7% 0,475
4 1 9,1% 0 0% 0,441
Lymph node
metastasis 5 33,3% 8 42,1% 0,728
Vascular invasion 2 22,2% 2 15,4% 1
HER2-positivity 6 40% 4 21% 0,276
ER-positivity 11 73% 10 52% 0,296
PR-positivity 8 53% 8 42% 0,730
Invasive ductal
carcinoma 13 86,7% 16 84,2% 1
Distant metastasis 3 20% 2 10,5% 0,634
BC radiation therapy |14 93,2% 17 89,5% 1
BC chemotherapy 10 66,7% 9 60% 1
BC hormone therapy |11 73,3% 10 62,5% 0,704
BC targeted therapy |1 6,7% 2 12,5% 1
BC relapse 4 26,7% 3 15,8% 0,672
TC clinical characteristics
Age at TC diagnosis - - 53,5 15 -
Papillary histology - - 18 94% -
Follicular histology - - 1 5,3% -
Lymph node
metastasis - - 4 21% -

The results of the genetic analyses for the BC-TC patients and the control group are
presented in Tables 3 and 4 respectively. Details of the statistical analysis are reported in
Table 5.
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Table 3. List of any cancer (and breast cancer) related genes and unique variants
identified by individual patients in the BC-TC group. The strength of known association

of each variant with oncogenesis is marked as known (**), potential (*) or no (no marker).

(20)

BC-TC Gene SNP Effect of mutation

patients (known breast cancer *- potential

(no. of SNPs) ene) **_ known association

T+1 (4) POLE c.1738C>A p.His580Asn*
BUB1 c.677C>T p.Ala226Val*
WRN €.355+4G>C intronic*

ERCC2 c.545C>T p.Alal82Val*

T+2 (4) SMARCA4 €.918G>C p.GIn306His*
TSC1 €.3109_3110insGCA | p.Gly1037_Ser1038insSer*
BIVM-ERCCS5,ERCCS €.1954C>G, p.Pro652Ala, p.Pro198Ala*

¢.592C>G
NBN c.511A>G p.llel71val*

T+3 (5) ATR €.2924T>C p.Leu975Ser*

KIT €.2695A>G p.Met899Val*
BMPR1A €.563G>A p.Arg188His*
PALB2 c.522A>G p.(=)*

HOXB13 c.251G>A p.Gly84Glu**

T+4 (3) BRCA1 €.3925A>C p.Asn1309His*

CDKN2A C.- p.Glu2_Pro3del**
15_8delGGCGGCGG
GGAGCAGCATGGAG
CcC

CDK4 c.625C>T p.Arg209Cys

T+5 (5) SMADA4 c.845A>C p.His282Pro*

XPC ¢.155C>T p.Ser52Leu*
VPS45 c.566A>G p.Glul89Gly*
FANCM c.527C>T p.Thrl76lle
ATM c.4388T>G p.Phel1463Cys

T+6 (4) ATR c.4357A>G p.lle1453Val*
ATM €.8983C>A p.Leu2995lle*
BRCA2 €.8755-1G>A intronic**

BRCA1 €.692C>T p.Thr231Met*

T+7 (6) MUTYH c.1276C>T p.Arg426Cys
ATR c.4912C>T p.GIn1638Ter**
ATR ¢.1546A>G p.Thr516Ala*
NSD1 ¢.3805T>C p.Ser1269Pro*
BRCA2 €.6968A>G p.His2323Arg*
CHEK2 c.614C>T p.Thr205lle*
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Table 3. (continued)

BC-TC Gene SNP Effect of mutation
patients (known breast cancer *- potential
(no. of SNPs) ene) **_ known association
T+8 (4) ATR C.3424A>G p.Ser1142Gly*
PDGFRA c.842C>T p.Thr281Met*
TINF2 c.488C>G p.Prol63Arg*
FLCN c.592G>A p.Asp198Asn
T+9 (1) TERT c.1234C>T p.His412Tyr
T+10 (6) TSC2 ¢.3820T>C p.Ser1274Pro*
FANCI c.2011A>G p.lle671Val
FANCI ¢.2604A>C p.Glu868Asp
MFSD3 c.1033C>T p.Arg345Cys*
BRCA2 ¢.1483G>C p.Ala4d95Pro*
BRCA2 c.4409_4410delTA p.lle1470fs**
T+11 (2) PTCH1 c.4324C>T p.Argld42Trp
CDH1 c.327>C p.LeullPro*
T+12 (5) PMS1 c.2783T>C p.Leu928Pro*
ATM c.1273G>A p.Alad25Thr*
ATM ¢.1300C>T p.Pro434Ser*
BRCA2 €.9038C>T p.Thr3013lle
STK11 c.413A>G p.Glu138Gly*
T+13 (2) MUTYH c.536A>G p.Tyr179Cys**
SLX4 €.2359G>A p.Glu787Lys
T+14 (3) FANCG €.634G>A p.Ala212Thr*
CHEK2 ¢.1556G>T p.Arg519Leu*
KIF1B €.2680G>A p.Val894Met*
T+15 (2) RECQL ¢.1360C>T p.Arg454Cys*
CHEK2 c.444+1G>A intronic**
T+16 (4) TSC1 c.2418G>A p.Met806lle*
POLD1 c.835_837delGAG p.Glu279del*
PDGFRA ¢.1099G>A p.Val367Met*
DIS3L2 c.1447C>G p.Argd83Gly*
T+17 (3) RECQL4 ¢.3062G>A p.Arg1021GIn
SLX4 €.3890G>A p.Gly1297Glu
SLX4 c.179A>C p.GIn60Pro
T+18 (4) MSH6 €.3226C>T p.Argl076Cys**
ATM €.7290T>G p.His2430GIn*
MAX c.25G>T p.Val9Leu*
BRCA1 c.1817>G p.Cys61Gly**
T+19 (0) - -
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Table 4. List of any cancer (and breast cancer) related genes and unique variants

identified by individual patients in the control group. The strength of known association

of each variant with oncogenesis is marked as known (**), potential (*) or no (no marker).

(20)
BC only Gene SNP Effect of mutation
patients (known breast cancer *- potential
(no. of SNPs) | gene) **_ known association
T-1(3) ATM €.8965C>G p.GIn2989Glu*
MUTYH ¢.1435G>A p.Glu479Lys*
FANCB €.2435A>G p.Tyr812Cys*
T-2(2) MSR1 c.919G>T p.Asp307Tyr*
ATM .6067G>A p.Gly2023Arg
T-3 (4) RAD50 c.1741C>T p.His581Tyr*
MITF €.1255G>T p.Glu419Ter**
WRN c.95A>G p.Lys32Arg
APC c.7490C>T p.Ser2497Leu
T-4 (6) ELANE €.341T>C p.Leul14Ser*
RB1 ¢.10A>C p.Lys4GIn*
WRN c.1149G>T p.Leu383Phe
ERCC4 c.1135C>T p.Pro379Ser
MSR1 Cc.667T>A p.Ser223Thr*
WRN €.2983G>A p.Ala995Thr
T-5(1) TSC1 c.1390G>A p.Gly464Ser*
T-6 (1) CHEK2 ¢.190G>A p.Glub4Lys**
T-7 (3) MSH2 c.2187G>A p.Met729lle*
RAD50 c.734A>G p.Glu245Gly*
FANCA €.2658G>C p.Glu886Asp*
T-8(2) CDH1 c.344C>T p.Thrl15Met*
MET €.2962C>T p.Arg988Cys
T-9 (6) MDH?2 c.415G>A p.Vall39lle*
FANCA ¢.1874G>C p.Cys625Ser
ATR c.7303A>G p.lle2435Val*
TERT €.2726T>C p.Val909Ala*
PALB2 €.2483G>A p.Cys828Tyr*
FANCB c.454T>C p.Phel52Leu*
T-10(3) RECQL4 €.616A>C p.Lys206GIn*
BLM ¢.3536C>T p.Thr1179lle*
FANCC €.632C>G p.Pro211Arg
T-11 (3) MITF .1334C>A p.Thra45Lys
WRN c.12117>C p.lled04Thr
SLX4 c.179A>C p.GIn60Pro
T-12 (1) FANCI C.824T>C p.lle275Thr
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Table 4. (continued).

BC only Gene SNP Effect of mutation
patients (known breast cancer *- potential
(no. of SNPs) ﬂ) **_ known association
T-13 (3) BUB1 c.307A>G p.lle103Val
FANCA c.1874G>C p.Cys625Ser
AXIN2 ¢.1994delG p.Gly665fs*
T-14 (3) RECQL4 c.941C>T p.Pro314Leu
SLX4 c.4963A>G p.Arg1655Gly
RAD51C ¢.130T>C p.Ser44Pro
T-15 (1) PMS1 ¢.1609G>A p.Glu537Lys*

Table 5. Comparison of the two patient groups by the number of genetic variants (20)

Genes associated with BC BC only BCand TC p-value
Mean Std. error | Mean Std. error

No. of SNPs with potential/ 0,27 0,12 0,84 0,22 0,029

known association with BC

No. of SNPs with potential/ 0,17 0,08 0,53 0,15 0,039

known association with BC

(weighted scores)

112 cancer risk genes BC only BCand TC p-value
Mean Std. error | Mean Std. error

No. of SNPs with no known 1,20 0,30 0,74 0,20 0,206

association with oncogenesis

No. of SNPs with a potential 1,40 0,39 2,32 0,37 0,096

association with oncogenesis

No. of SNPs with a known 0,20 0,11 0,47 0,14 0,131

association with oncogenesis

No. of SNPs with potential/ 1,60 0,36 2,79 0,39 0,032

known association with

oncogenesis

No. of SNPs with potential and 0,90 0,18 1,63 0,23 0,017

known association with

oncogenesis (weighted scores)

We found a significantly lower number of SNPs with potential or known association with
breast cancer in the BC only group (mean difference — 0.58, BCa 95% CI [- 1,09, — 0,06],
t(27)=-2,30, p=0,029, g=0,74 for unweighted and mean difference — 0,36, BCa 95%
CI[-0,70,-0,02], t(27,26)=—2,17, p=0,039, g= 0,70 for weighted scores). (20)
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The individual number of SNPs with no known genetic association with cancer was
nominally higher in the BC only group (mean difference 0,46, BCa 95% CI [ 0,27, 1,20],
t(25,56) =1,30, p = 0,206, g=0,39), while the number of potentially associated SNP or
those with a known association was nominally lower in the BC only group (mean
difference — 0,92, BCa 95% CI [-2,01, 0,17], t(30,98)=—1,72, p = 0,096, g=0,59 and
mean difference — 0,27, BCa 95% CI [- 0,63, 0,09],t(31,37)=— 1,55, p=0,131, g=0,51,
respectively). (20)

When we lumped together SNPs with potential or known association with carcinogenesis
to increase statistical power, we found significantly higher values in the
synchronous/metachronous cancer group compared to the BC only group using both
unweighted (mean difference — 1,19, BCa 95% CI [—2,27, —0,11], t(31,88)=—2,24, p
=0,032, g=0,76) and weighted (mean difference — 0,73, BCa 95% CI [- 1,32, —0,14],
t(31,80)=—2,51, p=0,017, g=0,83) scores. (20)

I1. MicroRNA profiling in papillary thyroid cancer

I1.1 Study population

From the initial pool of 129 PTC patients, 118 were eligible for inclusion, yielding 236
samples (118 cancerous, 118 non-cancerous tissues) for analysis of the expression pattern
of 2656 types of miRNAs. The tumor samples included in our study contained the
following histological subtypes of PTC: 96 conventional (81,35%), 16 follicular subtypes
(13,56%), 4 oncocytic (3,39 %), 1 columnar cell (0,85%), and 1 Warthin-like (0,85%).
(51)

11.2 Descriptive analysis

The descriptive analysis of miIRNA expression profiles in PTC patients provided a
detailed landscape of miRNA dysregulation of the disease. We listed miRNAs with
significant expression dysregulation in PTC in Figure 4 based on our sequencing data.
Subsequent analysis following isolation revealed significant differences in the expression
of 30 individual miRNAs in total, 27 of them being over-represented (e.g., miR-551b-3p,
miR-146b-3p, miR-9983-3p, miR-221-3p, miR-222-3p, and miR-375-3p) and 3 of them
being under-represented (miR-206, miR-873-3p, and miR-204-3p) in PTC compared to
the healthy parts of the thyroid. As mentioned above, we presented the results indicating

not only statistical significance but individual fold changes as well. MiR-551b-3p, miR-
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146b-3p, miR-146b-5p, miR-221-3p, miR-375-3p, miR-873-3p, and miR-204-3p are the
most noteworthy. It is also worth mentioning that 582 of the studied miRNA types were

not expressed in thyroid tissue at all. (51)
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Figure 4. The magnitude and significance of the expression deviations between tumor
and non-tumor tissue samples corresponding to the “top 30 miRNAs”. The log fold
change indicates the average expression level changes of the listed miRNAs. Statistical
significance was assessed using false discovery rate corrected p-values, with
significance set at p < 0,05. The bars of this chart present the log. fold change of the top
30 miRNAs (named on the horizontal axis), as depicted their significantly different
expression profiles between cancer and control groups. Bars indicating upward from the
zero line are showing overexpression of the particular miRNA in tumor tissue, while

those indicating downward are underexpressed. (51)

We also conducted a miRNA expression comparison between the conventional and

follicular subtypes within our PTC tumor sample cohort. We were unable to detect any
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significant miRNA expression differences between these two subtypes in the context of
the “top miRNAs”. We did not perform further analysis of other subtypes due to their low
frequency in the study population. (51)

11.3 Association analysis between miRNA expressions and states of selected

clinicopathological variables

In our extensive analysis of mIRNA expression data, we identified a total of 352
significant (p < 0,05) miRNA expression differences between different states of the
examined clinicopathological variables—such as age, sex, ATA risk score, as well as
TNM and AJCC (eighth edition) stages—of the study cohort. We investigated the miRNA
expression deviations and their connection to clinicopathological variables in the cases of

both tumor and adjacent healthy control tissues. (51)

Notably, 36 of the miIRNA expression deviations pertained to tumor samples, while the
majority, 316, were related to control samples. Our analysis also revealed a quite balanced
distribution in the context of the direction of miRNA expressions, with 165 links being
caused by miRNA overexpression and 187 by underexpression. Furthermore, 31 of these
“miRNA expression—state of variable” associations were highly intense, exhibiting
extreme log2 fold change values either above 10 or below —10, shown in Table 6. Among
these stronger associations, it is worth highlighting those miRNAs with the most
prominent links to ATA risk: miR-6880-5p (direct, in tumor), miR-6753-5p (inverse, in
tumor), miR-3648 (inverse, in control), and miR-6862-3p (inverse, in control); and those
showing link to TNM score: miR-6753-5p (inverse, in tumor), miR-6805-5 (inverse, in
control), miR-519c¢-3 (inverse, in control), and miR-6862-3p (inverse, in control). Note
that downregulation of miR-6862-3p in healthy thyroid tissue adjacent to PTC is

associated with greater ATA risk score, TNM score, and clinical stage as well. (51)
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Table 6. The 31 most relevant associations between significant miRNA expression
differences and the clinicopathological variables examined (such as age, sex, ATA risk,
and stages). Each represent not only a significant change in miRNA expression (p < 0,05),
but also a log2 fold +10 change relative to at least one clinicopathological variable. The
(+) or (-) signs indicate miRNA overexpression or underexpression, respectively. (E.g.
miR-6880-5p overexpression in tumor tissue was more associated with ATA risk 3, than
with ATA risk 2.)

Clinicopathological state mIiRNA expression mIiRNA expression difference
difference in tumor tissue in control tissue
[overexpression (+) or [overexpression (+) or
underexpression (-)] underexpression (-)]
ATA risk 3 vs. 2 6880-5p (+) 3648 (-)
4690-3p (+) 3675-5 (-)
2115-5p (+)
196a-1-3p (+)
ATATisk 3vs. 1 - 6862-3p ()
3648 (-)
ATArisk 2 vs. 1 6753-5p (-) 3675-5 (+)
4690-3p (-)
2115-5p ()
196a-1-3p ()
TNM T2 vs. Tlb 6753-5p (-) 6805-5 (-)
2115-5p (+) 3675-5 (-)
6891-5 (-)
3648 (+)
TNM T2 vs. Tla - 6805-5 (-)
TNM T1bvs. Tla 2115-5p () 3648 (-)
6880-5p (+) 6891-5 (+)
3675-5 (+)
TNM N1b vs. Nla - 6862-3p (-)
TNM N1b vs NO - 6862-3p (-)
519-c3 (-)
3675-5 (+)
Stage Vb vs. 111 - 150-3p (+)
Stage IVb vs. | - 4785 (+)
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I11. Surgical strategies and preoperative assessment in differentiated thyroid

cancer

We identified 261 potential patients in our database that satisfied inclusion criteria. Two
of them were excluded based on anaplastic or medullary histology. Out of the 259
patients, 76,4% were female and 23,6% were male. In 86,9% of cases papillary thyroid
cancer, in 10,0% follicular and in 3,1% Hiirtle cell histologic type was established. A
further 11 patients were excluded from further analysis as they underwent lobectomy
without completion. However, 248 met the inclusion criteria, where applicable, 259 well-
differentiated thyroid cancer patients were included in the calculations, e.g. post-

lobectomy complications. (87)

A./ From the final 248 patients, 152 (61,3%) and 23 (9,3%) cases would have been
recommended for initial lobectomy according to ATA and ETA, respectively. Based on
postoperative histological data, these hypothetical lobectomies would have been
inadequate in 94 (61,8%) and 15 (65,2%) cases (ATA and ETA, respectively) leading to
completion thyroidectomy. Following a hypothetical lobectomy, the most common
indications for repeated surgery would have been: previously unknown lymph node
metastases, incomplete surgical resection (R1 resection or positive surgical margin),
extrathyroidal or vascular invasion and bilateral tumor. Bilateral tumor would have been

discovered later, so a later reoperation would have had to be performed. (87)

Among our patients ATA would have recommended total thyroidectomy in 38,7% (96
patients) of the cases. The most frequent indication for primary total thyroidectomy
according to ATA guidelines was tumor size above 4 cm. In contrast to this, 90,7% (225
patients) of our patients were candidates for total thyroidectomy using the ETA guideline.
In cases where the guidelines advocated for initial (near) total thyroidectomy, this
decision would have been justified in 81 of 96 (84,4%) (ATA) and 161 of 225 (71,6%)
(ETA) of cases. In other words, we found one or more histological risk factors in 84,4

and 71,6% of the surgical specimens in these patients. (87)

There was a statistically significant difference between the ATA and ETA guidelines in
the frequency of recommending initial lobectomy. The hypothetical need for subsequent
reoperation, however, did not appear to be different — with the absolute number of
reoperations being much lower (15 vs. 94 of 259 patients). In cases where the individual

guidelines called for initial thyroidectomy, the ATA guideline had a higher positive
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predictive value in identifying cases with high-risk histology. Data is shown in detail in
Table 7. (87)

Table 7. Hypothetical indications and outcomes in patients whose thyroid gland were
removed in one or two steps, according to the 2 main social guidelines, based on the pre-

and postoperative findings. (87)

ATA ETA p-value
N % N %

Lobectomy 152 | 61,30% 23 9,30% | <0,001
Total thyroidectomy 96 | 38,70% 225 90,70%
Lobectomy completion needed 94 | 61,80% 15 65,20% 0,756
Lobectomy only sufficient 58 | 38,20% 8 34,80%
After total thyroidectomy:
risk factor(s) positive 81 | 84,40% 161 71,60% 0,021
risk factor negative 15 | 15,60% 64 28,40%

Compared to ATA recommendations, we performed primary total thyroidectomies more
frequently (38,7% vs. 73,8%). However, ETA would have recommended even more one
step total thyroidectomies (90,7% vs. 73,8%). Lobectomies were followed by a second

surgery in most of our cases (91,2%). (87)

If ATA would have recommended total thyroidectomy and we followed this
recommendation in 81,3% (n=78) of these cases, this was proved to be eligible in 84,4%
of cases. If ATA would have recommended lobectomy and we have performed
accordingly, at least one risk factor was shown in the histology result in 69,0% of cases.
In cases where ETA would have recommended total thyroidectomy and in 77,8% of cases
we have done so, resulting a 73,7% postoperative risk factor ratio — compared to the
71,6% if we had proceeded entirely according to ETA. Postoperative risk factor ratio is
calculated by number of cases where at least 1 postoperative risk factor was present
divided by number of all cases. Interestingly, if ETA indicates lobectomy, and we have
performed the surgery accordingly (39,1%), the ratio of the postoperative risk factor was
found to be 88,9%. (87)

Indicators of ATA have turned out to be superior to ours: positive predictive values were
84,4% vs. 71,7%; negative predictive values were 38,2% vs. 32,3%; false positive rates

were 15,6% vs. 28,3%; false negative rates were 61,8% vs. 67,7%, respectively. (87)
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B./ Primary total thyroidectomy was undertaken at our institute in 110 of the 152 cases
where the ATA guideline would have recommended lobectomy. Postoperative
histological results validated this approach in 60,0% of cases. The identified risk factors
are shown in Table 8. The distribution of these risk factors among the 66 of our patients
who underwent primary total thyroidectomy despite the ATA guideline recommending
lobectomy was the following: 38 patients had 1 risk factor, 15, 10 and 3 patients presented
with 2, 3 and 4 risk factors respectively. Undiscovered lymph node metastasis would have
been the leading cause (47,0%) of consequent reoperation had these patients undergone
primary lobectomy. Other factors were incomplete surgical resection (34,8%) and
extrathyroidal extension (27,3%, mainly microscopic). Furthermore, in 12 of 110 cases
(10,9%), a contralateral tumor would have remained undiscovered. Two, 3 and 4
concurrent risk factors were discovered in 22,7, 15,2 and 4,6% of these patients,

respectively. (87)

Table 8. Frequency of postoperative risk factors in those, who reasonably underwent total

thyroidectomy. Patients may have multiple postoperative risk factors. (87)

Postoperative risk factors

in n=66 patients Men (n=16) Women (n=50) Total (n=66)
Lymph node metastasis 8 50,0% | 23 46,0% 31 47,0%
Positive surgical margin 6 37.5% | 17 34,0% 23 34,8%
Extrathyroidal extension 4 250% | 14 28,0% 18 27,3%
Angioinvasion 4 25,0% | 13 26,0% 17 25,8%
Bilateral tumor 5 31,3% 7 14,0% 12 18,2%
Aggressive variant 1 6,3% 8 16,0% 9 13,6%
Total 28 254% | 82 74,6% | 110 100,0%

Total thyroidectomy was performed at our institute in 14 of the 23 cases where the ETA
guideline would have advocated for lobectomy. This decision was confirmed by
postoperative risk factor assessment in half of the cases. Of these, incomplete surgical
resection and previously undiscovered lymph node metastases were once again the most

common findings (71,4 and 42,9% respectively). (87)

C./ We compared the accuracy of preoperative clinical work-up (US and FNA) in

predicting postoperative histological findings. While specificity and PPV were mostly
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acceptable (79,5-99,1% and 44,4-100,0% respectively), sensitivity was uniformly low in
all areas including prediction of lymph node metastasis (48,9%), identifying
extrathyroidal (5,9%) or bilateral tumor (32,0%) presence, or establishing the presence of
aggressive tumor variants (28%). Cohen’s kappa was 0,04 and 0,20 for ETA and ATA
criteria respectively. These values reflect the low agreement between pre- and

postoperative findings with the modest superiority for ATA criteria. (87)

We examined the predictive value of preoperative clinical parameters on the type of
surgical intervention in the subgroup of cases where primary total thyroidectomy was
performed at our institute despite the ATA guideline advocating for initial lobectomy
(n=110). Of the preoperative parameters examined, only tumor size had a significantly
positive (p=0,001) and patient age a nearly significantly negative (p=0,057) effect on
the presumed need for total thyroidectomy if the ATA guideline had been followed.
Model fit was moderate (R? = 0,20 (Nagelkerke)). Results from the logistic regression are
presented in Table 9. (87)

Table 9. Effect of preoperative clinical parameters on disease severity defined by the
histologically verified need for total thyroidectomy. R?=0.20 (Nagelkerke). See text for
details. (87)

OR 95% ClI for Exp(B) p
Nodule size (mm) 1,098 1,037 -1,161 0,001
Patient age (years) 0,972 0,944 — 1,001 0,057
Gender 1,002 0,335-2,995 0,998
Hashimoto (Y/N) 0,574 0,225 - 1,466 0,246

We examined the value of tumor size in predicting individual postoperative risk factors
using data from all our patients (n=259). Results from the logistic regression are shown
in Table 10. After adjustment for multiple testing, preoperative tumor size significantly
correlated with the presence of vascular invasion. There was a near significant association
with incomplete surgical resection. However, the size of the primary malignancy, was not
a significant predictor for the presence of a contralateral tumor, aggressive histology,

extrathyroidal extension or undiagnosed lymph node metastasis. (87)
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Table 10. The effect of tumor size (mm) on the presence individual postoperative risk
factors. After adjustment for multiple testing using the Bonferroni method, p values <

0,008 are considered statistically significant. (87)

Outcome OR 95% CI for Exp(B) p
Contralateral tumor 0,994 0,970 - 1,019 0,653
Aggressive histology 1,014 0,987 - 1,042 0,307
Extrathyroidal extension 1,019 0,996 - 1,042 0,115
Positive surgical margins 1,030 0,007 - 1,052 0,009
Lymph node metastasis 1,001 0,982 - 1,021 0,893
Vascular invasion 1,047 1,023 -1,071 0,000087

D./ From the pool of all 259 patients with DTC, 38 (14,7%) patients suffered a total of 44
surgical complications. Amongst these, hypocalcaemia and temporary, unilateral
recurrent laryngeal nerve palsy were the most common. Complication rate was higher
with primary total thyroidectomy (15,2%) vs. lobectomy (4,4%) (p = 0.02). (87)

We also assessed complication rates separately in the subgroup of cases where total
thyroidectomy had been performed and its need was retrospectively validated by
postoperative histological findings (n=173). Both the overall rate of complications and
the frequency of specific complications were similar in patients who underwent total
thyroidectomy in one step versus those who had lobectomy followed by completion
thyroidectomy (18,8% vs. 19,5%, Exact p-value = 1,00). (87)
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5. DISCUSSION

I. Increased oncogenic SNP burden in synchronous/metachronous thyroid- and

breast cancer patients

In our study, investigating the common genetic factors associated with the co-occurrence
of thyroid and breast cancer, we found a significantly higher burden of established and
potential germline cancer risk variants among subjects with a history of metachronous
thyroid and breast cancer compared to patients with a history of breast cancer only. The
trend was similar, and effect sizes were still considerable when we assessed the number
of SNPs with known and potential cancer risk separately. However, in these cases,
probably due to lack of power, statistical significance was not reached. Our results are
compatible with the hypothesis that the sporadic co-occurrence of thyroid and breast
cancer is of multigenetic origin and probably related to the burden of the carcinogenic

SNPs rather than an individual gene alteration. (20)

Comparison of clinical features of breast cancer, such as onset, stage, histology and
treatment also yielded no significant differences (87). There was a non-significant
tendency for later age of breast cancer onset in the study group which is contrary to

previous findings (92).

The metachronous and synchronous occurrence of breast and thyroid cancer has been first
described nearly four decades ago (10). The relationship between the two tumor types has
since been found to be bidirectional. In recent meta-analyses, the odds ratio for thyroid
cancer following breast cancer treatment was 1,55 while the odds ratio of developing BC
after TC was reported between 1,18-1,32 (12, 13).

Studies exploring the cause behind this association emphasize either the role of common
underlying hormonal, environmental and lifestyle factors, or the role of the first
malignancy in the development of the second. The potential role of cancer treatment and

the increased surveillance of cancer survivors fall in this latter category. (87)

With breast cancer being the most common type of malignancy in women (93) and with
the increasing incidence of thyroid cancer worldwide (94, 95), the importance of this topic

is clear.
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1.1 Female sex hormones

One potential hypothesis explaining this bidirectional relationship implicates common
hormonal factors and is rooted in the overwhelming predominance of both cancer types
in reproductive-aged women (13). The potential importance of hormonal effects is
supported by the interesting observation that the incidence of thyroid cancer is increased

in other sex hormone-related diseases such as myoma and benign breast diseases.

Estrogen has been implicated in the pathogenesis of both breast and, to a lesser degree,
thyroid cancer (15, 96-98). Estrogen, progesterone, androgen and HER-2 receptors are
often present on the epithelium of thyroid cancer and breast cancer cells (99-102). HER2
positive status may also be associated with poorer prognosis, based on low evidence data
(203). In vitro and animal studies also point towards the potential oncogenic effect of
estrogens in thyroid cells (99, 104).

Also, in RET/PTC fusions or BRAF and RAS mutations, estrogen can stimulate MAPK
and PI3K pathways (100). Expression of ERa is 8-fold higher in thyroid progenitor cells,
what are the presumptive source cells of thyroid cancer (15, 105). In a recent study, PTC
proliferation, migration and invasion was facilitated by estrogen, via the activation of
ERa/KRT19 signaling axis. KRT19 (keratin 19), an intermediate filament protein, is

highly expressed in various cancers, including breast and thyroid cancer.

It is also possible that the hormonal milieu of pregnancy (hCG, increased TRH and
prolactin) would increase the thyroid and the estrogen-like effects of thyroid hormones,

hence the risk of both cancer types (106).

Selective estrogen receptor modulators (SERMs) are widely used in breast cancer
treatment. While there is some evidence that these drugs due to their partial estrogen
effect increase TSH secretion and thyroid cell proliferation, their potential role in thyroid

cancer development has not yet been studied (107).

The similar frequency of hormone therapy in the BC only, and the BC-TC groups in our
study point toward a limited role of sex hormones in the development of co-occurring
breast and thyroid cancer. (87)

1.2 Thyroid hormones

An increased TSH secretion in response to estrogens has also been suggested as a

potential pathomechanism for thyroid cancer development (12), as serum TSH levels
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have been shown to correlate with thyroid cancer risk (108). TSH and thyroid hormones
also have been implicated in breast carcinogenesis by in vitro animal and observational
studies. T3 seems to stimulate proliferation in breast cancer cells in vitro at least in part
through interactions with the estrogen signaling system (109, 110). Tumor suppressor
pathways downstream of the TRP nuclear thyroid receptor and oncogenic pathways
downstream of the membrane receptor aVPB3 have been suggested to mediate the role of
thyroid hormones in carcinogenesis (111-115), other studies have failed to replicate these

findings.

Furthermore, observational studies in humans found a decreased breast cancer incidence
in hypothyroid and an increased incidence in hyperthyroid patients (15, 114-119).
Contradictory data suggest that hyperthyroidism and hypothyroidism may also increase
the risk of breast cancer: thyroid hormones can affect the signaling pathways of estrogen,
progesterone, and HER-2 receptors. Thyroid receptor (TR) is also present in BC cells
(120).

The association of autoimmune thyroid diseases (Hashimoto thyroiditis and Graves’
disease) and breast cancer have also been theorised (15, 121, 122). The role of
autoimmunity may be suggested by the observation that breast cancer and thyroid cancer
are more common in autoimmune thyroid disease. Based on this theory, the abnormal
immune system causing the autoimmunity, and could not recognising the cancerogenic
cells. Thyreoperoxidase can also be expressed in breast cancer cells or in the peritumoral
tissues. Accordingly, serum anti-TPO or Anti-Thyreoglobulin positivity may be more
frequent in breast cancer patients (121). Anti-TSH-receptor antibodies posed an increased

risk of breast cancer in a recent meta-analysis (122).

Endocrine disrupting chemicals (EDC) have been linked to numerous types of hormone

dependent malignancies including both thyroid and breast cancer (123-125).

1.3 Lifestyle factors: obesity, iodine, diabetes

The role of lifestyle factors can not be discounted (15, 126, 127). It is well known that
obesity predisposes to at least 13 types of malignancy, including thyroid and breast cancer
(128-131). Obesity is also associated with higher-stage disease in both thyroid and breast
cancer (126, 132) and decreased treatment efficacy in breast cancer (133). In parallel,
overweight and obesity were substantial independent risk factors for extrathyroidal

extension, tumor size and multifocality in PTC among male patients (126).
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Comparable data were also reported for type 2 diabetes (121). T2DM (Type 2 Diabetes
Mellitus) posed a 1,38 relative risk (95% ClI: 1,13-1,67) to thyroid cancer in women (134)
and an 1,08-1,20 relative risk for breast cancer (135). T2DM was associated with higher
stages (111/1V) and larger tumor size (>20 mm) and lymph node metastasis in breast cancer
patients (136).

Japanese women with a richer iodine-containing diet have a reduced risk of breast cancer
(15). This may have links to the fact that NIS (Sodium lodide Symporter) is expressed in
lactating breast and 80% of breast cancers (122, 137, 138). In parallel, iodine-rich foods
may also be a protective factor against thyroid cancer (139), but large, prospective studies

adjusted for other lifestyle factors, dietary patterns and geological factors are still lacking.

Vitamin D deficiency can also contribute to the higher risk of several malignancy,
including thyroid cancer and breast cancer (140-143). Vitamin D receptor known to be
expressed both in BC and PTC (144, 145).

1.4 Treatment of the first cancer

Other theories suggest the role of prior cancer treatment in the development of the second
primary malignancy. Radio- and hormone therapy for breast cancer and 1-131 treatment

for thyroid tumors have both been implicated in carcinogenesis (15, 107, 146, 147).

Despite several improvements minimizing radiation scatter to surrounding tissues, there
is a definitely increased risk for certain malignancies following external beam radiation
for breast cancer (148). While some reports are conflicting (149), most available data do
not substantiate such a connection between thyroid cancer and previous adjuvant breast
irradiation (150-153). Our data with similar frequency of radiation therapy for breast
cancer in the investigated groups argue against the role of external or internal radiation in

the development of synchronous/metachronous breast and thyroid cancer (87).

However, there are no data available in the literature on the risk of a second primary

thyroid cancer after chemotherapy for breast cancer (15).

The issue of high-dose 1-131 radioiodine therapy (RAI) is particularly noteworthy. In
Hou's publication (5), 1-131 therapy was not found to increase the risk of a second primary
tumor, but for example Kim 2023 (154) described a linear dose-dependent increase in risk

of a second primary tumor after RAI at a cumulative dose of 3,7 GBq (HR= 1,08).
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Notably, the risk of a second primary malignancy was significantly increased above a
dose of 3,7 GBq, and a strong linear correlation was observed between cumulative RAI
dose and the risk of SPM. In this study, the risk of myeloid leukemia, salivary gland,
trachea, lung/bronchus, uterine and prostate cancers was significantly increased after RAI
therapy. In contrast to the above, another publication (155) found no association between
RAI treatment and the increased incidence of second primary malignancies. In a critical
review by Relnecke and colleagues (156), the relative risk of RAI ranged from 1,14 to
1,84, although the evidence for this was considered low to very low. The authors
concluded that, based on the low-quality evidence, the overall excess risk of RAI for
second primary malignancies cannot be excluded, but the effect is not expected to be

significant.

In 2022, Pasqual (14) published a major study investigating the effect of RAI on second
primary malignancies in children and young adults with long follow-up. Their results
showed an increased incidence of second primary malignancies in all organs except the
bladder, liver and cervix. The relative overall risk for SPM was 1,47 for survivors beyond
20 years and 1,46 for breast cancer. In the case of solid organs, the risk increased
particularly after 20 years, which was even more pronounced in the case of breast cancer.
Based on their results, RAI was estimated to be responsible for 14% of hematological
malignancies, 6% of solid malignancies and 5% of breast cancers among thyroid cancer
survivors treated with radioiodine in children and young adults (up to 45 years of age).
The study confirms that the risk of SPM associated with radioiodine treatment is more
pronounced in younger age groups. This finding is supported by the results of a large
retrospective study (157), where the risk of second primary breast cancer was increased
by radioiodine treatment in adolescents and young adults to a greater extent than in
middle-aged patients (HR= 1,65 vs. 1,18).

Due to the short follow-up period, it was not possible to investigate the risk of RAI on

second primary malignancies.

1.5 Surveillance bias

It is also possible that the increased surveillance of cancer survivors could lead to earlier
recognition or even overdiagnosis of a second primary malignancy (87). This seems to be
especially true for differentiated thyroid cancer (158). In a meta-analysis of 6286

autopsies, after examination of the whole thyroid gland there was a pooled subclinical
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PTC incidence of 12,9% (95% CI: 7,8-16,8) (159). This study shows no difference in
subclinical PTC prevalence between men and women regarding the age-specific
prevalence neither difference between prevalence in age groups. Furthermore, another
meta-analysis found high rate of adverse histological features in subclinical DTCs (160).
The pooled prevalence of incidentally discovered DTC was 8,5%, from which the
frequency of multifocal, bilateral, minimal extrathyroidal extensive, LN metastatic,
vascular invasive were 28,2%, 18,0%, 24,5%, 11,0%, 16,0% respectively. Notably, from
the 722 subjects, 1 had occult distant metastasis, and 2 had undiagnosed fatal metastatic

disease.

However, as there are no screening programs for breast cancer among thyroid cancer
survivors or vice versa, surveillance bias is unlikely to account for the preferential

association of these tumor types. (87)

|.6 Genetics

Cowden syndrome (CS) and Cowden-like syndromes (CLS) are characterised by
hamartomas and an extremely increased risk for several types of malignancies including
breast cancer, thyroid cancer, endometrial cancer, colorectal cancer, and melanoma with
standardized incidence ratios for breast and thyroid cancer in the range of 6 to 9 (17). CS
and most forms of CLS have an autosomal dominant inheritance. However, these
conditions, referred to as PTEN hamartoma tumor syndromes, make up only a small

fraction of synchronous/metachronous thyroid and breast cancer cases (87).

This is consistent with our finding that no patient in our samples had a mutation in the
PTEN gene. Thus, the existence of other shared genetic risk factors is highly probable.
To the best of our knowledge, genetic analyses exploring this notion have not been
conducted and genetic factors underlying sporadic metachronous cancer cases are yet to

be elucidated.

Epigenetic changes in INcRNAs (long non-coding RNA), in particular MANCR and
overexpression of VEGF or hypermetalation of KLLN gene may also play a role in the

association of thyroid and breast cancer (15, 161, 162).

The main strengths of this study were the state-of-the-art genetic analysis using NGS
technology, and the fact that both cases and controls came from the same source

population. The main limitation of our research was the relatively low number of patients
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limiting statistical power even in analyses of genetic scores. Furthermore, our study was
unable to identify or investigate any single genetic risk locus behind
synchronous/metachronous cancer development. Two types of bias could also have
affected our findings. First, participants were recruited years after diagnosis potentially
leading to survivor bias. Second, the exclusion of controls with less than 12 years of
follow-up lead to an age difference between our study groups that is contrary to previous
findings (92) and probably reflects selection bias. However, both of these selections were
deemed to be necessary to minimize contamination of the control group with thyroid

cancer. (87)

Il. Altered miRNA expression in papillary thyroid cancer

In the study investigating miRNA profile of papillary thyroid cancer, we identified 30
miRNAs that showed significant up- or downregulation compared to healthy thyroid
tissue. As far as we know, this is the first study describing the association of PTC with
the overexpression of miR-9983-3p, miR-4695-3p, miR-1277-5p, MiR147b-3p, miR-
511-3p, and miR-137-3p. MiR-551b-3p was overexpressed in our cancer samples,
suggesting its oncogenic role in PTC, unlike in other cancer types discussed in previous
research. In consensus with the literature, we also confirmed the overexpression of miR-
221, miR-222, and miR-146b, among others. (51)

Our findings may significantly contribute to improving diagnostic accuracy in thyroid
nodules with uncertain cytological readings by supporting the future integration of
miRNA-based testing alongside DNA-based molecular testing of cytological samples. In
addition, not yet published associations between the miRNA pattern of PTC and

clinicopathological variables were revealed as well. (51)

Despite being a well-researched topic, the exact pathogenesis of PTC remains unknown,
with most of the current, mutation-based models providing only a partial understanding
of the disease (163). Therefore, deeper insights into non-conventional tumor formation
caused by miRNA regulatory mechanisms on gene expression are required for the
improvement of cancer diagnostics and therapeutics (25, 164). The role of miRNAs in
the development of PTC is rather complex, but association with many signaling
molecules such as tumor protein p53 (TP53) (48), cyclin-dependent kinase inhibitor 1B
(CDKN1B) (48), insulin-like growth factor binding protein 5 (IGFBP5) (66),
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transforming growth factor beta (TGF-B) (165), zinc and ring finger 3 (ZNRF3) (63), the
RBL1 gene (44), as well as serum thyroglobulin (TG) (30) levels is assumed.

Although the initial discovery of the disease as well as its treatment options are already
quite effective with low rates of recurrence and complications, further improvement in
the follow-up of the patients could still be achieved (166). In clinical practice, disease
management is heavily dependent on risk assessments such as the 2015 ATA risk
stratification system takes the BRAFV600E mutation into account to estimate the chance
of disease recurrence (68). However, it lacks the inclusion of other genetic alterations and
miRNA expression deviations, both of which could largely alter the long-term outcome
of each clinical setting. For example, oncogenic cellular pathways like those related
to RET or NTRK gene mutations can already be targeted by selective tyrosine kinase
inhibitors (TKIs); some miRNAs such as miR-146b, miR-203a, miR-204, miR-221, or
miR-222 are also suggested to be potential prognostic indicators (30, 62, 167, 168),
although available data in this regard are still controversial (169). The latest studies on
miRNAs suggest that an underlying correlation with BRAF mutations is possible as well
(59, 63). It is also important to be aware that the currently used circulating biomarkers in
DTC diagnostics and surveillance like TG levels have limitations, especially in the
presence of TG antibodies (TGAD), which can heavily compromise the accuracy of TG
measurements (170). This is why novel circulating biomarkers for diagnostics and
surveillance are keenly researched (30, 31), with thyroid stimulating hormone receptor
(TSHR) mRNA, TG mRNA, and certain miRNAs as candidates (170). Messenger RNAs
are inherently unstable molecules; in addition, the sensitivity of circulating mRNAs is
dependent on the timing of blood sampling, and the specificity of TG mRNA can easily
be influenced by non-thyroid origins of the molecule and/or technical difficulties of the
measurement (170). In this sense, the inclusion of specific mMiIRNA expressions in risk

assessment might be worth considering. (51)

Given their potential, our research aimed to detect and analyze the expression levels of a
wide range of miRNA types in PTC, both in tumor tissues as well as in their adjacent
healthy-tissue counterparts from the same patient’s thyroid. Firstly, we established two
cohorts of identical size (tumor and control) and performed the same molecular analysis
on each of them. With this approach, we were able to identify PTC-specific miRNAs
expressed in significantly higher or lower amounts than in the control samples. This is

consistent with previous findings in which miRNAs acted as promising diagnostic
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biomarkers distinguishing thyroid cancer from benign thyroid disease or healthy controls
(30, 31, 62, 64, 171). By comparing the molecular dynamics within the same thyroid
source tissue, we also had the opportunity to eliminate most of the biases related to patient

selection and sample processing. (51)

Interestingly, we found that 30 individual miRNAs showed significant deviations from
values in the control healthy tissue. Among these 30 miIRNAs, we are the first to describe
miR-9983-3p, miR-4695-3p, miR-1277-5p, miR147b-3p, miR-511-3p, and miR-137-3p
in relation to PTC, although most of them have been previously mentioned in the context
of other malignant diseases (172, 173). In the case of miR-9983-3p and miR-147b-3p,
however, there is very little historical evidence regarding their roles in any cancer. Further
studies on these novel PTC-associated miRNAs may help expand our knowledge of PTC.
(51)

In addition, our results demonstrated PTC-related up- and downregulation of specific
miRNAs, some of which have already been mentioned in previous studies, but some have
attracted less attention so far. The most relevant one of such miRNAs is miR-551b-3p,
which exhibited the most substantial fold change in PTC when compared to adjacent
healthy thyroid tissue. Notably, an almost 60-fold overexpression of miR-551b-3p was
seen within PTC tissue (Figure 4). Indeed, previous papers have reported on the irregular
expression of miR-551b-3p in PTC (174, 175). It is noteworthy, however, that miR-551b-
3p has been formerly recognized rather as a tumor suppressor in malignancies, such as
gallbladder or gastric cancers (176, 177). It is also worth mentioning that in these studies
(174-177), the number of patients involved was much lower (n = 42-60) than in our
investigation. Consistent with its tumor-suppressive effects, miR-551b-3p was found to
be underexpressed in these malignancies. However, our finding, indicating rather a
significant overexpression in malignant thyroid tissue, suggests a potential oncogenic role
for miR-551b-3p in relation with PTC. This observation underscores the dynamic nature
of miRNA function; wherein certain miRNAs may manifest either oncogenic or tumor-

suppressive properties depending on the specific malignancy under consideration. (51)

In agreement with previous data (59, 178) our results also demonstrate the significant
over-representation related to miR-21, miR-146b, miR-221, and miR-222 within PTC.
Therefore, the potential oncogenic role of these miRNAs can be underscored.

Furthermore, miR-146b has been previously associated with epithelial-mesenchymal
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transformation and the rather invasive features of PTC (63). Our data confirm miR-146b
as a highly promising and novel diagnostic factor in the context of PTC. Additionally,
our investigation provides further validation of the conspicuous overexpression of miR-
221 and miR-222 as well. Dysregulation of these mIRNAS, recognized as among the most
established ones in thyroid cancer, continues to be implicated in the molecular landscape
of PTC (60). This supports their significance as noteworthy factors in the pathogenesis of
PTC, contributing to a more comprehensive understanding of the molecular mechanisms

underlying thyroid cancer. (51)

As part of the study, we analyzed miRNA expression data in the context of different states
of some clinicopathological variables related to the patients. We identified 352 significant
“miRNA expression—state of variable” links, of which 31 were highly suggestive of being
caused by underlying correlations between certain miRNA expression patterns and the
presence of different clinicopathological states such as those related to ATA risk (e.g.
miR-6880-5p, miR-6753-5p, miR-3648, and miR-6862-3p), TNM score (e.g. miR-6753-
5p, miR-6805-5, miR-519¢-3, and miR-6862-3p), and clinical stage (e.g. miR-6862-3p).
MiR-6862-3p underexpression in the healthy adjacent thyroid tissue showed a higher
state of all these three variables. This underscores the notion that some miRNAs might
have a role in the development of PTC, its clinical behavior, and the prognosis of the
disease through direct or indirect effects (e.g., expression dysregulation facilitated by age
or sex). (51)

Our results not only enhance our understanding of PTC’s molecular foundations but also

illuminate the possibilities of miIRNAs as novel therapeutic targets and biomarkers (51).

However, our study has some limitations. First and foremost, though, our study was
designed as original molecular research; although, we utilized tissue samples
retrospectively from existing histological archives. Individual miRNA functions and their
exact roles in molecular pathways were not investigated in this research; we only
compared expression deviations of each miRNA between cancerous and healthy thyroid
tissues. Also, we did not consider miRNA relations to mutational data such
as BRAFV600E. This restriction was mainly due to the limited amount of tissue samples
suitable for molecular processing available in our archives. Apart from age, sex, ATA
risk score, and stage, we did not correct our results for other secondary variables known

to be associated with the development or behavior of PTC such as clinical data (e.g.,
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comorbidities, previous ionizing radiation exposure, and medications) or
histopathological data (e.g., tumor size, PTC subtypes, histological aggressiveness,
focality, and invasiveness). In addition, the statistical power to detect miRNA expression
differences across less common PTC subtypes—such as oncocytic, columnar cell variant,
etc.—was limited and could have been improved with a larger cohort. However, this was
mainly due to the relatively high prevalence of the conventional subtype and a relatively
low occurrence of other histological variants, which is consistent with other population-
level observations (179, 180). It is also worth mentioning that our sample size is still
larger than that used in many similar studies in this regard. Plus, this study focuses on
individual miRNA expression variations and does not investigate inter-miRNA
interactions or the combined effects of the miRNAs on PTC development. In addition,
our data would have been even more reliable if we had been able to carry out repeated
measurements of those miRNAs found to be significant in this study. However, this was
not feasible due to the sample size limitations mentioned above. Also, we used FFPE
tissue samples instead of fresh tissues or FNAB samples, which may impact the real
clinical value of our results. Furthermore, we recognize that our study lacks functional
validation experiments which would be crucial for gaining a deeper understanding of the
relation between PTC pathogenesis and the identified differentially expressed miRNAs.
Therefore, conducting functional validation tests (in vivo and/or in vitro) of the relevant
miRNAs, such as knockdown animal experiments, would be highly beneficial. Lastly, an
extension of our investigation in the future to multiple centers would definitely help verify
our conclusions by avoiding potential patient selection biases from the same geographical

region. (51)

I11. Outcomes of surgical approaches in low-risk differentiated thyroid cancer

Despite the increasing incidence of thyroid cancer and the numerous possible etiologies
of co-occurrence with breast cancer, thyroid cancer remains mostly indolent in behavior.
The golden mean between the harms of overtreatment and the risks of undertreatment has
not been established, as evidenced by differences in the first surgical approach to
malignant thyroid nodules, especially in the case of low-risk nodules between 1 and 4 cm

in size.

In our study, we compared the outcomes of different surgical strategies for preoperatively

diagnosed differentiated thyroid cancer, using our institute’s protocol and the potential
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outcomes that could have been achieved with strict adherence to the ATA or ETA
guidelines. We also evaluated the predictive power of preoperative ultrasound,
cytological, and other clinical features in this context. Following these recommendations
would have led to the same relative reoperation rate (absolute number of reoperations
would have been much higher according to ATA guidelines and initial lobectomy would
have been more frequent), and unrecognized lymph node metastases would have been the
most common reason for completing thyroidectomies. Tumor size was not associated
with the incidence of postoperative risk factors, excluding angioinvasion. Neither the
tumor size, nor any other clinical data could predict adequately the optimal surgical
approach. Our postoperative risk factor positivity ratio was very similar to that of ETA —
this was found to be more eligible in lobectomies, but less in total thyroidectomies.

However, predictive values of ATA were superior to our practice. (51)

This uncertainty of preoperative studies argues for a more radical surgical approach. A
high number of primary total thyroidectomies were performed at our institution despite
more lenient ATA recommendations. We advocate for near total thyroidectomy in more
cases of thyroid cancer since the false negative ratio above 60% is considered to be

inacceptable with particular regard to bilateral tumors.

Our postoperative risk factor positivity ratio was very similar to that of ETA — this was
found to be more eligible in lobectomies, but less in total thyroidectomies. In a similar
paper, published by DiMarco et al (77), from the pool of 275 FNAB-confirmed Bethesda
V-VI cytology papillary thyroid cancers between 1 and 4 cm in size that were candidates
for lobectomy according to ATA, 92,0% underwent complete thyroidectomy and the
reoperation rate would have been 42,5%. In contrast to our study, angioinvasion (30,8%)
and tumor invasion (23,9%) were the most frequent reason for the hypothetical
completion thyroidectomy. Among our patients according to both ATA or ETA, the
reoperation rate would have been nearly 50%. Neither bivariable analysis, nor
multivariable logistic regression model found a significant predictive value for
completion thyroidectomy among age, sex, tumor size, family history and FNAB result.
Also in Kluijthout’s work (79), of the 149 low-risk differentiated thyroid cancer between
1 and 4 cm eligible for lobectomy according to ATA, 19,5% would have had to be
reoperated to undergo adjuvant radioiodine treatment regarding the criteria set by ATA.

If the relative indications (that are commonly used indications for radioiodine treatment
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(RAI) although not included in ATA guideline) are considered, 49.0% would have had to
be reoperated. (51)

ATA guidelines were based on findings that the tumor size of 1-4 cm in diameter alone
should not influence the extent of surgery as it is not associated with survival (181, 182).
However, confounding factors, such as aggressive variants, lymph node metastasis,
positive surgical margin, male gender, lack of RAI do affect survival, and thus, those
might have an impact on the decision making regarding the extent of surgery.

Unfortunately, the preoperative assessment of these factors is markedly unreliable.

Our data suggest that growing tumor size is associated with an increasing risk for
angioinvasion and positive surgical margin, however, the risk for bilateral tumor, lymph
node metastasis, aggressive variants, and extrathyroidal extension do not decrease with

smaller tumor diameter, thus, suggesting the need for total thyroidectomy. (51)

As the most permissive strategy, in an observational trial for following papillary thyroid
microcarcinomas (183) it was found that follow-up alone could be a reasonable approach
in patients without any unfavorable clinical or histological features. Thirty-two percent
of the patients in the observational group had undergone surgery, and the rate of newly
identified lymph node metastasis was increasing during the observational period. Other
studies have shown that the recurrence rate is lower when total thyroidectomy is
performed (184). Based on the aforementioned data, the more frequent consideration of
primary total thyroidectomy over lobectomy might be advised. Psychological factors
affecting patient preference should also be taken into consideration. In our practice
patients usually prefer primary complete thyroidectomy and the higher chance of

becoming completely tumor-free that is associated with this approach.

Lobectomy undoubtedly has a lower complication rate than total thyroidectomy. In our
database, there were no difference between the adverse event rates in one- or two-step
thyroidectomy groups. Nevertheless, the double anesthesia and hospital admission
certainly carry additional risks and costs. Thus, if there is no difference in terms of
complications as it is demonstrated by our data, primary total strumectomy could be more

beneficial for the patients.

Although the same oncological outcome could be achieved by completion thyroidectomy,
leaving undetected contralateral cancer foci, a second hospital admission, general

anesthesia, more absence from work and more inconvenience could be prevented. RAI
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treatment is aimed to decrease the recurrence rate in cases where unfavorable
clinicopathological prognostic factors (high-risk for recurrence) are detected, and also to
cure recurrence or metastasis (185, 186). Our findings indicate that at present it is not
possible to determine these factors accurately without the complete removal of the thyroid
gland. Furthermore, in cases of postoperative upstaging after lobectomy, a second
completion strumectomy will be necessary, in order to perform a radioiodine therapy. The
benefits of serum thyroglobulin (TG) and anti-thyroglobulin antibody (aTG) monitoring

could only be utilized following total thyroidectomy and RAI treatment.

To determine the optimal surgical approach, and to decrease the need for unnecessary
thyroidectomies, a new set of criteria should be established — but until then, we suggest
the more frequent application of primary total thyroidectomy. Appending previously
established predictive models with new features such as genetic and epigenetic data from

FNA samples is one of the newly emerging promising methods (187-191).

This study has several advantages which include: a single institution of patient care with
uniform diagnostic and therapeutic procedures, high number of cases per year, well
documented pre- and post-op factors which all lead to well reconstructable cases. Among
the limitations of our study, we must mention its retrospective setting. Due to the short
follow-up time, we cannot present survival data which is a cornerstone of cancer studies.
The high ratio of patients who underwent primary total thyroidectomy can decrease the
statistical power when comparing outcomes of one- vs. two-step total thyroidectomies.
Exclusion of patients submitted to lobectomy alone may be a source of selection bias.
Sonographic assessment was provided by multiple observers at different hospitals on
different ultrasound machines. No data on interobserver variability could be collected and
no clear definition of sonographic extrathyroidal extension could be adopted. The
judgement on extrathyroidal extension was solely on the single ultrasound observer. In
our database lymph node metastases could include micrometastasis also (as some
pathologic reports did not describe the size of the metastasis), and no data on the actual
number of clinically relevant metastases was available. Cost-effectiveness could not be
assessed, and the severity and the duration of complications are not well documented.
The reconstruction may not be impeccable: the hypothetical adherence to different
guidelines which we tried to model does not take into account all the detailed information

that is evaluated in real life clinical scenarios. (51)
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6. CONCLUSION

After differentiated thyroid cancer, the incidence of several malignant tumors becomes
more common. This relationship is also true in reverse: after several malignant diseases,
a second primary thyroid cancer is more frequent than expected (3). The possible casual
relationships between these tumors are the subject of intensive research and are likely to
be due to the interaction of numerous factors. These include genetic predisposition,
lifestyle and environmental factors, treatment of the first tumor, and detection bias due to
increased diagnostics. Regardless of which factor plays a greater role in each individual,
long-term clinical follow-up by the practicing physician is necessary after thyroid cancer
in order to detect any second primary malignancy at an early stage. Patients are advised
to adhere strictly to the generally recommended cancer screening programs (especially
mammography for women and colorectal cancer screening for both sexes) and scheduled

medical appointments.

In our study investigating the shared genetic background of thyroid and breast cancer, we
reported an increased burden of carcinogenic SNPs in people with both thyroid and breast
cancer compared to individuals with breast cancer only, based on whole exome
sequencing of 112 known hereditary cancer risk genes. We found no differences in
clinicopathological parameters between the groups suggesting that both groups have
similar presentation at the time of diagnosis of breast cancer. While our study was not
powered to identify specific risk loci for metachronous cancer development, our findings
further support the multigenetic etiology of co-occurring breast and thyroid cancer. Our
findings do not directly contradict any of the other, previously detailed theories
explaining the association between these tumor types. Nevertheless, our results do
underline the need for further genetic research in this field, which are lacking at the

moment. (20)

Our investigation on PTC-miRNA interactions involving the largest number of original
molecular data resulting from PTC samples with matched controls (n = 118-118) and the
most comprehensive set of analyzed miRNAs (n = 2656) provides strong evidence that
the miRNA expression profiles manifest differently in tumorous and non-tumorous areas
of the thyroid gland in the case of PTC by a significant margin. This could help improve
the accuracy of DNA-based molecular testing for thyroid nodules with uncertain cytology

and provide support for clinical decision-making. The data also suggest the essential role
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of the identified key miRNAs in PTC pathogenesis, their contribution to different
clinicopathological states. It is noteworthy that links between the expression levels of
some miRNAs and values related to disease advancement (ATA risk, TNM, and clinical
stage) can be found not only when analyzing PTC tissue itself but for the

histopathologically healthy adjacent tissue as well. (51)

Most of the time, miRNAs labeled as significant were rather overexpressed in PTC cancer
tissue; however, some of them showed a significantly reduced expression in PTC.
Moreover, 582 miRNAs showed no expression in either tumor or control samples;
however, these miRNAs could still turn out to be clinically significant in future studies
of other types of thyroid cancer such as follicular, medullary, anaplastic, or even non-
invasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP). Our
findings hold promise for the development of novel diagnostic and therapeutic strategies
for PTC patients targeting molecular pathways related to specific miRNAs. Our results
not only emphasize the importance of miRNA expression patterns in thyroid cancer
research but also highlight that these small non-coding nucleic acids may contribute to
personalized medicine in the future. Furthermore, it would also be worth investigating the
potential of all the PTC-related miRNAs of this study as possible liquid biopsy
biomarkers resulting from the serum as it is already successfully presented with a few
miRNAs in PTC as well as with other markers in other malignancies (32, 192, 193). This
could help diagnostics in the form of a routine laboratory test and could also provide a
joint molecular diagnostic methodology for parallel research on different cancer types.
(51)

Researching the outcome of different surgical approaches to previously diagnosed low-
risk DTC, we may confirm that the decision to perform total thyroidectomy instead of
lobectomy, despite ATA or ETA recommendations for the latter, was a posteriori
warranted in the majority of our patients. It is also evident that current pre-operative
criteria are inadequate to accurately determine the extent of initial surgery since our
postoperative findings suggest frequent need for completion thyroidectomy. ETA has
stricter criteria for lobectomies, so that the need for a second surgery is probably less
frequent, however, the number of unnecessary total thyroidectomies are proportionately
higher with this approach. Predicting the need for a total thyroidectomy is only one aspect
of the recommendations, and we chose this variable for its ease of evaluation. We do not

intend to state whether one guideline is superior to the other, but only to highlight the
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unreliability of preoperative measurements in general. Since the rate of reoperation would
have been similar following both the ATA and the ETA guidelines and there is no reliable
predictive parameter available at present to determine the proper type of surgery, more
frequent primary total thyroidectomy might be suggested until effective pre-operative set
of criteria will be established. (87)
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7. SUMMARY

1.

In summary, we concluded, that thyroid cancer can be seen more frequently after
numerous primary malignancies, and the risk of second primary malignancies
after thyroid cancer is increased, than would be expected in the general
population. We established, that the sporadic co-occurrence of thyroid and breast
cancer is at least partly caused by an increased germline oncogene SNP burden.
To our best knowledge, this association as a genetic predisposition has not been
described previously in the literature.

Aiming to improve the diagnostic accuracy in distinguishing benign from
malignant thyroid nodules with indeterminate cytology, we found a 30 kind of
mIiRNA expressed differently in papillary thyroid cancer compared to intact
thyroid tissue. This was the most comprehensive miRNA study in relation to PTC
so far. Some of the identified associations have not been described before in the
literature. Thus, this study provided the largest number of original molecular data
derived from papillary thyroid cancer samples with matched controls and the most
comprehensive set of analyzed miRNAs. We also demonstrated different miRNA
profiles associated with different clinicopathological variables, providing a better
insight of papillary thyroid cancer biologic behavior. These findings point toward
novel diagnostic and moreover, therapeutic strategies for PTC patients.

We also established that lobectomy in preoperatively diagnosed low-risk thyroid
cancer, according to either ATA or ETA guidelines, results in frequent completion
thyroidectomy. This could be partly be explained by our finding that the
preoperative assessment of such patients is far from reliable. The size of the
malignant thyroid nodule associated weakly with the postoperative risk factors,
only the presence of angioinvasion could be predicted based on the tumor size. As
a consequence, a better, possibly genetic or epigenetic based preoperative set of
criteria would be necessary, to decide more appropriately the initial surgical
approach. Until that, we advocate for more one-step total thyroidectomy, avoiding

the possible need for a second surgery.
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