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Abstract
The vast majority of thyroid cancers originate from follicular cells. We outline outstanding issues

at each step along the path of cancer patient care, from prevention to post-treatment follow-up

and highlight how emerging technologies will help address them in the coming years. Three

directions will dominate the coming technological landscape. Genomics will reveal tumoral

evolutionary history and shed light on how these cancers arise from the normal epithelium and

the genomics alteration driving their progression. Transcriptomics will gain cellular and spatial

resolution providing a full account of intra-tumor heterogeneity and opening a window on the

microenvironment supporting thyroid tumor growth. Artificial intelligence will set morphological

analysis on an objective quantitative ground setting the foundations of a systematic thyroid

tumor classification system. It will also integrate into unified representations the molecular and

morphological perspectives on thyroid cancer.
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Introduction

Tumors originating from thyroid follicular cells are the most frequent endocrine tumors, with an

increasing incidence that make this cancer one of the most common in women (Cabanillas,

McFadden, and Durante 2016; Deng et al. 2020). Large variations in this incidence have been

reported depending on numerous factors such as sex, nationality, or socioeconomic status.

Thyroid tumors comprise a spectrum of morphological phenotypes with variable rates of growth,

differentiation, biological aggressiveness, and evolving definitions. Distinct types of tumors are

associated with different genetic alterations in various signaling pathways. Recently, major

advances have deepened the characterization of the morphological, mutational, transcriptional,

and genomic profiles of the different types of thyroid tumors, opening new diagnostic, prognostic

and therapeutic avenues for these cancers.

In this perspective, we will first describe the main types of thyroid cancers originating from

thyrocytes, their clinical presentation, known genetic and pathway alterations, and then discuss

new technological advances that will enable researchers to address long-standing questions at

all stages of patient care from prevention to post-treatment follow-up.

Our focus on the investigation of clinical samples should not overshadow specific technologies,

not covered here, that open new possibilities regarding in vitro and in vivo models.

Thyrocyte-derived tumors

Thyroid tumors occur more frequently in females (2-4 times) than in males and are rare in

children. A large proportion of the global increase in thyroid cancer has been attributed to the

improvement of the screening techniques such as ultrasonography and other diagnostic

methods, as well as to an increase in the detection of small thyroid papillary cancers, less than

1 cm (M. Li, Dal Maso, and Vaccarella 2020). Hence, the contribution of overdiagnosis to the

increasing incidence of thyroid cancer is significant. However, more recent studies have

suggested that environmental exposures, lifestyle and comorbidities may also contribute to

thyroid cancer development. A nationwide Danish study showed that the presence of other

benign thyroid conditions were significantly associated with the risk of differentiated thyroid

cancer, which could not be attributed to increased screening (Kitahara et al. 2018), but the

underlying biological mechanisms remain to be elucidated.
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To date, exposure to ionizing radiation has been clearly demonstrated to favor the onset of

thyroid cancers (Iglesias et al. 2017), and other factors such as an iodine-deficient diet

(Zimmermann and Galetti 2015), being overweight or environmental pollutants such as nitrates,

heavy metals and other compounds may also be responsible (Vigneri et al. 2017). Although

incidence is rising steadily, mortality has remained low and stable, affecting only about 5% of

patients. The main risk associated with these tumors is the persistence and recurrence of the

disease which occurs in 10 to 30% of cases of differentiated tumors (Durante et al. 2013).

Thyroid tumors may originate from follicular thyroid cells or parafollicular cells (C cells), which

produce the hormone calcitonin. Parafollicular C cells-derived carcinomas are called medullary

thyroid carcinoma and account for 2-4% of thyroid cancers. Follicular thyroid cells-derived

tumors are more frequent and include benign and malignant forms with distinct histological

presentation (Figure 1), potentially amenable to deep-neural-network characterisation, which we

will cover here. Autonomously hyperfunctioning and cold follicular adenoma are two types of

benign encapsulated tumors, characterized by their respectively high and low capacity to take

up iodide and produce thyroid hormones. Malignant carcinomas include follicular thyroid

carcinoma (FTC, 10-15%), papillary thyroid carcinoma (PTC, >80 %), poorly differentiated

thyroid carcinoma (PDTC, 1-2%) and anaplastic thyroid carcinoma (ATC, 1-2%). The vast

majority of thyroid cancers are sporadic. While PTCs and FTCs have a relatively good prognosis

and can mostly be treated with surgery and I131, ATCs are lethal within months after diagnosis

and do not respond to any conventional cancer therapies, i.e. surgery, chemotherapy, I131.

Papillary thyroid carcinoma (PTC)

Histology and clinical features

From a histopathological point of view, PTCs are generally characterized by a papillae

architecture with a progressive disappearance of the follicular structure; cells are organized

around a fibrous structure that is sometimes vascularized. The lesion infiltrates the neighboring

normal tissue, invasion of this lesion by lymphocytes is frequent and the presence of a fibrous

capsule, partially surrounding the tumor, is rarely observed. The cell nuclei of the thyrocytes are

enlarged with a typical ground glass and irregular appearance, i.e. presence of nuclear grooves.

Apart from the classic variant which remains the most common, there are many histological

variants, the most frequent being microcarcinoma (≤ 1 cm) and the follicular variant composed

essentially of follicles with classic papillary nuclear features (J. Liu et al. 2006). Although studies
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have associated the follicular variant with a mildly aggressive clinical phenotype (Agrawal et al.,

2014), it is still generally considered to have the same prognosis as typical papillary carcinoma

(Passler et al. 2003; Zidan et al. 2003). Other variants include the tall cell variant, the most

common aggressive variant of PTC, characterized by tall cells (2 - 3 times taller than wide),

which usually occurs in older age patients (Asa 2019). PTCs mainly metastasize in the lymph

nodes adjacent to the original site of the tumor and can also form distant metastases in lungs

and bones. Cervical lymph node metastases are present in nearly 50% of patients, with a

frequency increasing with the size and the extrathyroidal extension of the primary tumor.

Although PTC is generally indolent and curable, disease recurrence is common and is

associated with increased mortality (Ito et al. 2007; Zaydfudim et al. 2008).

Genetic alterations

PTCs have a lower mutation rate relative to other cancer types (Alexandrov et al. 2013),

providing increased signal-to-noise ratio for the identification of the initiating or causative

mutations of the disease. Their genetics and molecular phenotypes have been extensively

characterized by The Cancer Genome Atlas (TCGA): potential driver mutations could be

identified for 96.5% of 496 PTCs (Cancer Genome Atlas Research Network 2014). The majority

of PTCs present three genetic alterations which are mutually exclusive: activating point

mutations in BRAF and RAS, and RET/PTC chromosomal rearrangements.

(i) BRAF mutations: Activating point mutations in the kinase region of BRAF, a member of the

Raf family, mimic phosphorylation of the protein, leading to constitutive kinase activity (Davies et

al., 2002). The most common of these mutations is a T1799A missense mutation that results in

a valine to glutamic acid substitution at amino acid 600 (V600E). In PTC, BRAF mutations are

found with a prevalence of ~60%, which constitutes the most common molecular alteration in

this type of tumor (Cancer Genome Atlas Research Network 2014). Although the V600E

substitution is the more frequent mutation, other less frequent alterations leading to constitutive

BRAF have been described: K601E substitution has been detected in the follicular variant of

PTC (Trovisco et al. 2004), and small in-frame insertions or deletions around V600 have been

reported (Carta et al. 2006; Hou, Liu, and Xing 2007). Among PTCs, BRAF mutations appear

more frequently in the classical and tall cell variants (Cancer Genome Atlas Research Network

2014). They are associated with older patients (Powell et al. 2005) and correlate with distant

metastases and tumor aggressivity (Nikiforova et al. 2003; Xing et al. 2005; Y. Wang et al.
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2008). They are also associated with low tumour purity, desmoplasia and immune infiltration

(Tarabichi et al. 2018).

(ii) RAS mutations: Activating point mutations in codons 12, 13 and 61 of RAS inhibit the

GTPase activity of this small G protein, maintaining it in a constitutively active, GTP-bound,

state. There are three isoforms of RAS: HRAS, KRAS and NRAS, NRAS and HRAS being

predominantly mutated in thyroid tumors, mostly involving codon 12 (G12V) and 61 (Q61R).

RAS mutations are not specific of a particular type of thyroid tumors: they are present in 10 to

20% of PTCs and are mainly found in follicular variants (Cancer Genome Atlas Research

Network 2014), whereas they are found in 20-40% of benign follicular adenoma and 40-50 % of

FTCs (Xing 2013).

(iii) RET/PTC chromosomal rearrangements: in the past, these rearrangements were present in

15-20% of PTCs, essentially in the classical variant (Nikiforov and Nikiforova 2011), but their

incidence is gradually decreasing to currently reach 6-7% (Cancer Genome Atlas Research

Network 2014; Jung et al. 2014). There are several types of RET rearrangements found in

PTCs, formed by the fusion of the intracellular tyrosine kinase domain of the RET receptor with

different 5’ heterologous gene fragments which are ubiquitously expressed and possess a

dimerization domain. This fusion results in the constitutive activation of the truncated tyrosine

kinase portion of RET by autophosphorylation thanks to the dimerization domain of the

heterologous gene. RET/PTC1 and RET/PTC3 are the most common combined forms of RET.

RET/PTC1 is formed by a paracentric inversion of the long arm of chromosome 10 leading to

fusion with a gene named CCDC6 (coiled-coil domain containing 6) (Grieco et al. 1990)

RET/PTC3 is formed by fusion with the NCOA4 (nuclear receptor coactivator 4) gene (Santoro

et al. 1994). Several other RET/PTC rearrangements have been identified and their

development is mainly caused by exposure to ionizing radiation, for instance in PTCs that

developed as a consequence of the radioactive fallout of the Chernobyl nuclear accident

(Nikiforov 2002). They are also more frequent in children than in adults for both irradiated and

non-irradiated PTCs (Romei, Ciampi, and Elisei 2016).

In addition to these main genetic alterations, mutations of the telomerase reverse transcriptase

(TERT) promoter have been detected in around 10% of PTCs of all histological types (Cancer

Genome Atlas Research Network 2014; Landa et al. 2013; X. Liu et al. 2013; Melo et al. 2014).

This enzyme maintains telomere ends and substitutions at nucleotides 1295228 (C228T,

C228A) and 1295250 (C250T) of chromosome 5, located in TERT promoter, lead to increased
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TERT transcription. These mutations are associated with more aggressive tumors and are

concomitant with other mutations such as BRAFV600E or RAS, suggesting a role in the

progression rather than in the initiation of the disease (Cancer Genome Atlas Research Network

2014; Melo et al. 2014).

Additional less frequent alterations, never exceeding a few percent of cases, have been

described in PTC such as point mutations in EIF1AX, PPM1D, and CHEK2, and gene fusions

involving BRAF, NTRK1, NTRK3 or ALK (Cancer Genome Atlas Research Network 2014). Gene

fusions are more prevalent in radiation-induced thyroid cancer and are much lower in sporadic

cases (Ricarte-Filho et al. 2013).

Altered signaling pathways

PTC progression is essentially driven by constitutive activation of the MAPK pathway, inducing

proliferation and dedifferentiation of the thyrocytes (Roger et al. 1988; Zaballos and Santisteban

2017), as revealed by the downregulation of specific thyroid differentiation genes such as NIS,

TPO, TG TSHR (Hébrant et al. 2012). This results from mutations or rearrangements in different

effectors of this pathway, including BRAF, RAS or RET/PTC as described above, but also from

increased expression of local growth factors and their receptors, leading to autocrine loops and

autonomous proliferation. Examples include the overexpression of c-met/HGF receptor,

sometimes in association with HGF (Di Renzo et al. 1992; Trovato et al. 1998), or

overexpression of EGF receptor, TGFɑ and other genes coding for proteins involved in EGF

pathway activation (Aasland et al. 1990; Delys et al. 2007; Lam et al. 2011). Based on their

molecular profiles, two distinct molecular subtypes of PTC were identified, named BRAF-like

and RAS-like, reflecting their biological differences, dedifferentiation level and aggressiveness.

BRAF-like tumors signal preferentially through MAPK while RAS-like PTCs signal through both

MAPK and PI3K (Cancer Genome Atlas Research Network 2014). These groups also differ in

tumor purity and their microenvironment components (Tarabichi et al. 2018), which confound

their molecular profiles at the bulk level.

Another signaling pathway that is activated in PTC is the NFκB pathway, promoting proliferation

and inhibiting apoptosis (Cancer Genome Atlas Research Network 2014; Pacifico and Leonardi

2010). In this context, it has been shown that BRAFV600E is able to activate NFκB (Bommarito et

al. 2011; Palona et al. 2006).
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Follicular thyroid carcinoma (FTC)

Histology and clinical features

Follicular thyroid carcinomas are also well-differentiated thyroid carcinoma. They represent 10 to

15% of thyroid cancers and are of good prognosis. Their incidence has decreased, most likely

secondary to dietary iodine supplementation and the elimination of iodine deficiency, and the

evolution of criteria for the diagnosis of the follicular variant of papillary cancer (see below). The

majority of FTCs resemble benign follicular thyroid adenoma and the distinction between them

is based on the presence of vascular and/or capsular invasion. Follicular carcinoma is divided

into minimally invasive and invasive variants based on morphologic criteria. Metastases are

present in 10-15% of the patients and spread hematogenously, mostly in lung and bones

(McHenry and Phitayakorn 2011).

Genetic alterations

Due to their lower incidence, the genomic characterization of FTCs is less advanced than that of

PTCs. They have been the subject of fewer high throughput sequencing studies (Jung et al.

2014; Nicolson et al. 2018; Swierniak et al. 2016). The genetic alterations that are most often

encountered are present in both follicular adenoma and carcinoma, supporting the notion that a

large part of FTCs derive from follicular thyroid adenoma (Dom et al. 2018). The most frequently

encountered mutations are RAS activating mutations (predominantly N-RAS), present in

20-40% of follicular adenoma and 40-5 % of FTCs, and PAX8-PPARγ rearrangements, identified

in 10% of follicular adenoma and 30-40% of FTCs. PAX8-PPARγ rearrangement is a

chromosomal translocation resulting in a chimeric protein containing the DNA binding domain of

PAX8 and operating as a dominant negative on the transcriptional activity of wild-type PPARγ

(Kroll et al. 2000). RAS activating mutations and PAX8-PPARγ rearrangements are generally

mutually exclusive.

Most of the genetic alterations in FTCs involve proteins along the PI3K signaling pathway and

include, in addition to RAS activating mutations, essentially PIK3CA copy number gain and

activating mutations, and PTEN inactivating mutations or deletions (Hou et al. 2007; Z. Liu et al.

2008). AKT mutations have been described but are very rare. PIK3CA mutations and

amplifications occur in 5-15% and 25-30% of FTCs, respectively. PTEN inactivating mutations
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and deletions are respectively present in ~ 5 % and 30-40 % of FTCs (Hou et al. 2007; Z. Liu et

al. 2008; Y. Wang et al. 2007).

Novel somatic alterations have recently been described (DICER1, EIF1AX, TSHR) but they

appear quite heterogeneous and show low prevalence (Nicolson et al. 2018; Swierniak et al.

2016; Duan et al. 2019).

Altered signaling pathways

Altered signaling pathways have been poorly investigated in FTC. Those tumors are mainly

characterized by a constitutive activation of the PI3K signaling pathway, resulting from different

genetic alterations as described in the previous section (Zaballos and Santisteban 2017). They

have many features in common with benign follicular adenomas, with quantitative rather than

qualitative gene expression differences, suggesting a biological continuum (Dom et al. 2018).

Variants of follicular thyroid tumors are the Hürthle cell tumors that can be separated into

Hürthle cell adenoma and carcinomas. Hürthle cell carcinomas (HCC), also called oxyphilic

follicular carcinomas, are oncocytic tumors. They constitute a rare subgroup of thyroid tumors

(~4%), more aggressive than non-oncocytic thyroid carcinomas. They show a microfollicular

architecture and are characterized by cells with a large eosinophilic and granular cytoplasm,

with loss of cell polarity and containing a high number of mitochondria (Kure and Ohashi 2020).

These numerous mitochondria result from mutations in mitochondrial DNA, mostly in genes

encoding subunits of complex I of the electron transport chain, leading to decreased oxidative

phosphorylation (Kumari, Adewale, and Klubo-Gwiezdzinska 2020; Máximo et al. 2002). In

addition, HCC show many chromosomal losses with genome-wide loss-of-heterozygosity,

resulting in near-haploid cancer genomes (Corver et al. 2018) often rescued by whole-genome

doubling, and mutations in nuclear DNA involving several genes from the MAPK and PI3K

signaling pathways, such as RAS, PTEN, PIK3CA or TSC1/2 (Ganly et al. 2013; Gopal et al.

2018).

Although Hürthle cell tumors used to be classified as a variant of follicular thyroid tumors, their

genetic profiles suggest they should be considered as a separate entity. Accordingly, in the

latest WHO classification, they have been identified as a separate type of tumor derived from

thyroid follicles.
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Anaplastic thyroid carcinoma (ATC)

Histology and clinical features

Anaplastic thyroid carcinomas are very aggressive dedifferentiated tumors, representing less

than 5% of all malignant thyroid tumors and with an average median survival < 6 months. No

life-saving treatments are so far available. The follicular architecture is completely lost, and large

areas of cell necrosis are visible; these tumors are largely vascularized. They are highly invasive

and spread metastases locally in lymph nodes and distantly in lungs, bones, or brain. ATC

represents the end stage of thyroid tumor progression and may derive from PTC or FTC or arise

de novo. Evidence for that include clinicopathological observations: ATC often coexists with

PTC or FTC in the same tumor and may arise in patients previously treated for differentiated

thyroid cancer (Spires, Schwartz, and Miller 1988). In addition, ATCs share mutations with PTC

and FTC (see below). At the bulk level, ATC show distinct mRNA expression profiles, while most

genes dysregulated in PTC relative to normal tissues being further dysregulated in ATC

(Hébrant et al. 2012). However, these bulk analyses likely reflect both differences in the

microenvironment as well as in the cancer cells.

Genetic alterations

The genomic and transcriptional profiles of ATCs have recently been analyzed, revealing that

these tumors have a higher tumor mutational burden than other types of thyroid cancer

(Kunstman et al. 2015; Landa et al. 2016; Pozdeyev et al. 2018; Yoo et al. 2019). The

predominant mutations occur in TP53 and TERTp genes. TP53 point mutations are present in

>60-70% of the tumors. Similarly, TERT C228T and C250T mutations, which are present in less

than 10% of PTCs, are found in >60-70% of ATCs. These mutations are detected in association

with other mutations, for instance with BRAF or RAS, confirming their role in the progression of

the disease and their relationship to the aggressive nature of the tumors that present them

(Cancer Genome Atlas Research Network 2014; Landa et al. 2016; Melo et al. 2014; Yoo et al.

2019).

In addition, ATCs present genetic alterations found in PTCs and FTCs: BRAFV600E mutations are

present in 45% of ATCs, and mutations in NRAS, HRAS, or KRAS in 24%. These mutations are

mutually exclusive. Strikingly, the RET/PTC and PAX8/PPARγ chromosomal rearrangements

have so far not been found in ATCs. Other prevalent alterations include PIK3CA mutations
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(18%) or gene amplification (42%), and PTEN inactivating mutations, present in 15 % of ATCs.

Less frequent mutations have been observed in NF1/2 (neurofibromin 1/2), EIF1AX, ATM, Rb,

AKT1, with a prevalence of <10 %. These mutations generally co-occur with others (Landa et al.

2016; Pozdeyev et al. 2018; Yoo et al. 2019). Mutations in β-catenin (CTNNB1) have initially

been reported in >60% of ATCs (Garcia-Rostan et al. 1999), but subsequent sequencing results

did not replicate these findings: very few tumors carry β-catenin mutations (Kunstman et al.

2015; Landa et al. 2016; Pita et al. 2014). The mutational profile of ATCs thus suggests that a

significant portion of them derive from differentiated carcinomas, but also that some initiating

mutations of differentiated carcinomas (e.g. RET/PTC3) might lead to different evolutionary

routes.

Altered signaling pathways

Whereas the MAPK pathway is involved in PTC development and the PI3K pathway in FTC

development, ATCs are characterized by the constitutive activation of both MAPK and PI3K

signaling pathways (Zaballos and Santisteban 2017). The progressive accumulation of different

alterations activating both pathways drive the progression of differentiated thyroid carcinoma

(PTC and FTC) to ATC. Decreased or loss of expression of most of the thyroid differentiation

proteins (NIS, TPO, TG, TSHR, etc.) is generally observed. This corresponds to the in vivo

biological features of ATCs, which unlike PTC, no longer respond to TSH stimulation, no longer

secrete thyroglobulin nor accumulate iodide, and therefore do not respond to radioiodine

therapy (Hébrant et al. 2012).

In addition to the activation of the MAPK and PI3K signaling pathways, the WNT-β-catenin

signaling pathway is activated in ATC, resulting partly from β-catenin stabilizing mutations but

also from the activation of the PI3K pathway, via GSK-3β phosphorylation and inactivation.

Pathways associated with the SWI/SNF chromatin remodeling complex and with histone

modifications are deregulated in respectively 36% and 24% of ATCs, caused by mutations in

different regulators of these pathways . Similarly, a deficiency in DNA MMR pathways has been

described in 12% of ATCs, as a consequence of loss of function mutations in MMR genes

(MLH1, MSH2, MSH6) (Landa et al. 2016; Pozdeyev et al. 2018).
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Microenvironment and cellular heterogeneity in thyroid cancer

Histopathological analysis of tumors have revealed that they are composed of distinct cell types:

in addition to the neoplastic cells, several stromal cell types are present including fibroblasts,

myofibroblasts, endothelial cells, adipocytes, lymphocytes, macrophages, and other cells.

These cells could either be part of the initial stroma, before the tumor developed, or have been

recruited by cancer cells. So far, the contribution of the stromal cells to thyroid tumor growth has

been little investigated. Whereas all thyroid tumors contain, apart from cancer cells, endothelial

cells making up the blood vessels, the proportion of other cell types varies widely across cancer

subtypes, patients and even within patients. Hence, expression of specific markers in bulk

tumour tissues should be interpreted with caution, especially for tissues with low tumour purity.

The stroma of FTC has been little investigated, and the few existing data report the presence of

immune cells (Yin et al. 2020). The stroma of PTC has been more characterized and is

essentially composed of cancer-associated fibroblasts (CAFs) and lymphocytes. PTC cancer

cells have been shown to produce several factors, for instance TGF-β1, a paracrine signal for

stromal fibroblasts that enhances tumor growth (Zhang et al. 2014). A previous work of our

group on BRAFV600E PTCs revealed a major contribution of the stromal fibroblasts to the tumor

volume and its expansion, with highly proliferative CAFs (Tarabichi et al. 2018). Thyroid cancer

cells and CAFs have also been shown to activate distinct metabolic pathways in PTC (Gill et al.

2016; A. Strickaert et al. 2017). We recently showed that cancer cells have an increased

mitochondrial oxidative metabolism which is not observed in stromal cells (Aurélie Strickaert et

al. 2019). Hence, our data support the existence of a reverse Warburg effect, characterized by

the release into the microenvironment of lactate, produced by aerobic glycolysis by CAFs and

available for tumor cells which metabolize it via the TCA cycle (Pavlides et al. 2009; Aurélie

Strickaert et al. 2019). In addition to CAFs, PTCs are often infiltrated by immune cells, including

lymphocytes, but also macrophages, mast cells, and neutrophils, which positively or negatively

influence tumor progression (Ferrari et al. 2019; Xie et al. 2020).

13

https://paperpile.com/c/vcPAEJ/C1Clb
https://paperpile.com/c/vcPAEJ/79EsW
https://paperpile.com/c/vcPAEJ/29WXJ
https://paperpile.com/c/vcPAEJ/IME1q+lAUif
https://paperpile.com/c/vcPAEJ/IME1q+lAUif
https://paperpile.com/c/vcPAEJ/i7lSb
https://paperpile.com/c/vcPAEJ/i7lSb
https://paperpile.com/c/vcPAEJ/Aci6v+i7lSb
https://paperpile.com/c/vcPAEJ/Aci6v+i7lSb
https://paperpile.com/c/vcPAEJ/C9E1V+nwJpA


ATCs are characterized by a strong reduction or total absence of lymphoid cells and fibroblasts

but display a very dense network of interconnected ramified tumor-associated macrophages

(TAM). These ATC-specific TAMs are not found in PTC or FTC and can represent more than

50% of the cells in the tumour mass (Caillou et al. 2011; Hébrant et al. 2012). It has been shown

that these are M2 macrophages (Landa et al. 2016), and that higher density correlates with

invasion and decreased survival (Ryder et al. 2008). As we have observed for CAFs in PTCs,

the proliferation rates of TAMs and cancer cells are similar in ATC (Caillou et al. 2011). TAMs

promote tumorigenesis in a paracrine manner by releasing different cytokines (Fang et al. 2014;

Landa et al. 2016).

Altogether, stromal-epithelial heterotypic interactions clearly influence cancer cell behavior.

However, early omics technologies performed on bulk tissues have shed little light on the

mechanisms involved in shaping the cell type composition within the tumour microenvironment,

e.g. fibroblasts and lymphocytes in PTC and macrophages in ATCs, and their individual

contributions to tumor progression. Emerging technologies allowing to analyze tumors at

single-cell resolution and within the spatial context of the tissue are ideally suited to address

these issues.

Pending issues and new technologies that could
address them

Prevention - understanding the origins of thyroid cancer
As many complex phenotypes, thyroid cancer likely has both genetic and environmental

underlying determinants. Genome wide association studies (GWAS) have uncovered single

nucleotide polymorphisms (SNPs) correlated with thyroid cancer (Burdett et al. n.d.), some of

them are also associated with TSH levels (Zhou et al. 2020). However, most GWAS studies

have been restricted to a subset of known variants and even current next-generation

sequencing technologies based on short sequencing reads leave recurrent blind spots in the

observed variation landscapes along the genome (Tarabichi et al. 2020). Moreover, while each

human genome differs from each other at a few million SNP positions, they also differ by many

more bases through structural variation, which are overlooked by SNP profiling platforms and

most of which are missed through short-read sequencing (Ho, Urban, and Mills 2020).
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Long-read third generation sequencing technologies have recently highlighted the complex

landscape of structural variation between humans (Ebert et al. 2021). Such variation might also

be implicated in defining different risk groups for thyroid cancer but it is so far unknown. While

large scale studies using third-generation technologies are yet to become available, it is in

theory possible to already “genotype” identified structural variants in short-read databases and

link them to the phenotype post-hoc, which might elucidate some of the known SNP

associations with thyroid cancer, as these might simply be in linkage disequilibrium with more

impactful causative structural variants (Audano et al. 2019).

Besides genetic factors, most of which have low penetrance, iodine deficiency (Zimmermann

and Galetti 2015) and radiation (reviewed in (Iglesias et al. 2017)) are the only established

factors contributing to thyroid cancer initiation. There are several emerging environmental

factors potentially related to thyroid cancers (Fiore et al. 2019) and there might be geographical

increase in incidence related to increased exposure to those risk factors (Kim, Gosnell, and

Roman 2020). However, these studies are mostly correlative and the biological mechanisms

underlying most cancers remain to be discovered. Advances in single-cell and spatial

multi-omics technologies, which maximise our histological resolution and allows vertical

integration of omics data, i.e. whereby multiple omics layers are measured in the same tissues

or cells, will help expand our understanding of the microenvironment, phenotypic and

(epi)genetic alterations in cancer formation and to reveal their causes.

A number of DNA repair defects and genotoxic agents have been associated with specific

prevalences of trinucleotide sequence contexts and alteration types known as mutational

signatures (Alexandrov et al. 2020). Behjati et al. revealed that radiation is associated with an

excess of deletions and with other genomic features by comparing the genomes of tumors from

radiation-naive patients and from radiation-associated secondary tumors (Behjati et al. 2016).

Similarly, a radiation mutational signature was investigated in specimens from the Chernobyl

tissue bank and identified radio-induced double-stranded breaks in younger patients leading to

fusion genes and PTC formation (Morton et al. 2021). Most thyroid cancers, however, are not

caused by radiation. Because H2O2 is genotoxic and produced in massive amounts by follicular

cells, it has long been postulated that it may contribute to thyroid cancer initiation (Song et al.

2007). Kucab et al. sequenced the genomes of iPSC exposed to 79 carcinogenic agents (Kucab

et al. 2019). Exposure to gamma radiation resulted in more indels, but no remarkable signature

was found following H2O2 treatment. While no handle on the genotoxic action of H2O2 emerged
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from this first screen, it remains to be seen if this negative result also applies to thyrocytes. In

addition, the tri-nucleotide window used to define current signatures could be insufficient to

characterize H2O2-inflicted DNA damage at the substitution level.

It is becoming increasingly clear that normal healthy tissues, through ongoing somatic evolution,

harbour many of the mutations once attributed to the cancers (Martincorena et al. 2015; Lawson

et al. 2020; Suda et al. 2018). For example, non-synonymous substitutions in NOTCH1, a

known oncogene in esophageal cancer, turned out to be more prevalent in healthy esophagus

(Martincorena et al. 2018). While cancer-specific substitutions have been repeatedly found

across different healthy tissues, structural variants and copy-number aberrations seem to arise

later during cancer development and progression. However, there are already exceptions to be

found, e.g. in placenta (Coorens et al. 2021), and this remains to be elucidated in the human

thyroid, where a normal healthy baseline is yet to be defined. Early work on microdissected

normal healthy follicles of two patients suggests low mutational burden and polyclonality (Moore

et al. 2020). Benign thyroid lesions show evidence for RAS mutations and RET structural

rearrangements (Najafian et al. 2017).

Emerging technologies will undoubtedly help better characterise the normal germline and

thyroid baseline: long-read sequencing allows to identify tens of thousands of structural variant

candidates for their association with increased thyroid cancer risk; single-cell transcriptomics

allows for an almost unbiased cataloguing of cell types (Han et al. 2020; Regev et al. 2017),

while single-cell multi-omics approaches provide interpretability of the transcriptional

phenotypes and give further clues on their biological underpinnings (Nam, Chaligne, and

Landau 2021); spatial (epi-)genomics (Ellis et al. 2021), transcriptomics (Stickels et al. 2021)

and proteomics can replace the genotypes and phenotypes in their spatial context (Nam,

Chaligne, and Landau 2021). While all of these technologies are available today, they still need

to be applied to healthy thyroid tissues to better characterise the different tissue states, and

provide a proper baseline for the study of thyroid malignancies.

Screening and overdiagnosis

One of the major public health problems of thyroid tumors is the high rate of thyroid nodules

discovered by ultrasonography, ranging from 30 to 50%, of which 5-15% are malignant. Their

incidence has been increasing in recent years, and women and the elderly people are the most
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concerned (Andrioli, Carzaniga, and Persani 2013). This is concomitant with an over-diagnosis

of indolent or very slow-growing cancers that are unlikely to cause symptoms or death

(Jegerlehner et al. 2017; Vaccarella et al. 2016). Fine-needle aspiration biopsy (FNAB) is

routinely used in the preoperative evaluation of thyroid nodules. However, 15% to 30% of

aspirations yield inconclusive cytological findings (Bongiovanni et al. 2012). The indeterminate

FNAB results are mainly classified in two different categories: atypia of undetermined

significance/follicular lesion of undetermined significance (AUS/FLUS, Bethesda category III) or

follicular neoplasm/suspicion for follicular neoplasm (Bethesda category IV). The risk of

malignancy is respectively of 10 to 30% and 25 to 40%, inducing a diagnostic uncertainty that

often results in a repeat FNAB and/or an unnecessary diagnostic lobectomy/thyroidectomy. This

leads to unnecessary costs and risks for the patients. Thyroidectomy may indeed be associated

with adverse effects like hypoparathyroidism, the risk of lesion of the vocal cords and one

consequence is the need of a hormone supplementation for life. On the other hand, lobectomy

might be an insufficient treatment if a cancer is finally diagnosed on histological examination of

the nodule, leading the patient to a new surgery.

The characterization of the genome and transcriptome of thyroid cancers, highlighting new

markers of malignancy, has led to the development of different molecular approaches to predict

malignancy risk for cytologically indeterminate thyroid nodules. A few commercial molecular

diagnostic tests have been developed, with variable sensitivities, specificities, and predictive

values: Afirma (Veracyte) (Alexander et al. 2012), ThyGeNEXT/ThyraMIR (Interpace

Diagnostics) (Labourier et al. 2015; Wylie et al. 2016), and ThyroSeq (CBLPath) (Nikiforov et al.

2015, 2014; Nikiforova et al. 2018). They are based on different technologies: analysis of mRNA

or miRNA expressions, detection of mutations, gene fusions or chromosomal copy number

alterations, or a combination of these. Each of them presents advantages and limitations,

reviewed in Eszlinger et al, 2017 (Eszlinger et al. 2017) and in Nishino and Krane, 2020

(Nishino and Krane 2020). Molecular testing has thus emerged as a new diagnostic and

prognostic tool for thyroid nodules.

Machine learning (ML) and artificial intelligence (AI) may help overcome the ambiguities and

biases inherent to examination of images by humans at all stages of the diagnostic process,

ultrasonography, FNAB, and post-surgery histopathology. Approaches in the field of

ultrasonography have been recently reviewed elsewhere (L.-R. Li et al. 2020; Ha and Baek

2021). Several retrospective studies have produced deep convolutional network models

performing in par with expert radiologists (L.-R. Li et al. 2020; Ha and Baek 2021; X. Li et al.
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2019). Similarly promising results have been reported for FNAB images (Dov et al. 2019), and

interesting applications of digital pathology have been proposed to predict molecular

phenotypes from histopathological imaging (Fu et al. 2020).

The robustness of these models across variations in the make and settings of image acquisition

devices remain to be established. This is known as the domain adaptation problem and is a

major topic in AI research, with many promising avenues toward working solutions (Kouw and

Loog 2021). A more fundamental limit of AI applications to ultrasonography image analysis,

however, is that image quality depends critically on the skills and experience of the radiologist

operating the manual scanning device (Park 2021). The same problem also applies to

FNAB-derived material — imaged or processed for molecular profiling — and is compounded by

the fact that only a small fraction of the possibly heterogeneous tumor mass is being sampled.

The accrued diagnosis of microPTC has led to a subset of these thyroid cancers undergoing

active surveillance to avoid unnecessary FNAB (Haugen et al. 2016). This usually involves

simple observation. Liquid biopsies represent another emerging avenue in research and in the

clinics that could improve screening, monitoring and limit overdiagnosis in thyroid cancer.

Non-invasive liquid biopsies, either from the blood or urine, looking at cell-free DNA, circulating

tumour cells, or exosomes, and in combination with methylome sequencing, provide a wide

range of applications to many cancer types, which make them an ideal early pan-cancer

detection candidate (Nassiri et al. 2020; Nuzzo et al. 2020; M. C. Liu et al. 2020). In thyroid

cancer, while some have used the supernatant of thyroid FNAB as a liquid biopsy to derive

diagnostic molecular profiles (Ye et al. 2019), liquid biopsies from urine or blood hold great

non-invasive potential to complement other approaches for the screening and early-detection of

thyroid cancer (Khatami et al. 2019; Rappa et al. 2019) and potentially avoid unnecessary

FNAB altogether (Rappa et al. 2019).

Disease classification - ambiguous definitions and heterogeneity
No less than 15 histological variants are distinguished for PTC alone (Lloyd et al. 2017), each

defined by a combination of diverse qualitative or semiquantitative morphological criteria, and in

some cases molecular markers. Many of these criteria are not—taken individually—specific to

any variant. It is revealing that ground glass nuclei, which are arguably the hallmark of PTCs,

are also present in some Hashimoto thyroiditis (LiVolsi 2011). The history of PTC classification

over the past 70 years (Xu and Ghossein 2018), in particular for the follicular variant, is
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remarkably intricate due to the inherent difficulties of rigorously describing shapes and textures,

of setting crisp boundaries between fuzzy categories, and of deciding which features actually

matter. For example, the increased diagnosis of the encapsulated follicular variant PTC since

2000 is partly explained by a progressive lowering of the threshold of nuclear alterations

required to diagnose a tumor as PTC (Xu and Ghossein 2018). The Cancer Genome Atlas

survey brought clarity by positioning PTCs along a transcriptionally-defined RAS-like to

BRAF-like axis, establishing that the follicular variant is associated with the RAS-like and the

classical papillary variant with the BRAF-like molecular phenotypes, respectively.

It should not be concluded from the above, however, that molecular markers will supersede

morphological ones. Most interestingly, deep neural networks can be trained to detect with

excellent sensitivity and specificity the presence of the BRAFV600E mutation from histological

images alone (Z. Wu et al. 2020; Tsou and Wu 2019; Fu et al. 2020). Interestingly, a deep

neural network trained to predict the transcriptional BRAF-RAS score from histological slices,

has also shown promise for the diagnosis of Noninvasive follicular thyroid neoplasms with

papillary-like nuclear features (NIFTP; (Dolezal et al. 2021)). We contend that molecular

phenotypes are not intrinsically superior to morphological phenotypes, but they are currently

more effective because some features are actionable in the clinics, and importantly, they can be

turned into objective quantitative scores. Yet, convolutional neural networks also have the

potential to set morphological analysis onto a quantitative ground.

The above studies used supervised learning, which by design maps images to known

categories. But a growing body of work shows that AI systems can learn so-called latent

representations that encode the semantic content of images into numerical vectors, without any

human supervision (Kopf and Claassen 2021). Unlike human verbal and subjective descriptions,

these numerical vectors are adapted to the computation of similarity metrics between images,

which could set the foundations of a reproducible and quantitative classification system for

thyroid cancer.

A limit of current thyroid cancer classification systems, including those based on the

transcriptome profiling of tissue blocks, is that they poorly reflect intra-tumor heterogeneity. AI

systems can operate at any scale within high resolution whole slide images and therefore

survey the variation of local morphology across wide tumor areas. More research will be needed

to integrate this intra-tumor variability, when present, into relevant tumor-level scores.
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AI analysis has been applied to stacks of ~1500 serial pancreatic cancer slices scanned at 20X

magnification, resulting in a high resolution 3D rendering of morphological structures (tumor,

ducts, islets, etc.) over cubic centimeter volumes, including the exact locations of the ~109 cells

present in such volume (Kiemen et al. 2020). Applied to thyroid samples such reconstructions

could be viewed as modern versions of the wax models that revealed the thyroid 3D

morphology in the late 1920s (Rienhoff 1929), but with cellular resolution, larger volumes, and

powered with algorithms that potentially detect any structures visible with H&E staining,

calculate distance between these structures, etc. As a glimpse into the 3D PTC morphology, our

group has staked slices from two tumors over volumes of about 2 x 2 x 0.2 mm3 from one

patient (Tarabichi et al. 2018). Tumor regions were stained with an anti-BRAFV600E antibody and

tumor volumes were reconstructed in 3D. In these specimens, the tumor diverged from the

textbook model of a tumor with a central core surrounded by invasive fronts. It unfolded as a

sparse fractal-like mesh inside the stroma. Every tumor cell was within close distance or in

contact with the stroma. Further Ki67 staining demonstrated that the stroma’s proliferative index

was comparable to that of the tumor cells. Recent progress in light-sheet microscopy has made

possible the 3D imaging of whole human organs, including the thyroid at a resolution of ~5 μm

in the three spatial dimensions (Zhao et al. 2020). Thus, high resolution imaging of entire tumors

in 3D is within reach. AI is likely to play an important role in the segmentation of morphological

structures within these massive images.

Single cell RNA-seq is becoming the new standard for transcriptomics studies opening a

window on the cell types and cell states present within the tumor ecosystem. A handful of

studies have applied it to PTC (Yan et al. 2021; Peng et al. 2021; Hu et al. 2020), and one

addressed ATC among a panel of aggressive tumors affecting other organs (R. Gao et al.

2021). All demonstrated the unbiased identification of cells types and thyroid cancer cell subsets

made possible by the technology. Gao and collaborators (R. Gao et al. 2021) presented a novel

method to infer DNA copy variation from single cell RNA-seq and showed that it resolved the

clonal structure of the cancer cell population.

The tissue digestion required for single cell RNA-seq discards spatial information.

Spatially-resolved transcriptomics overcome this limit (Marx 2021). The major distinguishing

feature of these technologies, compared to IHC, immunofluorescence, FISH and other

probe-based methods is that they are transcriptome-wide and unbiased, thus they have the
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potential to uncover both single gene marker and gene expression signatures associated with

morphology. This comes at the expense of resolution which is currently supra cellular.

Subcellular resolution has been achieved in experimental platforms (J. H. Lee et al. 2015;

Vickovic et al. 2019), but the sequencing cost required to achieve a useful per-cell transcriptome

coverage over large tissue areas will remain a major limiting factor. Our group has profiled a

PTC (Saiselet et al. 2020) with the first generation spatial transcriptomics platform (Ståhl et al.

2016), which offered a resolution of 100 μm over ~1000 locations evenly spaced over an area of

6.2x6.6 mm2. The technology is showcased on Fig. 2. RNA-seq profiles are essentially universal

readouts for tissue phenotypes as they can be interrogated with any gene or combination of

genes. Fig. 2 shows the spatial variation of the expression markers characteristic of cell types

(follicular cells, T cells), and cell states (PCNA, IFN type I and TGFβ) across morphologically

heterogeneous regions. The meaning of VIM and FN1 expression will be discussed in the next

section. In contrast with bulk RNA-seq, which cannot measure absolute RNA levels (Lovén et

al. 2012), spatial transcriptomics provides information about the relative RNA production across

the tissue (Saiselet et al. 2020).

Combining these descriptive modalities will fuel powerful analyses, either revealing association

between the modalities or by producing joint representations. As an example of the first

approach, the markers of different cancer cell subpopulations discovered from the single cell

RNA-seq profile of a pancreatic cancer were projected onto a spatial transcriptomics slice from

the same tumor to reveal their spatial distribution (Moncada et al. 2020). In another publication,

a deep neural network was trained from spatial transcriptomics to infer the expression of 102

genes from 150x150 μm2 H&E image patches (He et al. 2020). This line of work will ultimately

lead to a representation of cell type density, gene expression and genomic alterations as virtual

stains overlaid over H&E in the eyepiece of augmented reality microscopes (Chen et al. 2019).

On a more fundamental level, it will reveal the transcriptional programs associated with local

morphology and help decipher the mechanisms causing morphological changes.

The expression of a hundred of genes could be predicted from local morphology in (He et al.

2020), among >1000 measured in the spatial transcriptomics experiments. Noise and shallow

coverage have certainly been a limitation, but it is also possible that some gene expression

variations are not associated with significant morphological variations. More generally, the

redundancies and complementarities of the different omics and imaging platforms, and the

extent to which they produce different tumor classifications have not been formally addressed.
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More relevant classification could possibly be discovered by integrating all the perspectives from

which tumors can be characterized. Data fusion algorithms (J. Gao et al. 2020) integrate

different measurement modalities of a same entity, for example the sound and the image of a

video footage. A pioneering application of such tools to spatial transcriptomics demonstrates

that super resolution, i.e. the inference of spatial details beyond the resolution or the original

transcriptomics measurements, can be achieved from an AI model trained jointly on images and

transcriptomes (Bergenstråhle et al. 2020). Comparable approaches could be used to build

comprehensive tumor classifications integrating all measurable aspects of their biology.

Limited treatment options in advanced cancers
Most thyroid cancers are differentiated, respond well to conventional therapies and, compared

to other cancer types, are associated with very good prognosis. However, the more advanced

cases, especially the poorly differentiated and undifferentiated thyroid cancers, which represent

a small but not neglectable percent of all cases, remain a therapeutic challenge (reviewed in

(Lorusso et al. 2021)). Multikinase inhibitors such as lenvatinib and sorafenib are used for the

treatment of advanced radioactive iodine-refractory differentiated thyroid cancer. For BRAFV600E

mutated ATC, the combination of BRAF and MEK inhibitors (dabrafenib and trametinib), has

been approved and showed clinical benefits in the patients (Subbiah et al. 2020). Both drugs

were also shown to have potential in the neoadjuvant setting to improve complete surgical

resection in otherwise unresectable cases (Wang et al. 2019). These drugs have numerous

adverse events, hence a second generation of TKIs has recently been developed which are

specific for a particular oncogene: specific inhibitors of RET (selpercatinib, pralsetinib) or NTRK

(larotrectinib, entrectinib) fusions have been approved for advanced or metastatic thyroid

cancers harboring the corresponding alteration. However, many patients develop resistance to

those therapies, and the development of more effective treatments is needed ((Owen et al.

2019)). Clinical trials are ongoing to evaluate the potential use of immunotherapy to treat thyroid

cancer, using immune checkpoint inhibitors (nivolumab, pembrolizumab), alone or combined

with kinase inhibitors (Lorusso et al. 2021).

In most cancers, only a fraction of patients do respond to these harsh and expensive

treatments. Some of the key questions for improving patient outcome in advanced cases are to

predict and understand different disease progression histories, identify new therapeutic

susceptibilities, and predict patient response to treatment.
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While the recent efforts for the characterisation of PDTC and ATC mutational landscapes have

helped better understand their genetics and identify potential avenues for targeted treatments,

most have been limited to single-region bulk sequencing, usually using targeted gene panels or

exome sequencing (Landa et al. 2016; Yoo et al. 2019; Jeon et al. 2016; Kunstman et al. 2015;

Gerber et al. 2018; Pozdeyev et al. 2018). While targeted deep sequencing is a powerful tool to

identify potential targets for advanced thyroid cancers (Ibrahimpasic et al. 2019), whole-genome

sequencing efforts will help better characterise the genome-wide driver landscape and the

extent of the mutational processes and intra-tumour heterogeneity (Tarabichi et al. 2021; Dentro

et al. 2020) in those thyroid cancers. Yoo and colleagues sequenced both the WES and WGS of

13 ATC, and WGS could further identify a TERT enhancer hijacking event and 10,000

APOBEC-related mutations in a hypermutator sample. In the Pan-Cancer Analysis of Whole

Genome project, WGS revealed frequent chromoplexy-like catastrophic events in 48 otherwise

stable PTC genomes, linking multiple chromosomes and leading to gene fusions between

cancer genes and thyroid-specific genes (ICGC/TCGA Pan-Cancer Analysis of Whole Genomes

Consortium 2020). WGS is yet to be applied to large cohorts of advanced thyroid cancers, and

long-read sequencing technologies are ideally-suited for accurate and exhaustive identification

of the complex structural rearrangements seen in thyroid cancers.

Because of their high mortality and limited treatment options, ATC are the subject of many

ongoing clinical trials (Ferrari et al. 2020). Already approved MEK-BRAF inhibitors for

BRAF-mutant ATC (Subbiah, Baik, and Kirkwood 2020) were also shown to have potential in

the neoadjuvant setting to improve complete surgical resection in otherwise unresectable cases

(J. R. Wang et al. 2019). Immunotherapies, spearheaded by checkpoint inhibitors, with a

curative potential, have seen an increasing number of successes across different cancer types,

including thyroid cancer (Ma et al. 2020; French 2020). There is a large body of evidence

showing that ATC might be well-suited for these types of treatments (Ma et al. 2020). However,

in most cancers only a fraction of patients do respond to these harsh and expensive treatments.

Thus predicting patient response or adverse effects (Jing et al. 2020) to those has been an

important clinical challenge, for which the power of AI and ML for data fusion can be leveraged,

as these are ideally-suited to integrate the complex patterns in single-cell sequencing,

multiomics (J. S. Lee and Ruppin 2019; Litchfield et al. 2021), clinical images (M. Wu et al.

2019), such as radiomics (Mu et al. 2020; Butner et al. 2020; Trebeschi et al. 2019) or

histopathological (Hildebrand et al. 2021), transcriptomics and genomics data (Litchfield et al.

2021).
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Furthermore, ongoing cancer evolution leading to subclonal intra-tumour heterogeneity is a

major therapeutic challenge for targeted treatments. Multi-region bulk sequencing combined

with single-cell sequencing, among other study designs (Tarabichi et al. 2021), will allow the

characterisation of the intra-tumour heterogeneity of advanced thyroid cancers. Similarly, recent

advances in molecular archaeology of cancers from sequencing data have leveraged

copy-number gains and molecular clocks to reconstruct cancer evolutionary timelines (Gerstung

et al. 2020), and could shed light on the evolution of the advanced thyroid cancers. Especially,

while the incidence of differentiated thyroid cancer has been increasing, partially due to

overdiagnosis and better screening for early-stage cancers, this has not led to a decrease of

aggressive subtypes and even rather has been accompanied by a parallel increase of stage IV

cancers (Olson et al. 2019). This could reflect an escape of early screening of a late age group

in an aging population or through a fast evolution from differentiated to undifferentiated cancers.

The latter could be assessed through phylogeny reconstruction in cases of synchronous

differentiated and undifferentiated cancers and thanks to molecular timing approaches

leveraging molecular clocks (Gerstung et al. 2020). This might shed light on the early clonal

targetable drivers, identify the window of opportunity for prevention and the specific early

biomarkers for better screening for these advanced thyroid cancers.

Although tumour aneuploidy arises in different contexts (Vasudevan et al. 2021; Ben-David and

Amon 2020), it is a common feature of advanced cancers, including advanced thyroid cancers

(Gopal et al. 2018; Ganly et al. 2013; Landa et al. 2016; Yoo et al. 2019; Jeon et al. 2016;

Kunstman et al. 2015; Gerber et al. 2018), presenting with higher levels of chromosomal

instability and genome doubling (Bielski et al. 2018), which fuels the evolution and selection of

fitter clones (López et al. 2020; Watkins et al. 2020). Another exciting avenue of treatment

exploits aneuploidy as an evolutionary characteristic of advanced cancers, as among other

potential targetable pathways, it is sensitive to perturbation of the mitotic-spindle assembly

checkpoint (Cohen-Sharir et al. 2021; Chunduri and Storchová 2019).

Beside immunotherapies, most treatments investigated against thyroid cancers are cancer

cell-centric, i.e. they target cell autonomous mechanisms of tumor expansion. Yet, as discussed

earlier in this review, the microenvironment is quantitatively comparable or larger than the

cancer cell population in some ATC and PTC. Thus, tumor expansion implies expansion of the

microenvironment in these tumors. Spatial transcriptomics, possibly combined with single cell
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RNA-seq, may shed light on the interactions between cell types. To illustrate this possibility, we

present in Fig. 3 the preliminary analysis of the spatial transcriptomics profile of a PTC. It shows

that although FN1 is generally considered as a mesenchymal marker, in this PTC its expression

is positively correlated across space with TG, suggesting a partial EMT. VIM, by contrast, shows

a weak but significant negative correlation with TG. A multivariate analysis shows a statistical

interaction between VIM and TG in explaining FN1 expression, suggesting a synergy between

fibroblasts and epithelial cells in producing FN1. The adjunction of single cell data would settle

more accurately which cell type produces FN1, which ligand/receptor pairs could support

cell/cell communication, etc.

Treatment monitoring and follow-up
One of the major challenges after treatment of thyroid cancer is the management of persistent

and recurrent disease, which are not trivially related to mortality in thyroid cancer. Although early

detection of recurrence has significantly improved over the past decades, the screening process

still comes at high economical costs (Lamartina et al. 2018). Again, improving risk stratification

is needed. At the initial stage, predicting which patient should undergo aggressive follow-up is

key (Tuttle and Alzahrani 2019). Molecular profiling of the primary tumor, including methylation

(Bisarro Dos Reis et al. 2017) and microRNA (Celano et al. 2017), have shown interesting

predictive potential. Then, monitoring and follow-up are required to further assess risk of

recurrence and mortality. Liquid biopsies are a promising non-invasive tool for monitoring and

follow-up in the clinics (Heitzer et al. 2019; Pantel and Alix-Panabières 2019). In thyroid

cancers, liquid biopsies could complement imaging and serum thyroglobulin levels. For

example, molecular biomarkers in thyroid cancer have been identified from liquid biopsies such

as microRNAs or from circulating epithelial cells (Allin et al. 2018; Lin et al. 2018; Qiu et al.

2018; Nylén et al. 2020).

Conclusion

Thyroid cancers are a basket of multiple sub-entities with evolving definitions and increasing

incidence worldwide. While screening efforts catch many of these cancers early in their

progression, they also come with increased overdiagnosis. Most cases present excellent

prognosis but intriguingly, the incidence of advanced cancers is also increasing, with limited

treatment options. Persistent and recurrent disease following treatment is often seen, while
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unified management guidelines are lacking and better risk stratification schemes, monitoring

and follow-up options are needed.

Table 1 summarizes the research avenues outlined in this review. We have discussed how

emerging technologies in genomics and imaging as well as treatments and biopsies, such as

spatially-resolved single cell omics, objective AI-based abstraction and integration,

immunotherapies and liquid biopsies will help tackle many of the current issues associated with

the management of thyroid cancers and reduce their increasing societal burden.

Acknowledgements
The work performed in the authors’ laboratories was supported by grants from the Belgian

Fonds National de la Recherche Scientifique (F.R.S.-FNRS), Welbio, Plan Cancer Belgique

(action 29), Télévie, Fondation Rose et Jean Hoguet, Fonds David et Alice van Buuren, Fonds

Docteur J.P. Naets, les Amis de l’Institut Bordet, the Belgian Fondation Contre le Cancer.

26



Figures and table with legends

Figure 1. Thyroid tumorigenesis.
Top. A normal thyrocyte can evolve into different types of tumors, depending on the signaling
pathway that becomes constitutively activated (cAMP, MAPK, PI3K, or both). The size of the
pathway label conveys the intensity of activation at the different stages. The main mutations
present in the different tumor types are also shown, ordered according to their prevalence.
Bottom. Each type of tumor presents distinct morphological features at the tissue and cellular
levels, from physiological follicular organisation to different types of disorganisation and
anaplasia.
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Figure 2. Spatial transcriptomics profile of a PTC.
A, The RNA-seq profiles were determined within 281 spots of 100 μm of diameter arranged
on a grid-like array on a PTC slice of approximately 2.5x6 mm2. Five types of tissue regions
were identified from the H&E image beforehand with the help of a pathologist. Representative
spots  are shown for each region.
B, Since the entire transcriptome is available at each spot, any gene, or gene signature,
expression can be projected onto the image or displayed region-wise as boxplots (lower
panels, same color code as panel A). Expression is normalized by total counts and presented
on a log-scale. Thyroglobulin (TG, marks thyroid epithelium), vimentin (VIM, fibroblast marker)
and T cell gene expression signature accurately delimit the relevant epithelial, fibrotic and
immune structures. The quantitative analysis (not shown) reveals a higher expression of VIM
at the border of immune foci and dense epithelia. Immune foci are correctly identified beside
their small size. Beyond cell type, ST can also detect localized cell states. For example, type I
inflammation is present in immune foci but also in sub-parts of the epithelial zone with a
gradient pattern. Hence, spatial transcriptomics captures the spatial continuum of expression
variation. The spread of the expression values within the boxplots points out the limits of
defining discrete areas within this continuum, which is unavoidable with laser microdissection.
PCNA expression colocalizes with epithelia. TGFβ-responsive genes are mostly expressed in
the cell-dense upper fibrotic area. Importantly, the expression data shown here have been
normalized by the total number of sequencing reads collected in each spot. We analyzed in
detail the effect of this standard normalisation (Saiselet et al. 2020), and demonstrated that
more VIM was actually transcribed in the epithelial areas of this PTC, including in spots where
no fibroblasts were present.
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Figure 3. Interaction between epithelial cells and fibroblasts in a BRAFV600E PTC.
A, While fibronectin (FN1), a key structural protein of the extracellular matrix, is believed to be
mostly expressed by fibroblasts, we find that its pattern of expression follows that of TG, not
VIM (compare to Fig. 2B, TG panel). The same is true of raw read counts (not shown).
B, The five spots where FN1 is most expressed are shown. They contain very few fibroblasts,
hardly any is found in the top spot.
C and D, FN1 is correlated positively with both TG and the fraction of epithelial cells, but
negatively with VIM and the fraction of fibroblasts. Thus, the epithelium produces a large part
of FN1 in the tissue. Are fibroblasts involved indirectly?
E, A multivariate regression of FN1 against TG and VIM shows that VIM is a very significant
predictor of FN1 expression when combined with TG. Importantly, the interaction term is also
significant. This points to a multiplicative effect of VIM and TG in explaining FN1 expression.
F, Analysis of the TCGA cohort (503 PTCs, including 261 BRAFV600E) demonstrates that FN1
is overexpressed by two orders of magnitude in BRAFV600E PTCs compared to either normal
thyroid or RAS-mutated PTCs. This massive overexpression is seen in nearly all BRAFV600E

cases, i.e. >50% of the cohort. This suggests that the interaction revealed by this PTC spatial
profile could be broadly relevant.
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Prevention Screening Diagnosis Treatment

Mutational signatures May point to novel
DNA repair defect
and/or genotoxic agent
causing thyroid cancer

Long-read sequencing Identification of new
germline susceptibility
markers, base
modifications and
structural variation

Profiling of base
modifications is ideal
for early multi-cancer
detection through
liquid biopsies

Monitoring through liquid
biopsies

Routine targeted
sequencing

Inexpensive panels
with short turnover
allow to assess the
status of molecular
markers

Evolutionary analysis Genome-based
staging

Identification of key
genomics events

Liquid biopsies Minimally invasive
detection of tumor
markers

Minimally invasive
monitoring of tumor
markers

Single-cell multiomics Study the normal
baseline

Defines cell types and
cell states

Define pathways active in
cells, ligand/receptor pairs,
etc.

Spatial transcriptomics Reveal transcriptional
heterogeneity,
connects morphology
and transcriptions

Addresses interactions
with microenvironment,
locate cell type/states

Light-sheet microscopy
of large specimens

Provide 3D account of
morphological
heterogeneity

Resolve vasculature and
other structures difficult to
assess in 2D

AI, unsupervised Provides quantitative
morphology
representations

AI, supervised Predict
clinical/molecular
variables from imaging

Predict clinical and
molecular variables
from imaging

AI. data fusion Unified representation
of imaging,
transcriptomics, etc.

Table 1. Different technologies and some of their potential applications for studying
thyroid cancer prevention, screening, diagnosis, and treatment.

30



References
Aasland, R., L. A. Akslen, J. E. Varhaug, and J. R. Lillehaug. 1990. “Co-Expression of the

Genes Encoding Transforming Growth Factor-Alpha and Its Receptor in Papillary
Carcinomas of the Thyroid.” International Journal of Cancer. Journal International Du
Cancer 46 (3): 382–87.

Alexander, Erik K., Giulia C. Kennedy, Zubair W. Baloch, Edmund S. Cibas, Darya Chudova,
James Diggans, Lyssa Friedman, et al. 2012. “Preoperative Diagnosis of Benign Thyroid
Nodules with Indeterminate Cytology.” The New England Journal of Medicine 367 (8):
705–15.

Alexandrov, Ludmil B., Jaegil Kim, Nicholas J. Haradhvala, Mi Ni Huang, Alvin Wei Tian Ng,
Yang Wu, Arnoud Boot, et al. 2020. “The Repertoire of Mutational Signatures in Human
Cancer.” Nature 578 (7793): 94–101.

Alexandrov, Ludmil B., Serena Nik-Zainal, David C. Wedge, Samuel A. J. R. Aparicio, Sam
Behjati, Andrew V. Biankin, Graham R. Bignell, et al. 2013. “Signatures of Mutational
Processes in Human Cancer.” Nature 500 (7463): 415–21.

Allin, D. M., R. Shaikh, P. Carter, K. Thway, M. T. A. Sharabiani, D. Gonzales-de-Castro, B.
O’Leary, et al. 2018. “Circulating Tumour DNA Is a Potential Biomarker for Disease
Progression and Response to Targeted Therapy in Advanced Thyroid Cancer.” European
Journal of Cancer 103 (November): 165–75.

Andrioli, Massimiliano, Chiara Carzaniga, and Luca Persani. 2013. “Standardized Ultrasound
Report for Thyroid Nodules: The Endocrinologist’s Viewpoint.” European Thyroid Journal 2
(1): 37–48.

Asa, Sylvia L. 2019. “The Current Histologic Classification of Thyroid Cancer.” Endocrinology
and Metabolism Clinics of North America 48 (1): 1–22.

Audano, Peter A., Arvis Sulovari, Tina A. Graves-Lindsay, Stuart Cantsilieris, Melanie Sorensen,
Annemarie E. Welch, Max L. Dougherty, et al. 2019. “Characterizing the Major Structural
Variant Alleles of the Human Genome.” Cell 176 (3): 663–75.e19.

Behjati, Sam, Gunes Gundem, David C. Wedge, Nicola D. Roberts, Patrick S. Tarpey, Susanna
L. Cooke, Peter Van Loo, et al. 2016. “Mutational Signatures of Ionizing Radiation in
Second Malignancies.” Nature Communications 7 (September): 12605.

Ben-David, Uri, and Angelika Amon. 2020. “Context Is Everything: Aneuploidy in Cancer.”
Nature Reviews. Genetics 21 (1): 44–62.

Bergenstråhle, Ludvig, Bryan He, Joseph Bergenstråhle, Alma Andersson, Joakim Lundeberg,
James Zou, and Jonas Maaskola. 2020. “Super-Resolved Spatial Transcriptomics by Deep
Data Fusion.” Cold Spring Harbor Laboratory. https://doi.org/10.1101/2020.02.28.963413.

Bielski, Craig M., Ahmet Zehir, Alexander V. Penson, Mark T. A. Donoghue, Walid Chatila,
Joshua Armenia, Matthew T. Chang, et al. 2018. “Genome Doubling Shapes the Evolution
and Prognosis of Advanced Cancers.” Nature Genetics 50 (8): 1189–95.

Bisarro Dos Reis, Mariana, Mateus Camargo Barros-Filho, Fábio Albuquerque Marchi, Caroline
Moraes Beltrami, Hellen Kuasne, Clóvis Antônio Lopes Pinto, Srikant Ambatipudi, Zdenko
Herceg, Luiz Paulo Kowalski, and Silvia Regina Rogatto. 2017. “Prognostic Classifier
Based on Genome-Wide DNA Methylation Profiling in Well-Differentiated Thyroid Tumors.”
The Journal of Clinical Endocrinology and Metabolism 102 (11): 4089–99.

Bommarito, Alessandra, Pierina Richiusa, Elvira Carissimi, Giuseppe Pizzolanti, Vito Rodolico,
Giovanni Zito, Angela Criscimanna, et al. 2011. “BRAFV600E Mutation, TIMP-1
Upregulation, and NF-κB Activation: Closing the Loop on the Papillary Thyroid Cancer
Trilogy.” Endocrine-Related Cancer 18 (6): 669–85.

Bongiovanni, Massimo, Alessandra Spitale, William C. Faquin, Luca Mazzucchelli, and Zubair
W. Baloch. 2012. “The Bethesda System for Reporting Thyroid Cytopathology: A

31

http://paperpile.com/b/vcPAEJ/hWCXR
http://paperpile.com/b/vcPAEJ/hWCXR
http://paperpile.com/b/vcPAEJ/hWCXR
http://paperpile.com/b/vcPAEJ/hWCXR
http://paperpile.com/b/vcPAEJ/jPLIh
http://paperpile.com/b/vcPAEJ/jPLIh
http://paperpile.com/b/vcPAEJ/jPLIh
http://paperpile.com/b/vcPAEJ/jPLIh
http://paperpile.com/b/vcPAEJ/aHAla
http://paperpile.com/b/vcPAEJ/aHAla
http://paperpile.com/b/vcPAEJ/aHAla
http://paperpile.com/b/vcPAEJ/Bgngo
http://paperpile.com/b/vcPAEJ/Bgngo
http://paperpile.com/b/vcPAEJ/Bgngo
http://paperpile.com/b/vcPAEJ/MXcVV
http://paperpile.com/b/vcPAEJ/MXcVV
http://paperpile.com/b/vcPAEJ/MXcVV
http://paperpile.com/b/vcPAEJ/MXcVV
http://paperpile.com/b/vcPAEJ/CTrFo
http://paperpile.com/b/vcPAEJ/CTrFo
http://paperpile.com/b/vcPAEJ/CTrFo
http://paperpile.com/b/vcPAEJ/3MPI0
http://paperpile.com/b/vcPAEJ/3MPI0
http://paperpile.com/b/vcPAEJ/3LplV
http://paperpile.com/b/vcPAEJ/3LplV
http://paperpile.com/b/vcPAEJ/3LplV
http://paperpile.com/b/vcPAEJ/d0s9c
http://paperpile.com/b/vcPAEJ/d0s9c
http://paperpile.com/b/vcPAEJ/d0s9c
http://paperpile.com/b/vcPAEJ/oxQTu
http://paperpile.com/b/vcPAEJ/oxQTu
http://paperpile.com/b/vcPAEJ/4ySvr
http://paperpile.com/b/vcPAEJ/4ySvr
http://paperpile.com/b/vcPAEJ/4ySvr
http://dx.doi.org/10.1101/2020.02.28.963413
http://paperpile.com/b/vcPAEJ/4ySvr
http://paperpile.com/b/vcPAEJ/mLZsn
http://paperpile.com/b/vcPAEJ/mLZsn
http://paperpile.com/b/vcPAEJ/mLZsn
http://paperpile.com/b/vcPAEJ/IO2pA
http://paperpile.com/b/vcPAEJ/IO2pA
http://paperpile.com/b/vcPAEJ/IO2pA
http://paperpile.com/b/vcPAEJ/IO2pA
http://paperpile.com/b/vcPAEJ/IO2pA
http://paperpile.com/b/vcPAEJ/paXG3
http://paperpile.com/b/vcPAEJ/paXG3
http://paperpile.com/b/vcPAEJ/paXG3
http://paperpile.com/b/vcPAEJ/paXG3
http://paperpile.com/b/vcPAEJ/sVk7D
http://paperpile.com/b/vcPAEJ/sVk7D


Meta-Analysis.” Acta Cytologica 56 (4): 333–39.
Burdett, Tony, Emma Hastings, Dani Welter, SPOT, EMBL-EBI, and NHGRI. n.d. “GWAS

Catalog.” Accessed March 24, 2021. https://www.ebi.ac.uk/gwas/.
Butner, Joseph D., Dalia Elganainy, Charles X. Wang, Zhihui Wang, Shu-Hsia Chen, Nestor F.

Esnaola, Renata Pasqualini, et al. 2020. “Mathematical Prediction of Clinical Outcomes in
Advanced Cancer Patients Treated with Checkpoint Inhibitor Immunotherapy.” Science
Advances 6 (18): eaay6298.

Cabanillas, Maria E., David G. McFadden, and Cosimo Durante. 2016. “Thyroid Cancer.” The
Lancet 388 (10061): 2783–95.

Caillou, Bernard, Monique Talbot, Urbain Weyemi, Catherine Pioche-Durieu, Abir Al Ghuzlan,
Jean Michel Bidart, Salem Chouaib, Martin Schlumberger, and Corinne Dupuy. 2011.
“Tumor-Associated Macrophages (TAMs) Form an Interconnected Cellular Supportive
Network in Anaplastic Thyroid Carcinoma.” PloS One 6 (7): e22567.

Cancer Genome Atlas Research Network. 2014. “Integrated Genomic Characterization of
Papillary Thyroid Carcinoma.” Cell 159 (3): 676–90.

Carta, Claudio, Sonia Moretti, Lucia Passeri, Flavia Barbi, Nicola Avenia, Antonio Cavaliere,
Massimo Monacelli, et al. 2006. “Genotyping of an Italian Papillary Thyroid Carcinoma
Cohort Revealed High Prevalence of BRAF Mutations, Absence of RAS Mutations and
Allowed the Detection of a New Mutation of BRAF Oncoprotein (BRAF(V599lns)).” Clinical
Endocrinology 64 (1): 105–9.

Celano, Marilena, Francesca Rosignolo, Valentina Maggisano, Valeria Pecce, Michelangelo
Iannone, Diego Russo, and Stefania Bulotta. 2017. “MicroRNAs as Biomarkers in Thyroid
Carcinoma.” International Journal of Genomics and Proteomics 2017 (September):
6496570.

Chen, Po-Hsuan Cameron, Krishna Gadepalli, Robert MacDonald, Yun Liu, Shiro Kadowaki,
Kunal Nagpal, Timo Kohlberger, et al. 2019. “An Augmented Reality Microscope with
Real-Time Artificial Intelligence Integration for Cancer Diagnosis.” Nature Medicine 25 (9):
1453–57.

Chunduri, Narendra Kumar, and Zuzana Storchová. 2019. “The Diverse Consequences of
Aneuploidy.” Nature Cell Biology 21 (1): 54–62.

Cohen-Sharir, Yael, James M. McFarland, Mai Abdusamad, Carolyn Marquis, Sara V. Bernhard,
Mariya Kazachkova, Helen Tang, et al. 2021. “Aneuploidy Renders Cancer Cells Vulnerable
to Mitotic Checkpoint Inhibition.” Nature 590 (7846): 486–91.

Coorens, Tim H. H., Thomas R. W. Oliver, Rashesh Sanghvi, Ulla Sovio, Emma Cook, Roser
Vento-Tormo, Muzlifah Haniffa, et al. 2021. “Inherent Mosaicism and Extensive Mutation of
Human Placentas.” Nature 592 (7852): 80–85.

Corver, Willem E., Joris Demmers, Jan Oosting, Shima Sahraeian, Arnoud Boot, Dina Ruano,
Tom van Wezel, and Hans Morreau. 2018. “ROS-Induced near-Homozygous Genomes in
Thyroid Cancer.” Endocrine-Related Cancer 25 (1): 83–97.

Delys, L., V. Detours, B. Franc, G. Thomas, T. Bogdanova, M. Tronko, F. Libert, J. E. Dumont,
and C. Maenhaut. 2007. “Gene Expression and the Biological Phenotype of Papillary
Thyroid Carcinomas.” Oncogene 26 (57): 7894–7903.

Deng, Yujiao, Hongtao Li, Meng Wang, Na Li, Tian Tian, Ying Wu, Peng Xu, et al. 2020. “Global
Burden of Thyroid Cancer From 1990 to 2017.” JAMA Network Open 3 (6): e208759.

Dentro, Stefan C., Ignaty Leshchiner, Kerstin Haase, Maxime Tarabichi, Jeff Wintersinger, Amit
G. Deshwar, Kaixian Yu, et al. 2020. “Characterizing Genetic Intra-Tumor Heterogeneity
across 2,658 Human Cancer Genomes.” Cold Spring Harbor Laboratory.
https://doi.org/10.1101/312041.

Di Renzo, M. F., M. Olivero, S. Ferro, M. Prat, I. Bongarzone, S. Pilotti, A. Belfiore, A.
Costantino, R. Vigneri, and M. A. Pierotti. 1992. “Overexpression of the c-MET/HGF
Receptor Gene in Human Thyroid Carcinomas.” Oncogene 7 (12): 2549–53.

32

http://paperpile.com/b/vcPAEJ/sVk7D
http://paperpile.com/b/vcPAEJ/NKDMR
http://paperpile.com/b/vcPAEJ/NKDMR
https://www.ebi.ac.uk/gwas/
http://paperpile.com/b/vcPAEJ/NKDMR
http://paperpile.com/b/vcPAEJ/QTTJI
http://paperpile.com/b/vcPAEJ/QTTJI
http://paperpile.com/b/vcPAEJ/QTTJI
http://paperpile.com/b/vcPAEJ/QTTJI
http://paperpile.com/b/vcPAEJ/yv2Vg
http://paperpile.com/b/vcPAEJ/yv2Vg
http://paperpile.com/b/vcPAEJ/zLxo4
http://paperpile.com/b/vcPAEJ/zLxo4
http://paperpile.com/b/vcPAEJ/zLxo4
http://paperpile.com/b/vcPAEJ/zLxo4
http://paperpile.com/b/vcPAEJ/HgVNi
http://paperpile.com/b/vcPAEJ/HgVNi
http://paperpile.com/b/vcPAEJ/Mbq76
http://paperpile.com/b/vcPAEJ/Mbq76
http://paperpile.com/b/vcPAEJ/Mbq76
http://paperpile.com/b/vcPAEJ/Mbq76
http://paperpile.com/b/vcPAEJ/Mbq76
http://paperpile.com/b/vcPAEJ/pmrJy
http://paperpile.com/b/vcPAEJ/pmrJy
http://paperpile.com/b/vcPAEJ/pmrJy
http://paperpile.com/b/vcPAEJ/pmrJy
http://paperpile.com/b/vcPAEJ/LHJPl
http://paperpile.com/b/vcPAEJ/LHJPl
http://paperpile.com/b/vcPAEJ/LHJPl
http://paperpile.com/b/vcPAEJ/LHJPl
http://paperpile.com/b/vcPAEJ/Ckv7C
http://paperpile.com/b/vcPAEJ/Ckv7C
http://paperpile.com/b/vcPAEJ/Ihof5
http://paperpile.com/b/vcPAEJ/Ihof5
http://paperpile.com/b/vcPAEJ/Ihof5
http://paperpile.com/b/vcPAEJ/mtsc
http://paperpile.com/b/vcPAEJ/mtsc
http://paperpile.com/b/vcPAEJ/mtsc
http://paperpile.com/b/vcPAEJ/ADTTS
http://paperpile.com/b/vcPAEJ/ADTTS
http://paperpile.com/b/vcPAEJ/ADTTS
http://paperpile.com/b/vcPAEJ/GAnAa
http://paperpile.com/b/vcPAEJ/GAnAa
http://paperpile.com/b/vcPAEJ/GAnAa
http://paperpile.com/b/vcPAEJ/O21Yh
http://paperpile.com/b/vcPAEJ/O21Yh
http://paperpile.com/b/vcPAEJ/YYS69
http://paperpile.com/b/vcPAEJ/YYS69
http://paperpile.com/b/vcPAEJ/YYS69
http://paperpile.com/b/vcPAEJ/YYS69
http://dx.doi.org/10.1101/312041
http://paperpile.com/b/vcPAEJ/YYS69
http://paperpile.com/b/vcPAEJ/qcopJ
http://paperpile.com/b/vcPAEJ/qcopJ
http://paperpile.com/b/vcPAEJ/qcopJ


Dolezal, James M., Anna Trzcinska, Chih-Yi Liao, Sara Kochanny, Elizabeth Blair, Nishant
Agrawal, Xavier M. Keutgen, Peter Angelos, Nicole A. Cipriani, and Alexander T. Pearson.
2021. “Deep Learning Prediction of BRAF-RAS Gene Expression Signature Identifies
Noninvasive Follicular Thyroid Neoplasms with Papillary-like Nuclear Features.” Modern
Pathology: An Official Journal of the United States and Canadian Academy of Pathology,
Inc 34 (5): 862–74.

Dom, Geneviève, Sandra Frank, Sebastien Floor, Pashalina Kehagias, Frederick Libert,
Catherine Hoang, Guy Andry, et al. 2018. “Thyroid Follicular Adenomas and Carcinomas:
Molecular Profiling Provides Evidence for a Continuous Evolution.” Oncotarget 9 (12):
10343–59.

Dov, David, Shahar Z. Kovalsky, Jonathan Cohen, Danielle Elliott Range, Ricardo Henao, and
Lawrence Carin. 2019. “Thyroid Cancer Malignancy Prediction From Whole Slide
Cytopathology Images.” In Proceedings of the 4th Machine Learning for Healthcare
Conference, edited by Finale Doshi-Velez, Jim Fackler, Ken Jung, David Kale, Rajesh
Ranganath, Byron Wallace, and Jenna Wiens, 106:553–70. Proceedings of Machine
Learning Research. Ann Arbor, Michigan: PMLR.

Duan, Huanli, Xiaoding Liu, Xinyu Ren, Hui Zhang, Huanwen Wu, and Zhiyong Liang. 2019.
“Mutation Profiles of Follicular Thyroid Tumors by Targeted Sequencing.” Diagnostic
Pathology 14 (1): 39.

Durante, Cosimo, Teresa Montesano, Massimo Torlontano, Marco Attard, Fabio Monzani,
Salvatore Tumino, Giuseppe Costante, et al. 2013. “Papillary Thyroid Cancer: Time Course
of Recurrences during Postsurgery Surveillance.” The Journal of Clinical Endocrinology and
Metabolism 98 (2): 636–42.

Ebert, Peter, Peter A. Audano, Qihui Zhu, Bernardo Rodriguez-Martin, David Porubsky, Marc
Jan Bonder, Arvis Sulovari, et al. 2021. “Haplotype-Resolved Diverse Human Genomes and
Integrated Analysis of Structural Variation.” Science, February.
https://doi.org/10.1126/science.abf7117.

Ellis, Peter, Luiza Moore, Mathijs A. Sanders, Timothy M. Butler, Simon F. Brunner, Henry
Lee-Six, Robert Osborne, et al. 2021. “Reliable Detection of Somatic Mutations in Solid
Tissues by Laser-Capture Microdissection and Low-Input DNA Sequencing.” Nature
Protocols 16 (2): 841–71.

Eszlinger, Markus, Lorraine Lau, Sana Ghaznavi, Christopher Symonds, Shamir P. Chandarana,
Moosa Khalil, and Ralf Paschke. 2017. “Molecular Profiling of Thyroid Nodule Fine-Needle
Aspiration Cytology.” Nature Reviews. Endocrinology 13 (7): 415–24.

Fang, Weiyuan, Lei Ye, Liyun Shen, Jie Cai, Fengjiao Huang, Qing Wei, Xiaochun Fei, et al.
2014. “Tumor-Associated Macrophages Promote the Metastatic Potential of Thyroid
Papillary Cancer by Releasing CXCL8.” Carcinogenesis 35 (8): 1780–87.

Ferrari, Silvia Martina, Giusy Elia, Francesca Ragusa, Ilaria Ruffilli, Concettina La Motta,
Sabrina Rosaria Paparo, Armando Patrizio, et al. 2020. “Novel Treatments for Anaplastic
Thyroid Carcinoma.” Gland Surgery 9 (Suppl 1): S28–42.

Ferrari, Silvia Martina, Poupak Fallahi, Maria Rosaria Galdiero, Ilaria Ruffilli, Giusy Elia,
Francesca Ragusa, Sabrina Rosaria Paparo, et al. 2019. “Immune and Inflammatory Cells
in Thyroid Cancer Microenvironment.” International Journal of Molecular Sciences 20 (18).
https://doi.org/10.3390/ijms20184413.

Fiore, Maria, Gea Oliveri Conti, Rosario Caltabiano, Antonino Buffone, Pietro Zuccarello, Livia
Cormaci, Matteo Angelo Cannizzaro, and Margherita Ferrante. 2019. “Role of Emerging
Environmental Risk Factors in Thyroid Cancer: A Brief Review.” International Journal of
Environmental Research and Public Health 16 (7). https://doi.org/10.3390/ijerph16071185.

French, Jena D. 2020. “Immunotherapy for Advanced Thyroid Cancers - Rationale, Current
Advances and Future Strategies.” Nature Reviews. Endocrinology 16 (11): 629–41.

Fu, Yu, Alexander W. Jung, Ramon Viñas Torne, Santiago Gonzalez, Harald Vöhringer, Artem

33

http://paperpile.com/b/vcPAEJ/VFWi5
http://paperpile.com/b/vcPAEJ/VFWi5
http://paperpile.com/b/vcPAEJ/VFWi5
http://paperpile.com/b/vcPAEJ/VFWi5
http://paperpile.com/b/vcPAEJ/VFWi5
http://paperpile.com/b/vcPAEJ/VFWi5
http://paperpile.com/b/vcPAEJ/nxTTd
http://paperpile.com/b/vcPAEJ/nxTTd
http://paperpile.com/b/vcPAEJ/nxTTd
http://paperpile.com/b/vcPAEJ/nxTTd
http://paperpile.com/b/vcPAEJ/oFzVP
http://paperpile.com/b/vcPAEJ/oFzVP
http://paperpile.com/b/vcPAEJ/oFzVP
http://paperpile.com/b/vcPAEJ/oFzVP
http://paperpile.com/b/vcPAEJ/oFzVP
http://paperpile.com/b/vcPAEJ/oFzVP
http://paperpile.com/b/vcPAEJ/H1V2U
http://paperpile.com/b/vcPAEJ/H1V2U
http://paperpile.com/b/vcPAEJ/H1V2U
http://paperpile.com/b/vcPAEJ/l8CeG
http://paperpile.com/b/vcPAEJ/l8CeG
http://paperpile.com/b/vcPAEJ/l8CeG
http://paperpile.com/b/vcPAEJ/l8CeG
http://paperpile.com/b/vcPAEJ/9asak
http://paperpile.com/b/vcPAEJ/9asak
http://paperpile.com/b/vcPAEJ/9asak
http://paperpile.com/b/vcPAEJ/9asak
http://dx.doi.org/10.1126/science.abf7117
http://paperpile.com/b/vcPAEJ/9asak
http://paperpile.com/b/vcPAEJ/fuVKm
http://paperpile.com/b/vcPAEJ/fuVKm
http://paperpile.com/b/vcPAEJ/fuVKm
http://paperpile.com/b/vcPAEJ/fuVKm
http://paperpile.com/b/vcPAEJ/f5SoH
http://paperpile.com/b/vcPAEJ/f5SoH
http://paperpile.com/b/vcPAEJ/f5SoH
http://paperpile.com/b/vcPAEJ/mkYP3
http://paperpile.com/b/vcPAEJ/mkYP3
http://paperpile.com/b/vcPAEJ/mkYP3
http://paperpile.com/b/vcPAEJ/vnIBp
http://paperpile.com/b/vcPAEJ/vnIBp
http://paperpile.com/b/vcPAEJ/vnIBp
http://paperpile.com/b/vcPAEJ/C9E1V
http://paperpile.com/b/vcPAEJ/C9E1V
http://paperpile.com/b/vcPAEJ/C9E1V
http://paperpile.com/b/vcPAEJ/C9E1V
http://dx.doi.org/10.3390/ijms20184413
http://paperpile.com/b/vcPAEJ/C9E1V
http://paperpile.com/b/vcPAEJ/vfXOr
http://paperpile.com/b/vcPAEJ/vfXOr
http://paperpile.com/b/vcPAEJ/vfXOr
http://paperpile.com/b/vcPAEJ/vfXOr
http://dx.doi.org/10.3390/ijerph16071185
http://paperpile.com/b/vcPAEJ/vfXOr
http://paperpile.com/b/vcPAEJ/PrC1P
http://paperpile.com/b/vcPAEJ/PrC1P
http://paperpile.com/b/vcPAEJ/Y4eUi


Shmatko, Lucy R. Yates, Mercedes Jimenez-Linan, Luiza Moore, and Moritz Gerstung.
2020. “Pan-Cancer Computational Histopathology Reveals Mutations, Tumor Composition
and Prognosis.” Nature Cancer 1 (8): 800–810.

Ganly, Ian, Julio Ricarte Filho, Stephanie Eng, Ronald Ghossein, Luc G. T. Morris, Yupu Liang,
Nicholas Socci, et al. 2013. “Genomic Dissection of Hurthle Cell Carcinoma Reveals a
Unique Class of Thyroid Malignancy.” The Journal of Clinical Endocrinology and
Metabolism 98 (5): E962–72.

Gao, Jing, Peng Li, Zhikui Chen, and Jianing Zhang. 2020. “A Survey on Deep Learning for
Multimodal Data Fusion.” Neural Computation 32 (5): 829–64.

Gao, Ruli, Shanshan Bai, Ying C. Henderson, Yiyun Lin, Aislyn Schalck, Yun Yan, Tapsi Kumar,
et al. 2021. “Delineating Copy Number and Clonal Substructure in Human Tumors from
Single-Cell Transcriptomes.” Nature Biotechnology, January, 1–10.

Garcia-Rostan, G., G. Tallini, A. Herrero, T. G. D’Aquila, M. L. Carcangiu, and D. L. Rimm. 1999.
“Frequent Mutation and Nuclear Localization of Beta-Catenin in Anaplastic Thyroid
Carcinoma.” Cancer Research 59 (8): 1811–15.

Gerber, Tiemo S., Arno Schad, Nils Hartmann, Erik Springer, Ulrich Zechner, and Thomas J.
Musholt. 2018. “Targeted next-Generation Sequencing of Cancer Genes in Poorly
Differentiated Thyroid Cancer.” Endocrine Connections 7 (1): 47–55.

Gerstung, Moritz, Clemency Jolly, Ignaty Leshchiner, Stefan C. Dentro, Santiago Gonzalez,
Daniel Rosebrock, Thomas J. Mitchell, et al. 2020. “The Evolutionary History of 2,658
Cancers.” Nature 578 (7793): 122–28.

Gill, Kurren S., Patrick Tassone, James Hamilton, Nikolaus Hjelm, Adam Luginbuhl, David
Cognetti, Madalina Tuluc, Ubaldo Martinez-Outschoorn, Jennifer M. Johnson, and Joseph
M. Curry. 2016. “Thyroid Cancer Metabolism: A Review.” Journal of Thyroid Disorders &
Therapy 5 (1). https://doi.org/10.4172/2167-7948.1000200.

Gopal, Raj K., Kirsten Kübler, Sarah E. Calvo, Paz Polak, Dimitri Livitz, Daniel Rosebrock, Peter
M. Sadow, et al. 2018. “Widespread Chromosomal Losses and Mitochondrial DNA
Alterations as Genetic Drivers in Hürthle Cell Carcinoma.” Cancer Cell 34 (2): 242–55.e5.

Grieco, M., M. Santoro, M. T. Berlingieri, R. M. Melillo, R. Donghi, I. Bongarzone, M. A. Pierotti,
G. Della Porta, A. Fusco, and G. Vecchio. 1990. “PTC Is a Novel Rearranged Form of the
Ret Proto-Oncogene and Is Frequently Detected in Vivo in Human Thyroid Papillary
Carcinomas.” Cell 60 (4): 557–63.

Ha, Eun Ju, and Jung Hwan Baek. 2021. “Applications of Machine Learning and Deep Learning
to Thyroid Imaging: Where Do We Stand?” Ultrasonography (Seoul, Korea) 40 (1): 23–29.

Han, Xiaoping, Ziming Zhou, Lijiang Fei, Huiyu Sun, Renying Wang, Yao Chen, Haide Chen, et
al. 2020. “Construction of a Human Cell Landscape at Single-Cell Level.” Nature 581
(7808): 303–9.

Haugen, Bryan R., Erik K. Alexander, Keith C. Bible, Gerard M. Doherty, Susan J. Mandel, Yuri
E. Nikiforov, Furio Pacini, et al. 2016. “2015 American Thyroid Association Management
Guidelines for Adult Patients with Thyroid Nodules and Differentiated Thyroid Cancer: The
American Thyroid Association Guidelines Task Force on Thyroid Nodules and Differentiated
Thyroid Cancer.” Thyroid: Official Journal of the American Thyroid Association 26 (1):
1–133.

Hébrant, Aline, Geneviève Dom, Michael Dewaele, Guy Andry, Christophe Trésallet,
Emmanuelle Leteurtre, Jacques E. Dumont, and Carine Maenhaut. 2012. “mRNA
Expression in Papillary and Anaplastic Thyroid Carcinoma: Molecular Anatomy of a Killing
Switch.” PloS One 7 (10): e37807.

He, Bryan, Ludvig Bergenstråhle, Linnea Stenbeck, Abubakar Abid, Alma Andersson, Åke Borg,
Jonas Maaskola, Joakim Lundeberg, and James Zou. 2020. “Integrating Spatial Gene
Expression and Breast Tumour Morphology via Deep Learning.” Nature Biomedical
Engineering 4 (8): 827–34.

34

http://paperpile.com/b/vcPAEJ/Y4eUi
http://paperpile.com/b/vcPAEJ/Y4eUi
http://paperpile.com/b/vcPAEJ/Y4eUi
http://paperpile.com/b/vcPAEJ/De09H
http://paperpile.com/b/vcPAEJ/De09H
http://paperpile.com/b/vcPAEJ/De09H
http://paperpile.com/b/vcPAEJ/De09H
http://paperpile.com/b/vcPAEJ/aG6k3
http://paperpile.com/b/vcPAEJ/aG6k3
http://paperpile.com/b/vcPAEJ/3y6AN
http://paperpile.com/b/vcPAEJ/3y6AN
http://paperpile.com/b/vcPAEJ/3y6AN
http://paperpile.com/b/vcPAEJ/Wx7XL
http://paperpile.com/b/vcPAEJ/Wx7XL
http://paperpile.com/b/vcPAEJ/Wx7XL
http://paperpile.com/b/vcPAEJ/3hy5B
http://paperpile.com/b/vcPAEJ/3hy5B
http://paperpile.com/b/vcPAEJ/3hy5B
http://paperpile.com/b/vcPAEJ/tPfw9
http://paperpile.com/b/vcPAEJ/tPfw9
http://paperpile.com/b/vcPAEJ/tPfw9
http://paperpile.com/b/vcPAEJ/IME1q
http://paperpile.com/b/vcPAEJ/IME1q
http://paperpile.com/b/vcPAEJ/IME1q
http://paperpile.com/b/vcPAEJ/IME1q
http://dx.doi.org/10.4172/2167-7948.1000200
http://paperpile.com/b/vcPAEJ/IME1q
http://paperpile.com/b/vcPAEJ/i4coI
http://paperpile.com/b/vcPAEJ/i4coI
http://paperpile.com/b/vcPAEJ/i4coI
http://paperpile.com/b/vcPAEJ/dfdQ1
http://paperpile.com/b/vcPAEJ/dfdQ1
http://paperpile.com/b/vcPAEJ/dfdQ1
http://paperpile.com/b/vcPAEJ/dfdQ1
http://paperpile.com/b/vcPAEJ/J2LqU
http://paperpile.com/b/vcPAEJ/J2LqU
http://paperpile.com/b/vcPAEJ/2BVLf
http://paperpile.com/b/vcPAEJ/2BVLf
http://paperpile.com/b/vcPAEJ/2BVLf
http://paperpile.com/b/vcPAEJ/3RMHw
http://paperpile.com/b/vcPAEJ/3RMHw
http://paperpile.com/b/vcPAEJ/3RMHw
http://paperpile.com/b/vcPAEJ/3RMHw
http://paperpile.com/b/vcPAEJ/3RMHw
http://paperpile.com/b/vcPAEJ/3RMHw
http://paperpile.com/b/vcPAEJ/0nllr
http://paperpile.com/b/vcPAEJ/0nllr
http://paperpile.com/b/vcPAEJ/0nllr
http://paperpile.com/b/vcPAEJ/0nllr
http://paperpile.com/b/vcPAEJ/1IAEM
http://paperpile.com/b/vcPAEJ/1IAEM
http://paperpile.com/b/vcPAEJ/1IAEM
http://paperpile.com/b/vcPAEJ/1IAEM


Heitzer, Ellen, Imran S. Haque, Charles E. S. Roberts, and Michael R. Speicher. 2019. “Current
and Future Perspectives of Liquid Biopsies in Genomics-Driven Oncology.” Nature
Reviews. Genetics 20 (2): 71–88.

Hildebrand, Lindsey A., Colin J. Pierce, Michael Dennis, Munizay Paracha, and Asaf Maoz.
2021. “Artificial Intelligence for Histology-Based Detection of Microsatellite Instability and
Prediction of Response to Immunotherapy in Colorectal Cancer.” Cancers 13 (3).
https://doi.org/10.3390/cancers13030391.

Ho, Steve S., Alexander E. Urban, and Ryan E. Mills. 2020. “Structural Variation in the
Sequencing Era.” Nature Reviews. Genetics 21 (3): 171–89.

Hou, Peng, Dingxie Liu, Yuan Shan, Shuiying Hu, Kimberley Studeman, Stephen Condouris,
Yangang Wang, et al. 2007. “Genetic Alterations and Their Relationship in the
Phosphatidylinositol 3-kinase/Akt Pathway in Thyroid Cancer.” Clinical Cancer Research:
An Official Journal of the American Association for Cancer Research 13 (4): 1161–70.

Hou, Peng, Dingxie Liu, and Mingzhao Xing. 2007. “Functional Characterization of the
T1799-1801del and A1799-1816ins BRAF Mutations in Papillary Thyroid Cancer.” Cell
Cycle 6 (3): 377–79.

Hu, Yang, Liang, Lu, and Cao. 2020. “Single-Cell RNA Sequencing Reveals the Regenerative
Potential of Thyroid Follicular Epithelial Cells in Metastatic Thyroid Carcinoma.”
Biochemical and Biophysical Research Communications 531 (4): 552–58.

Ibrahimpasic, Tihana, Ronald Ghossein, Jatin P. Shah, and Ian Ganly. 2019. “Poorly
Differentiated Carcinoma of the Thyroid Gland: Current Status and Future Prospects.”
Thyroid: Official Journal of the American Thyroid Association 29 (3): 311–21.

ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium. 2020. “Pan-Cancer Analysis
of Whole Genomes.” Nature 578 (7793): 82–93.

Iglesias, Maria Laura, Angelica Schmidt, Abir Al Ghuzlan, Ludovic Lacroix, Florent de Vathaire,
Sylvie Chevillard, and Martin Schlumberger. 2017. “Radiation Exposure and Thyroid
Cancer: A Review.” Archives of Endocrinology and Metabolism 61 (2): 180–87.

Ito, Yasuhiro, Takuya Higashiyama, Yuuki Takamura, Akihiro Miya, Kaoru Kobayashi, Fumio
Matsuzuka, Kanji Kuma, and Akira Miyauchi. 2007. “Risk Factors for Recurrence to the
Lymph Node in Papillary Thyroid Carcinoma Patients without Preoperatively Detectable
Lateral Node Metastasis: Validity of Prophylactic Modified Radical Neck Dissection.” World
Journal of Surgery 31 (11): 2085–91.

Jegerlehner, Sabrina, Jean-Luc Bulliard, Drahomir Aujesky, Nicolas Rodondi, Simon Germann,
Isabelle Konzelmann, Arnaud Chiolero, and NICER Working Group. 2017. “Overdiagnosis
and Overtreatment of Thyroid Cancer: A Population-Based Temporal Trend Study.” PloS
One 12 (6): e0179387.

Jeon, Min Ji, Sung-Min Chun, Deokhoon Kim, Hyemi Kwon, Eun Kyung Jang, Tae Yong Kim,
Won Bae Kim, et al. 2016. “Genomic Alterations of Anaplastic Thyroid Carcinoma Detected
by Targeted Massive Parallel Sequencing in a BRAF(V600E) Mutation-Prevalent Area.”
Thyroid: Official Journal of the American Thyroid Association 26 (5): 683–90.

Jing, Ying, Jin Liu, Youqiong Ye, Lei Pan, Hui Deng, Yushu Wang, Yang Yang, et al. 2020.
“Multi-Omics Prediction of Immune-Related Adverse Events during Checkpoint
Immunotherapy.” Nature Communications 11 (1): 4946.

Jung, Chan Kwon, Mark P. Little, Jay H. Lubin, Alina V. Brenner, Samuel A. Wells Jr, Alice J.
Sigurdson, and Yuri E. Nikiforov. 2014. “The Increase in Thyroid Cancer Incidence during
the Last Four Decades Is Accompanied by a High Frequency of BRAF Mutations and a
Sharp Increase in RAS Mutations.” The Journal of Clinical Endocrinology and Metabolism
99 (2): E276–85.

Khatami, Fatemeh, Bagher Larijani, Shirzad Nasiri, and Seyed Mohammad Tavangar. 2019.
“Liquid Biopsy as a Minimally Invasive Source of Thyroid Cancer Genetic and Epigenetic
Alterations.” International Journal of Molecular and Cellular Medicine 8 (Suppl1): 19–29.

35

http://paperpile.com/b/vcPAEJ/J69n9
http://paperpile.com/b/vcPAEJ/J69n9
http://paperpile.com/b/vcPAEJ/J69n9
http://paperpile.com/b/vcPAEJ/unRnK
http://paperpile.com/b/vcPAEJ/unRnK
http://paperpile.com/b/vcPAEJ/unRnK
http://paperpile.com/b/vcPAEJ/unRnK
http://dx.doi.org/10.3390/cancers13030391
http://paperpile.com/b/vcPAEJ/unRnK
http://paperpile.com/b/vcPAEJ/m91qk
http://paperpile.com/b/vcPAEJ/m91qk
http://paperpile.com/b/vcPAEJ/m4bwY
http://paperpile.com/b/vcPAEJ/m4bwY
http://paperpile.com/b/vcPAEJ/m4bwY
http://paperpile.com/b/vcPAEJ/m4bwY
http://paperpile.com/b/vcPAEJ/QqGn7
http://paperpile.com/b/vcPAEJ/QqGn7
http://paperpile.com/b/vcPAEJ/QqGn7
http://paperpile.com/b/vcPAEJ/x9Ite
http://paperpile.com/b/vcPAEJ/x9Ite
http://paperpile.com/b/vcPAEJ/x9Ite
http://paperpile.com/b/vcPAEJ/lYzJc
http://paperpile.com/b/vcPAEJ/lYzJc
http://paperpile.com/b/vcPAEJ/lYzJc
http://paperpile.com/b/vcPAEJ/ekMgi
http://paperpile.com/b/vcPAEJ/ekMgi
http://paperpile.com/b/vcPAEJ/CrwDf
http://paperpile.com/b/vcPAEJ/CrwDf
http://paperpile.com/b/vcPAEJ/CrwDf
http://paperpile.com/b/vcPAEJ/Fsiwe
http://paperpile.com/b/vcPAEJ/Fsiwe
http://paperpile.com/b/vcPAEJ/Fsiwe
http://paperpile.com/b/vcPAEJ/Fsiwe
http://paperpile.com/b/vcPAEJ/Fsiwe
http://paperpile.com/b/vcPAEJ/N6Mxf
http://paperpile.com/b/vcPAEJ/N6Mxf
http://paperpile.com/b/vcPAEJ/N6Mxf
http://paperpile.com/b/vcPAEJ/N6Mxf
http://paperpile.com/b/vcPAEJ/6lN7B
http://paperpile.com/b/vcPAEJ/6lN7B
http://paperpile.com/b/vcPAEJ/6lN7B
http://paperpile.com/b/vcPAEJ/6lN7B
http://paperpile.com/b/vcPAEJ/YYzhw
http://paperpile.com/b/vcPAEJ/YYzhw
http://paperpile.com/b/vcPAEJ/YYzhw
http://paperpile.com/b/vcPAEJ/qY86w
http://paperpile.com/b/vcPAEJ/qY86w
http://paperpile.com/b/vcPAEJ/qY86w
http://paperpile.com/b/vcPAEJ/qY86w
http://paperpile.com/b/vcPAEJ/qY86w
http://paperpile.com/b/vcPAEJ/1FZBZ
http://paperpile.com/b/vcPAEJ/1FZBZ
http://paperpile.com/b/vcPAEJ/1FZBZ


Kiemen, Ashley, Alicia M. Braxton, Mia P. Grahn, Kyu Sang Han, Jaanvi Mahesh Babu,
Rebecca Reichel, Falone Amoa, et al. 2020. “In Situ Characterization of the 3D
Microanatomy of the Pancreas and Pancreatic Cancer at Single Cell Resolution.” Cold
Spring Harbor Laboratory. https://doi.org/10.1101/2020.12.08.416909.

Kim, Jina, Jessica E. Gosnell, and Sanziana A. Roman. 2020. “Geographic Influences in the
Global Rise of Thyroid Cancer.” Nature Reviews. Endocrinology 16 (1): 17–29.

Kitahara, Cari M., Dóra K Rmendiné Farkas, Jens Otto L. Jørgensen, Deirdre Cronin-Fenton,
and Henrik Toft Sørensen. 2018. “Benign Thyroid Diseases and Risk of Thyroid Cancer: A
Nationwide Cohort Study.” The Journal of Clinical Endocrinology and Metabolism 103 (6):
2216–24.

Kopf, Andreas, and Manfred Claassen. 2021. “Latent Representation Learning in Biology and
Translational Medicine.” Patterns (New York, N.Y.) 2 (3): 100198.

Kouw, Wouter M., and Marco Loog. 2021. “A Review of Domain Adaptation without Target
Labels.” IEEE Transactions on Pattern Analysis and Machine Intelligence 43 (3): 766–85.

Kroll, T. G., P. Sarraf, L. Pecciarini, C. J. Chen, E. Mueller, B. M. Spiegelman, and J. A. Fletcher.
2000. “PAX8-PPARgamma1 Fusion Oncogene in Human Thyroid Carcinoma [corrected].”
Science 289 (5483): 1357–60.

Kucab, Jill E., Xueqing Zou, Sandro Morganella, Madeleine Joel, A. Scott Nanda, Eszter Nagy,
Celine Gomez, et al. 2019. “A Compendium of Mutational Signatures of Environmental
Agents.” Cell 177 (4): 821–36.e16.

Kumari, Sonam, Ruth Adewale, and Joanna Klubo-Gwiezdzinska. 2020. “The Molecular
Landscape of Hürthle Cell Thyroid Cancer Is Associated with Altered Mitochondrial
Function-A Comprehensive Review.” Cells 9 (7). https://doi.org/10.3390/cells9071570.

Kunstman, John W., C. Christofer Juhlin, Gerald Goh, Taylor C. Brown, Adam Stenman, James
M. Healy, Jill C. Rubinstein, et al. 2015. “Characterization of the Mutational Landscape of
Anaplastic Thyroid Cancer via Whole-Exome Sequencing.” Human Molecular Genetics 24
(8): 2318–29.

Kure, Shoko, and Ryuji Ohashi. 2020. “Thyroid Hürthle Cell Carcinoma: Clinical, Pathological,
and Molecular Features.” Cancers 13 (1). https://doi.org/10.3390/cancers13010026.

Labourier, Emmanuel, Alexander Shifrin, Anne E. Busseniers, Mark A. Lupo, Monique L.
Manganelli, Bernard Andruss, Dennis Wylie, and Sylvie Beaudenon-Huibregtse. 2015.
“Molecular Testing for miRNA, mRNA, and DNA on Fine-Needle Aspiration Improves the
Preoperative Diagnosis of Thyroid Nodules With Indeterminate Cytology.” The Journal of
Clinical Endocrinology and Metabolism 100 (7): 2743–50.

Lam, Alfred King Yin, Kevin Kwok-Pui Lau, Vinod Gopalan, John Luk, and Chung Yau Lo. 2011.
“Quantitative Analysis of the Expression of TGF-Alpha and EGFR in Papillary Thyroid
Carcinoma: Clinicopathological Relevance.” Pathology 43 (1): 40–47.

Lamartina, Livia, Giorgio Grani, Cosimo Durante, Isabelle Borget, Sebastiano Filetti, and Martin
Schlumberger. 2018. “Follow-up of Differentiated Thyroid Cancer - What Should (and What
Should Not) Be Done.” Nature Reviews. Endocrinology 14 (9): 538–51.

Landa, Iñigo, Ian Ganly, Timothy A. Chan, Norisato Mitsutake, Michiko Matsuse, Tihana
Ibrahimpasic, Ronald A. Ghossein, and James A. Fagin. 2013. “Frequent Somatic TERT
Promoter Mutations in Thyroid Cancer: Higher Prevalence in Advanced Forms of the
Disease.” The Journal of Clinical Endocrinology and Metabolism 98 (9): E1562–66.

Landa, Iñigo, Tihana Ibrahimpasic, Laura Boucai, Rileen Sinha, Jeffrey A. Knauf, Ronak H.
Shah, Snjezana Dogan, et al. 2016. “Genomic and Transcriptomic Hallmarks of Poorly
Differentiated and Anaplastic Thyroid Cancers.” The Journal of Clinical Investigation 126
(3): 1052–66.

Lawson, Andrew R. J., Federico Abascal, Tim H. H. Coorens, Yvette Hooks, Laura O’Neill, Calli
Latimer, Keiran Raine, et al. 2020. “Extensive Heterogeneity in Somatic Mutation and
Selection in the Human Bladder.” Science 370 (6512): 75–82.

36

http://paperpile.com/b/vcPAEJ/EZl5P
http://paperpile.com/b/vcPAEJ/EZl5P
http://paperpile.com/b/vcPAEJ/EZl5P
http://paperpile.com/b/vcPAEJ/EZl5P
http://dx.doi.org/10.1101/2020.12.08.416909
http://paperpile.com/b/vcPAEJ/EZl5P
http://paperpile.com/b/vcPAEJ/AK96d
http://paperpile.com/b/vcPAEJ/AK96d
http://paperpile.com/b/vcPAEJ/Mg0CL
http://paperpile.com/b/vcPAEJ/Mg0CL
http://paperpile.com/b/vcPAEJ/Mg0CL
http://paperpile.com/b/vcPAEJ/Mg0CL
http://paperpile.com/b/vcPAEJ/FE8IF
http://paperpile.com/b/vcPAEJ/FE8IF
http://paperpile.com/b/vcPAEJ/sSB0U
http://paperpile.com/b/vcPAEJ/sSB0U
http://paperpile.com/b/vcPAEJ/o2kE5
http://paperpile.com/b/vcPAEJ/o2kE5
http://paperpile.com/b/vcPAEJ/o2kE5
http://paperpile.com/b/vcPAEJ/h2HrC
http://paperpile.com/b/vcPAEJ/h2HrC
http://paperpile.com/b/vcPAEJ/h2HrC
http://paperpile.com/b/vcPAEJ/o5fYo
http://paperpile.com/b/vcPAEJ/o5fYo
http://paperpile.com/b/vcPAEJ/o5fYo
http://dx.doi.org/10.3390/cells9071570
http://paperpile.com/b/vcPAEJ/o5fYo
http://paperpile.com/b/vcPAEJ/jaYut
http://paperpile.com/b/vcPAEJ/jaYut
http://paperpile.com/b/vcPAEJ/jaYut
http://paperpile.com/b/vcPAEJ/jaYut
http://paperpile.com/b/vcPAEJ/yNRJt
http://paperpile.com/b/vcPAEJ/yNRJt
http://dx.doi.org/10.3390/cancers13010026
http://paperpile.com/b/vcPAEJ/yNRJt
http://paperpile.com/b/vcPAEJ/E4M5v
http://paperpile.com/b/vcPAEJ/E4M5v
http://paperpile.com/b/vcPAEJ/E4M5v
http://paperpile.com/b/vcPAEJ/E4M5v
http://paperpile.com/b/vcPAEJ/E4M5v
http://paperpile.com/b/vcPAEJ/fRO2B
http://paperpile.com/b/vcPAEJ/fRO2B
http://paperpile.com/b/vcPAEJ/fRO2B
http://paperpile.com/b/vcPAEJ/I512P
http://paperpile.com/b/vcPAEJ/I512P
http://paperpile.com/b/vcPAEJ/I512P
http://paperpile.com/b/vcPAEJ/wpFao
http://paperpile.com/b/vcPAEJ/wpFao
http://paperpile.com/b/vcPAEJ/wpFao
http://paperpile.com/b/vcPAEJ/wpFao
http://paperpile.com/b/vcPAEJ/5DkWW
http://paperpile.com/b/vcPAEJ/5DkWW
http://paperpile.com/b/vcPAEJ/5DkWW
http://paperpile.com/b/vcPAEJ/5DkWW
http://paperpile.com/b/vcPAEJ/e7Cb8
http://paperpile.com/b/vcPAEJ/e7Cb8
http://paperpile.com/b/vcPAEJ/e7Cb8


Lee, Je Hyuk, Evan R. Daugharthy, Jonathan Scheiman, Reza Kalhor, Thomas C. Ferrante,
Richard Terry, Brian M. Turczyk, et al. 2015. “Fluorescent in Situ Sequencing (FISSEQ) of
RNA for Gene Expression Profiling in Intact Cells and Tissues.” Nature Protocols 10 (3):
442–58.

Lee, Joo Sang, and Eytan Ruppin. 2019. “Multiomics Prediction of Response Rates to
Therapies to Inhibit Programmed Cell Death 1 and Programmed Cell Death 1 Ligand 1.”
JAMA Oncology, August. https://doi.org/10.1001/jamaoncol.2019.2311.

Li, Ling-Rui, Bo Du, Han-Qing Liu, and Chuang Chen. 2020. “Artificial Intelligence for
Personalized Medicine in Thyroid Cancer: Current Status and Future Perspectives.”
Frontiers in Oncology 10: 604051.

Li, Mengmeng, Luigino Dal Maso, and Salvatore Vaccarella. 2020. “Global Trends in Thyroid
Cancer Incidence and the Impact of Overdiagnosis.” The Lancet. Diabetes & Endocrinology
8 (6): 468–70.

Lin, Jen-Der, Miaw-Jene Liou, Hsueh-Ling Hsu, Kong-Kit Leong, Yu-Ting Chen, Ying-Ru Wang,
Wei-Shan Hung, Hsing-Ying Lee, Hui-Ju Tsai, and Ching-Ping Tseng. 2018. “Circulating
Epithelial Cell Characterization and Correlation with Remission and Survival in Patients with
Thyroid Cancer.” Thyroid: Official Journal of the American Thyroid Association 28 (11):
1479–89.

Litchfield, Kevin, James L. Reading, Clare Puttick, Krupa Thakkar, Chris Abbosh, Robert
Bentham, Thomas B. K. Watkins, et al. 2021. “Meta-Analysis of Tumor- and T Cell-Intrinsic
Mechanisms of Sensitization to Checkpoint Inhibition.” Cell 184 (3): 596–614.e14.

Liu, Jeffrey, Bhuvanesh Singh, Giovanni Tallini, Diane L. Carlson, Nora Katabi, Ashok Shaha, R.
Michael Tuttle, and Ronald A. Ghossein. 2006. “Follicular Variant of Papillary Thyroid
Carcinoma: A Clinicopathologic Study of a Problematic Entity.” Cancer 107 (6): 1255–64.

Liu, M. C., G. R. Oxnard, E. A. Klein, C. Swanton, M. V. Seiden, and CCGA Consortium. 2020.
“Sensitive and Specific Multi-Cancer Detection and Localization Using Methylation
Signatures in Cell-Free DNA.” Annals of Oncology: Official Journal of the European Society
for Medical Oncology / ESMO 31 (6): 745–59.

Liu, Xiaoli, Justin Bishop, Yuan Shan, Sara Pai, Dingxie Liu, Avaniyapuram Kannan Murugan,
Hui Sun, Adel K. El-Naggar, and Mingzhao Xing. 2013. “Highly Prevalent TERT Promoter
Mutations in Aggressive Thyroid Cancers.” Endocrine-Related Cancer 20 (4): 603–10.

Liu, Zhi, Peng Hou, Meiju Ji, Haixia Guan, Kimberly Studeman, Kirk Jensen, Vasily Vasko, Adel
K. El-Naggar, and Mingzhao Xing. 2008. “Highly Prevalent Genetic Alterations in Receptor
Tyrosine Kinases and Phosphatidylinositol 3-Kinase/akt and Mitogen-Activated Protein
Kinase Pathways in Anaplastic and Follicular Thyroid Cancers.” The Journal of Clinical
Endocrinology and Metabolism 93 (8): 3106–16.

LiVolsi, Virginia A. 2011. “Papillary Thyroid Carcinoma: An Update.” Modern Pathology: An
Official Journal of the United States and Canadian Academy of Pathology, Inc 24 (2): S1–9.

Li, Xiangchun, Sheng Zhang, Qiang Zhang, Xi Wei, Yi Pan, Jing Zhao, Xiaojie Xin, et al. 2019.
“Diagnosis of Thyroid Cancer Using Deep Convolutional Neural Network Models Applied to
Sonographic Images: A Retrospective, Multicohort, Diagnostic Study.” The Lancet
Oncology 20 (2): 193–201.

Lloyd, Ricardo V., Robert Y. Osamura, Günter Klöppel, and Juan Rosai. 2017. WHO
Classification of Tumours of Endocrine Organs. International Agency for Research on
Cancer.

López, Saioa, Emilia L. Lim, Stuart Horswell, Kerstin Haase, Ariana Huebner, Michelle Dietzen,
Thanos P. Mourikis, et al. 2020. “Interplay between Whole-Genome Doubling and the
Accumulation of Deleterious Alterations in Cancer Evolution.” Nature Genetics 52 (3):
283–93.

Lovén, Jakob, David A. Orlando, Alla A. Sigova, Charles Y. Lin, Peter B. Rahl, Christopher B.
Burge, David L. Levens, Tong Ihn Lee, and Richard A. Young. 2012. “Revisiting Global

37

http://paperpile.com/b/vcPAEJ/4j5DX
http://paperpile.com/b/vcPAEJ/4j5DX
http://paperpile.com/b/vcPAEJ/4j5DX
http://paperpile.com/b/vcPAEJ/4j5DX
http://paperpile.com/b/vcPAEJ/qi7x4
http://paperpile.com/b/vcPAEJ/qi7x4
http://paperpile.com/b/vcPAEJ/qi7x4
http://dx.doi.org/10.1001/jamaoncol.2019.2311
http://paperpile.com/b/vcPAEJ/qi7x4
http://paperpile.com/b/vcPAEJ/yNh0P
http://paperpile.com/b/vcPAEJ/yNh0P
http://paperpile.com/b/vcPAEJ/yNh0P
http://paperpile.com/b/vcPAEJ/OWcuy
http://paperpile.com/b/vcPAEJ/OWcuy
http://paperpile.com/b/vcPAEJ/OWcuy
http://paperpile.com/b/vcPAEJ/aVJCC
http://paperpile.com/b/vcPAEJ/aVJCC
http://paperpile.com/b/vcPAEJ/aVJCC
http://paperpile.com/b/vcPAEJ/aVJCC
http://paperpile.com/b/vcPAEJ/aVJCC
http://paperpile.com/b/vcPAEJ/CffCK
http://paperpile.com/b/vcPAEJ/CffCK
http://paperpile.com/b/vcPAEJ/CffCK
http://paperpile.com/b/vcPAEJ/Ow0hm
http://paperpile.com/b/vcPAEJ/Ow0hm
http://paperpile.com/b/vcPAEJ/Ow0hm
http://paperpile.com/b/vcPAEJ/RdmpS
http://paperpile.com/b/vcPAEJ/RdmpS
http://paperpile.com/b/vcPAEJ/RdmpS
http://paperpile.com/b/vcPAEJ/RdmpS
http://paperpile.com/b/vcPAEJ/auc3e
http://paperpile.com/b/vcPAEJ/auc3e
http://paperpile.com/b/vcPAEJ/auc3e
http://paperpile.com/b/vcPAEJ/BUueI
http://paperpile.com/b/vcPAEJ/BUueI
http://paperpile.com/b/vcPAEJ/BUueI
http://paperpile.com/b/vcPAEJ/BUueI
http://paperpile.com/b/vcPAEJ/BUueI
http://paperpile.com/b/vcPAEJ/F1jGx
http://paperpile.com/b/vcPAEJ/F1jGx
http://paperpile.com/b/vcPAEJ/KoDDd
http://paperpile.com/b/vcPAEJ/KoDDd
http://paperpile.com/b/vcPAEJ/KoDDd
http://paperpile.com/b/vcPAEJ/KoDDd
http://paperpile.com/b/vcPAEJ/EtLfp
http://paperpile.com/b/vcPAEJ/EtLfp
http://paperpile.com/b/vcPAEJ/EtLfp
http://paperpile.com/b/vcPAEJ/x98UC
http://paperpile.com/b/vcPAEJ/x98UC
http://paperpile.com/b/vcPAEJ/x98UC
http://paperpile.com/b/vcPAEJ/x98UC
http://paperpile.com/b/vcPAEJ/xIDWX
http://paperpile.com/b/vcPAEJ/xIDWX


Gene Expression Analysis.” Cell 151 (3): 476–82.
Ma, Maoguang, Bo Lin, Mingdian Wang, Xiaoli Liang, Lei Su, Okenwa Okose, Weiming Lv, and

Jie Li. 2020. “Immunotherapy in Anaplastic Thyroid Cancer.” American Journal of
Translational Research 12 (3): 974–88.

Martincorena, Iñigo, Joanna C. Fowler, Agnieszka Wabik, Andrew R. J. Lawson, Federico
Abascal, Michael W. J. Hall, Alex Cagan, et al. 2018. “Somatic Mutant Clones Colonize the
Human Esophagus with Age.” Science 362 (6417): 911–17.

Martincorena, Iñigo, Amit Roshan, Moritz Gerstung, Peter Ellis, Peter Van Loo, Stuart McLaren,
David C. Wedge, et al. 2015. “Tumor Evolution. High Burden and Pervasive Positive
Selection of Somatic Mutations in Normal Human Skin.” Science 348 (6237): 880–86.

Marx, Vivien. 2021. “Method of the Year: Spatially Resolved Transcriptomics.” Nature Methods
18 (1): 9–14.

Máximo, Valdemar, Paula Soares, Jorge Lima, José Cameselle-Teijeiro, and Manuel
Sobrinho-Simões. 2002. “Mitochondrial DNA Somatic Mutations (point Mutations and Large
Deletions) and Mitochondrial DNA Variants in Human Thyroid Pathology: A Study with
Emphasis on Hürthle Cell Tumors.” The American Journal of Pathology 160 (5): 1857–65.

McHenry, Christopher R., and Roy Phitayakorn. 2011. “Follicular Adenoma and Carcinoma of
the Thyroid Gland.” The Oncologist 16 (5): 585–93.

Melo, Miguel, Adriana Gaspar da Rocha, João Vinagre, Rui Batista, Joana Peixoto, Catarina
Tavares, Ricardo Celestino, et al. 2014. “TERT Promoter Mutations Are a Major Indicator of
Poor Outcome in Differentiated Thyroid Carcinomas.” The Journal of Clinical Endocrinology
and Metabolism 99 (5): E754–65.

Moncada, Reuben, Dalia Barkley, Florian Wagner, Marta Chiodin, Joseph C. Devlin, Maayan
Baron, Cristina H. Hajdu, Diane M. Simeone, and Itai Yanai. 2020. “Integrating
Microarray-Based Spatial Transcriptomics and Single-Cell RNA-Seq Reveals Tissue
Architecture in Pancreatic Ductal Adenocarcinomas.” Nature Biotechnology 38 (3): 333–42.

Moore, Luiza, Alex Cagan, Tim H. H. Coorens, Matthew D. C. Neville, Rashesh Sanghvi,
Mathijs A. Sanders, Thomas R. W. Oliver, et al. 2020. “The Mutational Landscape of
Human Somatic and Germline Cells.” Cold Spring Harbor Laboratory.
https://doi.org/10.1101/2020.11.25.398172.

Mu, Wei, Lei Jiang, Yu Shi, Ilke Tunali, Jhanelle E. Gray, Evangelia Katsoulakis, Jie Tian, Robert
J. Gillies, and Matthew B. Schabath. 2020. “Prediction of Immunotherapy Response Using
Deep Learning of PET/CT Images.” bioRxiv. medRxiv.
https://doi.org/10.1101/2020.10.09.20209445.

Najafian, Alireza, Salem Noureldine, Faris Azar, Chady Atallah, Gina Trinh, Eric B. Schneider,
Ralph P. Tufano, and Martha A. Zeiger. 2017. “RAS Mutations, and RET/PTC and
PAX8/PPAR-Gamma Chromosomal Rearrangements Are Also Prevalent in Benign Thyroid
Lesions: Implications Thereof and A Systematic Review.” Thyroid: Official Journal of the
American Thyroid Association 27 (1): 39–48.

Nam, Anna S., Ronan Chaligne, and Dan A. Landau. 2021. “Integrating Genetic and
Non-Genetic Determinants of Cancer Evolution by Single-Cell Multi-Omics.” Nature
Reviews. Genetics 22 (1): 3–18.

Nassiri, Farshad, Ankur Chakravarthy, Shengrui Feng, Shu Yi Shen, Romina Nejad, Jeffrey A.
Zuccato, Mathew R. Voisin, et al. 2020. “Detection and Discrimination of Intracranial
Tumors Using Plasma Cell-Free DNA Methylomes.” Nature Medicine 26 (7): 1044–47.

Nicolson, Norman G., Timothy D. Murtha, Weilai Dong, Johan O. Paulsson, Jungmin Choi,
Andrea L. Barbieri, Taylor C. Brown, et al. 2018. “Comprehensive Genetic Analysis of
Follicular Thyroid Carcinoma Predicts Prognosis Independent of Histology.” The Journal of
Clinical Endocrinology and Metabolism 103 (7): 2640–50.

Nikiforova, Marina N., Edna T. Kimura, Manoj Gandhi, Paul W. Biddinger, Jeffrey A. Knauf,
Fulvio Basolo, Zhaowen Zhu, et al. 2003. “BRAF Mutations in Thyroid Tumors Are

38

http://paperpile.com/b/vcPAEJ/xIDWX
http://paperpile.com/b/vcPAEJ/5S6p0
http://paperpile.com/b/vcPAEJ/5S6p0
http://paperpile.com/b/vcPAEJ/5S6p0
http://paperpile.com/b/vcPAEJ/GbENF
http://paperpile.com/b/vcPAEJ/GbENF
http://paperpile.com/b/vcPAEJ/GbENF
http://paperpile.com/b/vcPAEJ/BbrAL
http://paperpile.com/b/vcPAEJ/BbrAL
http://paperpile.com/b/vcPAEJ/BbrAL
http://paperpile.com/b/vcPAEJ/Igazg
http://paperpile.com/b/vcPAEJ/Igazg
http://paperpile.com/b/vcPAEJ/GZmHs
http://paperpile.com/b/vcPAEJ/GZmHs
http://paperpile.com/b/vcPAEJ/GZmHs
http://paperpile.com/b/vcPAEJ/GZmHs
http://paperpile.com/b/vcPAEJ/nDb8b
http://paperpile.com/b/vcPAEJ/nDb8b
http://paperpile.com/b/vcPAEJ/n1cxb
http://paperpile.com/b/vcPAEJ/n1cxb
http://paperpile.com/b/vcPAEJ/n1cxb
http://paperpile.com/b/vcPAEJ/n1cxb
http://paperpile.com/b/vcPAEJ/q8RST
http://paperpile.com/b/vcPAEJ/q8RST
http://paperpile.com/b/vcPAEJ/q8RST
http://paperpile.com/b/vcPAEJ/q8RST
http://paperpile.com/b/vcPAEJ/GR4O
http://paperpile.com/b/vcPAEJ/GR4O
http://paperpile.com/b/vcPAEJ/GR4O
http://paperpile.com/b/vcPAEJ/GR4O
http://dx.doi.org/10.1101/2020.11.25.398172
http://paperpile.com/b/vcPAEJ/GR4O
http://paperpile.com/b/vcPAEJ/r86QC
http://paperpile.com/b/vcPAEJ/r86QC
http://paperpile.com/b/vcPAEJ/r86QC
http://paperpile.com/b/vcPAEJ/r86QC
http://dx.doi.org/10.1101/2020.10.09.20209445
http://paperpile.com/b/vcPAEJ/r86QC
http://paperpile.com/b/vcPAEJ/NL8da
http://paperpile.com/b/vcPAEJ/NL8da
http://paperpile.com/b/vcPAEJ/NL8da
http://paperpile.com/b/vcPAEJ/NL8da
http://paperpile.com/b/vcPAEJ/NL8da
http://paperpile.com/b/vcPAEJ/F7ROL
http://paperpile.com/b/vcPAEJ/F7ROL
http://paperpile.com/b/vcPAEJ/F7ROL
http://paperpile.com/b/vcPAEJ/ksOc9
http://paperpile.com/b/vcPAEJ/ksOc9
http://paperpile.com/b/vcPAEJ/ksOc9
http://paperpile.com/b/vcPAEJ/w4PWF
http://paperpile.com/b/vcPAEJ/w4PWF
http://paperpile.com/b/vcPAEJ/w4PWF
http://paperpile.com/b/vcPAEJ/w4PWF
http://paperpile.com/b/vcPAEJ/ZD0qT
http://paperpile.com/b/vcPAEJ/ZD0qT


Restricted to Papillary Carcinomas and Anaplastic or Poorly Differentiated Carcinomas
Arising from Papillary Carcinomas.” The Journal of Clinical Endocrinology and Metabolism
88 (11): 5399–5404.

Nikiforova, Marina N., Stephanie Mercurio, Abigail I. Wald, Michelle Barbi de Moura, Keith
Callenberg, Lucas Santana-Santos, William E. Gooding, Linwah Yip, Robert L. Ferris, and
Yuri E. Nikiforov. 2018. “Analytical Performance of the ThyroSeq v3 Genomic Classifier for
Cancer Diagnosis in Thyroid Nodules.” Cancer 124 (8): 1682–90.

Nikiforov, Yuri E. 2002. “RET/PTC Rearrangement in Thyroid Tumors.” Endocrine Pathology 13
(1): 3–16.

Nikiforov, Yuri E., Sally E. Carty, Simon I. Chiosea, Christopher Coyne, Umamaheswar Duvvuri,
Robert L. Ferris, William E. Gooding, et al. 2014. “Highly Accurate Diagnosis of Cancer in
Thyroid Nodules with Follicular Neoplasm/suspicious for a Follicular Neoplasm Cytology by
ThyroSeq v2 next-Generation Sequencing Assay.” Cancer 120 (23): 3627–34.

———. 2015. “Impact of the Multi-Gene ThyroSeq Next-Generation Sequencing Assay on
Cancer Diagnosis in Thyroid Nodules with Atypia of Undetermined Significance/Follicular
Lesion of Undetermined Significance Cytology.” Thyroid: Official Journal of the American
Thyroid Association 25 (11): 1217–23.

Nikiforov, Yuri E., and Marina N. Nikiforova. 2011. “Molecular Genetics and Diagnosis of Thyroid
Cancer.” Nature Reviews. Endocrinology 7 (10): 569–80.

Nishino, Michiya, and Jeffrey F. Krane. 2020. “Role of Ancillary Techniques in Thyroid Cytology
Specimens.” Acta Cytologica 64 (1-2): 40–51.

Nuzzo, Pier Vitale, Jacob E. Berchuck, Keegan Korthauer, Sandor Spisak, Amin H. Nassar,
Sarah Abou Alaiwi, Ankur Chakravarthy, et al. 2020. “Detection of Renal Cell Carcinoma
Using Plasma and Urine Cell-Free DNA Methylomes.” Nature Medicine 26 (7): 1041–43.

Nylén, Carolina, Robert Mechera, Isabella Maréchal-Ross, Venessa Tsang, Angela Chou,
Anthony J. Gill, Roderick J. Clifton-Bligh, et al. 2020. “Molecular Markers Guiding Thyroid
Cancer Management.” Cancers 12 (8). https://doi.org/10.3390/cancers12082164.

Olson, Evan, Grant Wintheiser, Katrina M. Wolfe, Jonathan Droessler, and Peter T. Silberstein.
2019. “Epidemiology of Thyroid Cancer: A Review of the National Cancer Database,
2000-2013.” Cureus 11 (2): e4127.

Pacifico, Francesco, and Antonio Leonardi. 2010. “Role of NF-kappaB in Thyroid Cancer.”
Molecular and Cellular Endocrinology 321 (1): 29–35.

Palona, Iryna, Hiroyuki Namba, Norisato Mitsutake, Dmytro Starenki, Alexei Podtcheko, Ilya
Sedliarou, Akira Ohtsuru, et al. 2006. “BRAFV600E Promotes Invasiveness of Thyroid
Cancer Cells through Nuclear Factor kappaB Activation.” Endocrinology 147 (12):
5699–5707.

Pantel, Klaus, and Catherine Alix-Panabières. 2019. “Liquid Biopsy and Minimal Residual
Disease - Latest Advances and Implications for Cure.” Nature Reviews. Clinical Oncology
16 (7): 409–24.

Park, Seong Ho. 2021. “Artificial Intelligence for Ultrasonography: Unique Opportunities and
Challenges.” Ultrasonography (Seoul, Korea) 40 (1): 3–6.

Passler, Christian, Gerhard Prager, Christian Scheuba, Barbara E. Niederle, Klaus Kaserer,
Georg Zettinig, and Bruno Niederle. 2003. “Follicular Variant of Papillary Thyroid
Carcinoma: A Long-Term Follow-Up.” Archives of Surgery 138 (12): 1362–66.

Pavlides, Stephanos, Diana Whitaker-Menezes, Remedios Castello-Cros, Neal Flomenberg,
Agnieszka K. Witkiewicz, Philippe G. Frank, Mathew C. Casimiro, et al. 2009. “The Reverse
Warburg Effect: Aerobic Glycolysis in Cancer Associated Fibroblasts and the Tumor
Stroma.” Cell Cycle 8 (23): 3984–4001.

Peng, Miaoguan, Guohong Wei, Yunjian Zhang, Hai Li, Yingrong Lai, Yan Guo, Yuxin Chen, et
al. 2021. “Single‐cell Transcriptomic Landscape Reveals the Differences in Cell
Differentiation and Immune Microenvironment of Papillary Thyroid Carcinoma between

39

http://paperpile.com/b/vcPAEJ/ZD0qT
http://paperpile.com/b/vcPAEJ/ZD0qT
http://paperpile.com/b/vcPAEJ/ZD0qT
http://paperpile.com/b/vcPAEJ/JOCtC
http://paperpile.com/b/vcPAEJ/JOCtC
http://paperpile.com/b/vcPAEJ/JOCtC
http://paperpile.com/b/vcPAEJ/JOCtC
http://paperpile.com/b/vcPAEJ/vlfnN
http://paperpile.com/b/vcPAEJ/vlfnN
http://paperpile.com/b/vcPAEJ/eClRr
http://paperpile.com/b/vcPAEJ/eClRr
http://paperpile.com/b/vcPAEJ/eClRr
http://paperpile.com/b/vcPAEJ/eClRr
http://paperpile.com/b/vcPAEJ/4mCWW
http://paperpile.com/b/vcPAEJ/4mCWW
http://paperpile.com/b/vcPAEJ/4mCWW
http://paperpile.com/b/vcPAEJ/4mCWW
http://paperpile.com/b/vcPAEJ/k44Tv
http://paperpile.com/b/vcPAEJ/k44Tv
http://paperpile.com/b/vcPAEJ/Qhmjr
http://paperpile.com/b/vcPAEJ/Qhmjr
http://paperpile.com/b/vcPAEJ/J7X9f
http://paperpile.com/b/vcPAEJ/J7X9f
http://paperpile.com/b/vcPAEJ/J7X9f
http://paperpile.com/b/vcPAEJ/j2oK9
http://paperpile.com/b/vcPAEJ/j2oK9
http://paperpile.com/b/vcPAEJ/j2oK9
http://dx.doi.org/10.3390/cancers12082164
http://paperpile.com/b/vcPAEJ/j2oK9
http://paperpile.com/b/vcPAEJ/OftpI
http://paperpile.com/b/vcPAEJ/OftpI
http://paperpile.com/b/vcPAEJ/OftpI
http://paperpile.com/b/vcPAEJ/BZ7yK
http://paperpile.com/b/vcPAEJ/BZ7yK
http://paperpile.com/b/vcPAEJ/BlcRJ
http://paperpile.com/b/vcPAEJ/BlcRJ
http://paperpile.com/b/vcPAEJ/BlcRJ
http://paperpile.com/b/vcPAEJ/BlcRJ
http://paperpile.com/b/vcPAEJ/EuZHz
http://paperpile.com/b/vcPAEJ/EuZHz
http://paperpile.com/b/vcPAEJ/EuZHz
http://paperpile.com/b/vcPAEJ/7MdL2
http://paperpile.com/b/vcPAEJ/7MdL2
http://paperpile.com/b/vcPAEJ/yEMID
http://paperpile.com/b/vcPAEJ/yEMID
http://paperpile.com/b/vcPAEJ/yEMID
http://paperpile.com/b/vcPAEJ/Aci6v
http://paperpile.com/b/vcPAEJ/Aci6v
http://paperpile.com/b/vcPAEJ/Aci6v
http://paperpile.com/b/vcPAEJ/Aci6v
http://paperpile.com/b/vcPAEJ/fCZXW
http://paperpile.com/b/vcPAEJ/fCZXW
http://paperpile.com/b/vcPAEJ/fCZXW


Genders.” Cell & Bioscience 11 (1): 1–13.
Pita, Jaime Miguel, Inês Filipa Figueiredo, Margarida Maria Moura, Valeriano Leite, and Branca

Maria Cavaco. 2014. “Cell Cycle Deregulation and TP53 and RAS Mutations Are Major
Events in Poorly Differentiated and Undifferentiated Thyroid Carcinomas.” The Journal of
Clinical Endocrinology and Metabolism 99 (3): E497–507.

Powell, Ned, Steve Jeremiah, Mariko Morishita, Ed Dudley, Jackie Bethel, Tetyana Bogdanova,
Mykola Tronko, and Gerry Thomas. 2005. “Frequency of BRAF T1796A Mutation in
Papillary Thyroid Carcinoma Relates to Age of Patient at Diagnosis and Not to Radiation
Exposure.” The Journal of Pathology 205 (5): 558–64.

Pozdeyev, Nikita, Laurie M. Gay, Ethan S. Sokol, Ryan Hartmaier, Kelsi E. Deaver, Stephanie
Davis, Jena D. French, et al. 2018. “Genetic Analysis of 779 Advanced Differentiated and
Anaplastic Thyroid Cancers.” Clinical Cancer Research: An Official Journal of the American
Association for Cancer Research 24 (13): 3059–68.

Qiu, Zhong-Ling, Wei-Jun Wei, Zhen-Kui Sun, Chen-Tian Shen, Hong-Jun Song, Xin-Yun
Zhang, Guo-Qiang Zhang, Xiao-Yue Chen, and Quan-Yong Luo. 2018. “Circulating Tumor
Cells Correlate with Clinicopathological Features and Outcomes in Differentiated Thyroid
Cancer.” Cellular Physiology and Biochemistry: International Journal of Experimental
Cellular Physiology, Biochemistry, and Pharmacology 48 (2): 718–30.

Rappa, Germana, Caterina Puglisi, Mark F. Santos, Stefano Forte, Lorenzo Memeo, and Aurelio
Lorico. 2019. “Extracellular Vesicles from Thyroid Carcinoma: The New Frontier of Liquid
Biopsy.” International Journal of Molecular Sciences 20 (5).
https://doi.org/10.3390/ijms20051114.

Regev, Aviv, Sarah A. Teichmann, Eric S. Lander, Ido Amit, Christophe Benoist, Ewan Birney,
Bernd Bodenmiller, et al. 2017. “The Human Cell Atlas.” eLife 6 (December).
https://doi.org/10.7554/eLife.27041.

Ricarte-Filho, Julio C., Sheng Li, Maria E. R. Garcia-Rendueles, Cristina Montero-Conde,
Francesca Voza, Jeffrey A. Knauf, Adriana Heguy, et al. 2013. “Identification of Kinase
Fusion Oncogenes in Post-Chernobyl Radiation-Induced Thyroid Cancers.” The Journal of
Clinical Investigation 123 (11): 4935–44.

Rienhoff, William Francis. 1929. “Gross and Microscopic Structure of the Thyroid Gland in Man.”
Archives of Surgery 19 (6): 986.

Roger, P., M. Taton, J. Van Sande, and J. E. Dumont. 1988. “Mitogenic Effects of Thyrotropin
and Adenosine 3’,5'-Monophosphate in Differentiated Normal Human Thyroid Cells in
Vitro.” The Journal of Clinical Endocrinology and Metabolism 66 (6): 1158–65.

Romei, Cristina, Raffaele Ciampi, and Rossella Elisei. 2016. “A Comprehensive Overview of the
Role of the RET Proto-Oncogene in Thyroid Carcinoma.” Nature Reviews. Endocrinology
12 (4): 192–202.

Ryder, Mabel, Ronald A. Ghossein, Julio C. M. Ricarte-Filho, Jeffrey A. Knauf, and James A.
Fagin. 2008. “Increased Density of Tumor-Associated Macrophages Is Associated with
Decreased Survival in Advanced Thyroid Cancer.” Endocrine-Related Cancer 15 (4):
1069–74.

Saiselet, Manuel, Joël Rodrigues-Vitória, Adrien Tourneur, Ligia Craciun, Alex Spinette, Denis
Larsimont, Guy Andry, Joakim Lundeberg, Carine Maenhaut, and Vincent Detours. 2020.
“Transcriptional Output, Cell-Type Densities, and Normalization in Spatial Transcriptomics.”
Journal of Molecular Cell Biology 12 (11): 906–8.

Santoro, M., N. A. Dathan, M. T. Berlingieri, I. Bongarzone, C. Paulin, M. Grieco, M. A. Pierotti,
G. Vecchio, and A. Fusco. 1994. “Molecular Characterization of RET/PTC3; a Novel
Rearranged Version of the RETproto-Oncogene in a Human Thyroid Papillary Carcinoma.”
Oncogene 9 (2): 509–16.

Song, Y., N. Driessens, M. Costa, X. De Deken, V. Detours, B. Corvilain, C. Maenhaut, et al.
2007. “Roles of Hydrogen Peroxide in Thyroid Physiology and Disease.” The Journal of

40

http://paperpile.com/b/vcPAEJ/fCZXW
http://paperpile.com/b/vcPAEJ/GDhDo
http://paperpile.com/b/vcPAEJ/GDhDo
http://paperpile.com/b/vcPAEJ/GDhDo
http://paperpile.com/b/vcPAEJ/GDhDo
http://paperpile.com/b/vcPAEJ/kxCFL
http://paperpile.com/b/vcPAEJ/kxCFL
http://paperpile.com/b/vcPAEJ/kxCFL
http://paperpile.com/b/vcPAEJ/kxCFL
http://paperpile.com/b/vcPAEJ/7kqzk
http://paperpile.com/b/vcPAEJ/7kqzk
http://paperpile.com/b/vcPAEJ/7kqzk
http://paperpile.com/b/vcPAEJ/7kqzk
http://paperpile.com/b/vcPAEJ/CvDxq
http://paperpile.com/b/vcPAEJ/CvDxq
http://paperpile.com/b/vcPAEJ/CvDxq
http://paperpile.com/b/vcPAEJ/CvDxq
http://paperpile.com/b/vcPAEJ/CvDxq
http://paperpile.com/b/vcPAEJ/05L9B
http://paperpile.com/b/vcPAEJ/05L9B
http://paperpile.com/b/vcPAEJ/05L9B
http://paperpile.com/b/vcPAEJ/05L9B
http://dx.doi.org/10.3390/ijms20051114
http://paperpile.com/b/vcPAEJ/05L9B
http://paperpile.com/b/vcPAEJ/XB0IP
http://paperpile.com/b/vcPAEJ/XB0IP
http://paperpile.com/b/vcPAEJ/XB0IP
http://dx.doi.org/10.7554/eLife.27041
http://paperpile.com/b/vcPAEJ/XB0IP
http://paperpile.com/b/vcPAEJ/WTnou
http://paperpile.com/b/vcPAEJ/WTnou
http://paperpile.com/b/vcPAEJ/WTnou
http://paperpile.com/b/vcPAEJ/WTnou
http://paperpile.com/b/vcPAEJ/Ve0rL
http://paperpile.com/b/vcPAEJ/Ve0rL
http://paperpile.com/b/vcPAEJ/wACSU
http://paperpile.com/b/vcPAEJ/wACSU
http://paperpile.com/b/vcPAEJ/wACSU
http://paperpile.com/b/vcPAEJ/8sgOh
http://paperpile.com/b/vcPAEJ/8sgOh
http://paperpile.com/b/vcPAEJ/8sgOh
http://paperpile.com/b/vcPAEJ/M6LkI
http://paperpile.com/b/vcPAEJ/M6LkI
http://paperpile.com/b/vcPAEJ/M6LkI
http://paperpile.com/b/vcPAEJ/M6LkI
http://paperpile.com/b/vcPAEJ/WzNY8
http://paperpile.com/b/vcPAEJ/WzNY8
http://paperpile.com/b/vcPAEJ/WzNY8
http://paperpile.com/b/vcPAEJ/WzNY8
http://paperpile.com/b/vcPAEJ/hxDUf
http://paperpile.com/b/vcPAEJ/hxDUf
http://paperpile.com/b/vcPAEJ/hxDUf
http://paperpile.com/b/vcPAEJ/hxDUf
http://paperpile.com/b/vcPAEJ/XDe8z
http://paperpile.com/b/vcPAEJ/XDe8z


Clinical Endocrinology and Metabolism 92 (10): 3764–73.
Spires, J. R., M. R. Schwartz, and R. H. Miller. 1988. “Anaplastic Thyroid Carcinoma.

Association with Differentiated Thyroid Cancer.” Archives of Otolaryngology--Head & Neck
Surgery 114 (1): 40–44.

Ståhl, Patrik L., Fredrik Salmén, Sanja Vickovic, Anna Lundmark, José Fernández Navarro,
Jens Magnusson, Stefania Giacomello, et al. 2016. “Visualization and Analysis of Gene
Expression in Tissue Sections by Spatial Transcriptomics.” Science 353 (6294): 78–82.

Stickels, Robert R., Evan Murray, Pawan Kumar, Jilong Li, Jamie L. Marshall, Daniela J. Di
Bella, Paola Arlotta, Evan Z. Macosko, and Fei Chen. 2021. “Highly Sensitive Spatial
Transcriptomics at near-Cellular Resolution with Slide-seqV2.” Nature Biotechnology 39 (3):
313–19.

Strickaert, A., M. Saiselet, G. Dom, X. De Deken, J. E. Dumont, O. Feron, P. Sonveaux, and C.
Maenhaut. 2017. “Cancer Heterogeneity Is Not Compatible with One Unique Cancer Cell
Metabolic Map.” Oncogene 36 (19): 2637–42.

Strickaert, Aurélie, Cyril Corbet, Selim-Alex Spinette, Ligia Craciun, Geneviève Dom, Guy
Andry, Denis Larsimont, et al. 2019. “Reprogramming of Energy Metabolism: Increased
Expression and Roles of Pyruvate Carboxylase in Papillary Thyroid Cancer.” Thyroid:
Official Journal of the American Thyroid Association 29 (6): 845–57.

Subbiah, Vivek, Christina Baik, and John M. Kirkwood. 2020. “Clinical Development of BRAF
plus MEK Inhibitor Combinations.” Trends in Cancer Research 6 (9): 797–810.

Suda, Kazuaki, Hirofumi Nakaoka, Kosuke Yoshihara, Tatsuya Ishiguro, Ryo Tamura, Yutaro
Mori, Kaoru Yamawaki, et al. 2018. “Clonal Expansion and Diversification of
Cancer-Associated Mutations in Endometriosis and Normal Endometrium.” Cell Reports 24
(7): 1777–89.

Swierniak, Michal, Aleksandra Pfeifer, Tomasz Stokowy, Dagmara Rusinek, Mykola Chekan,
Dariusz Lange, Jolanta Krajewska, et al. 2016. “Somatic Mutation Profiling of Follicular
Thyroid Cancer by next Generation Sequencing.” Molecular and Cellular Endocrinology 433
(September): 130–37.

Tarabichi, Maxime, Aline Antoniou, Soazig Le Pennec, David Gacquer, Nicolas de Saint Aubain,
Ligia Craciun, Thierry Cielen, et al. 2018. “Distinctive Desmoplastic 3D Morphology
Associated With BRAFV600E in Papillary Thyroid Cancers.” The Journal of Clinical
Endocrinology and Metabolism 103 (3): 1102–11.

Tarabichi, Maxime, Jonas Demeulemeester, Annelien Verfaillie, Adrienne M. Flanagan, Peter
Van Loo, and Tomasz Konopka. 2020. “A Pan-Cancer Landscape of Somatic Substitutions
in Non-Unique Regions of the Human Genome.” bioRxiv.
https://doi.org/10.1101/2020.04.14.040634.

Tarabichi, Maxime, Adriana Salcedo, Amit G. Deshwar, Máire Ni Leathlobhair, Jeff Wintersinger,
David C. Wedge, Peter Van Loo, Quaid D. Morris, and Paul C. Boutros. 2021. “A Practical
Guide to Cancer Subclonal Reconstruction from DNA Sequencing.” Nature Methods 18 (2):
144–55.

Trebeschi, S., S. G. Drago, N. J. Birkbak, I. Kurilova, A. M. Cǎlin, A. Delli Pizzi, F. Lalezari, et al.
2019. “Predicting Response to Cancer Immunotherapy Using Noninvasive Radiomic
Biomarkers.” Annals of Oncology: Official Journal of the European Society for Medical
Oncology / ESMO 30 (6): 998–1004.

Trovato, M., D. Villari, L. Bartolone, S. Spinella, A. Simone, M. A. Violi, F. Trimarchi, D. Batolo,
and S. Benvenga. 1998. “Expression of the Hepatocyte Growth Factor and c-Met in Normal
Thyroid, Non-Neoplastic, and Neoplastic Nodules.” Thyroid: Official Journal of the American
Thyroid Association 8 (2): 125–31.

Trovisco, Vítor, Inês Vieira de Castro, Paula Soares, Valdemar Máximo, Paula Silva, João
Magalhães, Alexander Abrosimov, Xavier Matias Guiu, and Manuel Sobrinho-Simões.
2004. “BRAF Mutations Are Associated with Some Histological Types of Papillary Thyroid

41

http://paperpile.com/b/vcPAEJ/XDe8z
http://paperpile.com/b/vcPAEJ/pnywB
http://paperpile.com/b/vcPAEJ/pnywB
http://paperpile.com/b/vcPAEJ/pnywB
http://paperpile.com/b/vcPAEJ/98VTg
http://paperpile.com/b/vcPAEJ/98VTg
http://paperpile.com/b/vcPAEJ/98VTg
http://paperpile.com/b/vcPAEJ/EwXxd
http://paperpile.com/b/vcPAEJ/EwXxd
http://paperpile.com/b/vcPAEJ/EwXxd
http://paperpile.com/b/vcPAEJ/EwXxd
http://paperpile.com/b/vcPAEJ/lAUif
http://paperpile.com/b/vcPAEJ/lAUif
http://paperpile.com/b/vcPAEJ/lAUif
http://paperpile.com/b/vcPAEJ/i7lSb
http://paperpile.com/b/vcPAEJ/i7lSb
http://paperpile.com/b/vcPAEJ/i7lSb
http://paperpile.com/b/vcPAEJ/i7lSb
http://paperpile.com/b/vcPAEJ/Ag4JU
http://paperpile.com/b/vcPAEJ/Ag4JU
http://paperpile.com/b/vcPAEJ/01YRd
http://paperpile.com/b/vcPAEJ/01YRd
http://paperpile.com/b/vcPAEJ/01YRd
http://paperpile.com/b/vcPAEJ/01YRd
http://paperpile.com/b/vcPAEJ/hcavM
http://paperpile.com/b/vcPAEJ/hcavM
http://paperpile.com/b/vcPAEJ/hcavM
http://paperpile.com/b/vcPAEJ/hcavM
http://paperpile.com/b/vcPAEJ/29WXJ
http://paperpile.com/b/vcPAEJ/29WXJ
http://paperpile.com/b/vcPAEJ/29WXJ
http://paperpile.com/b/vcPAEJ/29WXJ
http://paperpile.com/b/vcPAEJ/aiCUz
http://paperpile.com/b/vcPAEJ/aiCUz
http://paperpile.com/b/vcPAEJ/aiCUz
http://paperpile.com/b/vcPAEJ/aiCUz
http://dx.doi.org/10.1101/2020.04.14.040634
http://paperpile.com/b/vcPAEJ/aiCUz
http://paperpile.com/b/vcPAEJ/7LtHQ
http://paperpile.com/b/vcPAEJ/7LtHQ
http://paperpile.com/b/vcPAEJ/7LtHQ
http://paperpile.com/b/vcPAEJ/7LtHQ
http://paperpile.com/b/vcPAEJ/rxLl1
http://paperpile.com/b/vcPAEJ/rxLl1
http://paperpile.com/b/vcPAEJ/rxLl1
http://paperpile.com/b/vcPAEJ/rxLl1
http://paperpile.com/b/vcPAEJ/llbz1
http://paperpile.com/b/vcPAEJ/llbz1
http://paperpile.com/b/vcPAEJ/llbz1
http://paperpile.com/b/vcPAEJ/llbz1
http://paperpile.com/b/vcPAEJ/FGZX9
http://paperpile.com/b/vcPAEJ/FGZX9
http://paperpile.com/b/vcPAEJ/FGZX9


Carcinoma.” The Journal of Pathology 202 (2): 247–51.
Tsou, Peiling, and Chang-Jiun Wu. 2019. “Mapping Driver Mutations to Histopathological

Subtypes in Papillary Thyroid Carcinoma: Applying a Deep Convolutional Neural Network.”
Journal of Clinical Medicine Research 8 (10): 1675.

Tuttle, R. Michael, and Ali S. Alzahrani. 2019. “Risk Stratification in Differentiated Thyroid
Cancer: From Detection to Final Follow-Up.” The Journal of Clinical Endocrinology and
Metabolism, March. https://doi.org/10.1210/jc.2019-00177.

Vaccarella, Salvatore, Silvia Franceschi, Freddie Bray, Christopher P. Wild, Martyn Plummer,
and Luigino Dal Maso. 2016. “Worldwide Thyroid-Cancer Epidemic? The Increasing Impact
of Overdiagnosis.” The New England Journal of Medicine 375 (7): 614–17.

Vasudevan, Anand, Klaske M. Schukken, Erin L. Sausville, Vishruth Girish, Oluwadamilare A.
Adebambo, and Jason M. Sheltzer. 2021. “Aneuploidy as a Promoter and Suppressor of
Malignant Growth.” Nature Reviews. Cancer 21 (2): 89–103.

Vickovic, Sanja, Gökcen Eraslan, Fredrik Salmén, Johanna Klughammer, Linnea Stenbeck,
Denis Schapiro, Tarmo Äijö, et al. 2019. “High-Definition Spatial Transcriptomics for in Situ
Tissue Profiling.” Nature Methods 16 (10): 987–90.

Vigneri, R., P. Malandrino, F. Gianì, M. Russo, and P. Vigneri. 2017. “Heavy Metals in the
Volcanic Environment and Thyroid Cancer.” Molecular and Cellular Endocrinology 457
(December): 73–80.

Wang, Jennifer R., Mark E. Zafereo, Ramona Dadu, Renata Ferrarotto, Naifa L. Busaidy,
Charles Lu, Salmaan Ahmed, et al. 2019. “Complete Surgical Resection Following
Neoadjuvant Dabrafenib Plus Trametinib in BRAFV600E-Mutated Anaplastic Thyroid
Carcinoma.” Thyroid: Official Journal of the American Thyroid Association 29 (8): 1036–43.

Wang, Yangang, Peng Hou, Hongyu Yu, Wei Wang, Meiju Ji, Shihua Zhao, Shengli Yan, et al.
2007. “High Prevalence and Mutual Exclusivity of Genetic Alterations in the
Phosphatidylinositol-3-Kinase/akt Pathway in Thyroid Tumors.” The Journal of Clinical
Endocrinology and Metabolism 92 (6): 2387–90.

Wang, Yangang, Meiju Ji, Wei Wang, Zhimin Miao, Peng Hou, Xinyan Chen, Feng Xu, et al.
2008. “Association of the T1799A BRAF Mutation with Tumor Extrathyroidal Invasion,
Higher Peripheral Platelet Counts, and over-Expression of Platelet-Derived Growth
Factor-B in Papillary Thyroid Cancer.” Endocrine-Related Cancer 15 (1): 183–90.

Waters Creative Ltd (www. waters-creative. co. uk). n.d. “Home.” Accessed March 24, 2021.
http://chernobyltissuebank.com.

Watkins, Thomas B. K., Emilia L. Lim, Marina Petkovic, Sergi Elizalde, Nicolai J. Birkbak,
Gareth A. Wilson, David A. Moore, et al. 2020. “Pervasive Chromosomal Instability and
Karyotype Order in Tumour Evolution.” Nature 587 (7832): 126–32.

Wu, Minghao, Yanyan Zhang, Yuwei Zhang, Ying Liu, Mingjie Wu, and Zhaoxiang Ye. 2019.
“Imaging-Based Biomarkers for Predicting and Evaluating Cancer Immunotherapy
Response.” Radiology. Imaging Cancer 1 (2): e190031.

Wu, Zihan, Xiaoyang Huang, Shaohui Huang, Xin Ding, and Liansheng Wang. 2020. “Direct
Prediction of BRAFV600E Mutation from Histopathological Images in Papillary Thyroid
Carcinoma with a Deep Learning Workflow.” 2020 4th International Conference on
Computer Science and Artificial Intelligence. https://doi.org/10.1145/3445815.3445840.

Wylie, Dennis, Sylvie Beaudenon-Huibregtse, Brian C. Haynes, Thomas J. Giordano, and
Emmanuel Labourier. 2016. “Molecular Classification of Thyroid Lesions by Combined
Testing for miRNA Gene Expression and Somatic Gene Alterations.” Hip International: The
Journal of Clinical and Experimental Research on Hip Pathology and Therapy 2 (2):
93–103.

Xie, Zhenyu, Xin Li, Yuzhen He, Song Wu, Shiyue Wang, Jianjian Sun, Yuchen He, Yu Lun, and
Jian Zhang. 2020. “Immune Cell Confrontation in the Papillary Thyroid Carcinoma
Microenvironment.” Frontiers in Endocrinology 11 (October): 570604.

42

http://paperpile.com/b/vcPAEJ/FGZX9
http://paperpile.com/b/vcPAEJ/GJB6X
http://paperpile.com/b/vcPAEJ/GJB6X
http://paperpile.com/b/vcPAEJ/GJB6X
http://paperpile.com/b/vcPAEJ/x9Nt9
http://paperpile.com/b/vcPAEJ/x9Nt9
http://paperpile.com/b/vcPAEJ/x9Nt9
http://dx.doi.org/10.1210/jc.2019-00177
http://paperpile.com/b/vcPAEJ/x9Nt9
http://paperpile.com/b/vcPAEJ/7ir09
http://paperpile.com/b/vcPAEJ/7ir09
http://paperpile.com/b/vcPAEJ/7ir09
http://paperpile.com/b/vcPAEJ/jP92X
http://paperpile.com/b/vcPAEJ/jP92X
http://paperpile.com/b/vcPAEJ/jP92X
http://paperpile.com/b/vcPAEJ/cVIXG
http://paperpile.com/b/vcPAEJ/cVIXG
http://paperpile.com/b/vcPAEJ/cVIXG
http://paperpile.com/b/vcPAEJ/ZYujd
http://paperpile.com/b/vcPAEJ/ZYujd
http://paperpile.com/b/vcPAEJ/ZYujd
http://paperpile.com/b/vcPAEJ/Zza3X
http://paperpile.com/b/vcPAEJ/Zza3X
http://paperpile.com/b/vcPAEJ/Zza3X
http://paperpile.com/b/vcPAEJ/Zza3X
http://paperpile.com/b/vcPAEJ/KHqcG
http://paperpile.com/b/vcPAEJ/KHqcG
http://paperpile.com/b/vcPAEJ/KHqcG
http://paperpile.com/b/vcPAEJ/KHqcG
http://paperpile.com/b/vcPAEJ/5PnAN
http://paperpile.com/b/vcPAEJ/5PnAN
http://paperpile.com/b/vcPAEJ/5PnAN
http://paperpile.com/b/vcPAEJ/5PnAN
http://paperpile.com/b/vcPAEJ/2FrPb
http://chernobyltissuebank.com
http://paperpile.com/b/vcPAEJ/2FrPb
http://paperpile.com/b/vcPAEJ/TiZAe
http://paperpile.com/b/vcPAEJ/TiZAe
http://paperpile.com/b/vcPAEJ/TiZAe
http://paperpile.com/b/vcPAEJ/X3S7u
http://paperpile.com/b/vcPAEJ/X3S7u
http://paperpile.com/b/vcPAEJ/X3S7u
http://paperpile.com/b/vcPAEJ/bxFcb
http://paperpile.com/b/vcPAEJ/bxFcb
http://paperpile.com/b/vcPAEJ/bxFcb
http://paperpile.com/b/vcPAEJ/bxFcb
http://dx.doi.org/10.1145/3445815.3445840
http://paperpile.com/b/vcPAEJ/bxFcb
http://paperpile.com/b/vcPAEJ/ymVYj
http://paperpile.com/b/vcPAEJ/ymVYj
http://paperpile.com/b/vcPAEJ/ymVYj
http://paperpile.com/b/vcPAEJ/ymVYj
http://paperpile.com/b/vcPAEJ/ymVYj
http://paperpile.com/b/vcPAEJ/nwJpA
http://paperpile.com/b/vcPAEJ/nwJpA
http://paperpile.com/b/vcPAEJ/nwJpA


Xing, Mingzhao. 2013. “Molecular Pathogenesis and Mechanisms of Thyroid Cancer.” Nature
Reviews. Cancer 13 (3): 184–99.

Xing, Mingzhao, William H. Westra, Ralph P. Tufano, Yoram Cohen, Eli Rosenbaum, Kerry J.
Rhoden, Kathryn A. Carson, et al. 2005. “BRAF Mutation Predicts a Poorer Clinical
Prognosis for Papillary Thyroid Cancer.” The Journal of Clinical Endocrinology and
Metabolism 90 (12): 6373–79.

Xu, B., and R. Ghossein. 2018. “Evolution of the Histologic Classification of Thyroid Neoplasms
and Its Impact on Clinical Management.” European Journal of Surgical Oncology: The
Journal of the European Society of Surgical Oncology and the British Association of
Surgical Oncology 44 (3): 338–47.

Yan, Ting, Wangwang Qiu, Jianlu Song, Youben Fan, and Zhili Yang. 2021. “ARHGAP36
Regulates Proliferation and Migration in Papillary Thyroid Carcinoma Cells.” Journal of
Molecular Endocrinology 66 (1): 1–10.

Ye, Wenrui, Brette Hannigan, Stephanie Zalles, Meenakshi Mehrotra, Bedia A. Barkoh, Michelle
D. Williams, Maria E. Cabanillas, et al. 2019. “Centrifuged Supernatants from FNA Provide
a Liquid Biopsy Option for Clinical next-Generation Sequencing of Thyroid Nodules.”
Cancer Cytopathology 127 (3): 146–60.

Yin, Hongyu, Yemei Tang, Yujia Guo, and Shuxin Wen. 2020. “Immune Microenvironment of
Thyroid Cancer.” Journal of Cancer 11 (16): 4884–96.

Yoo, Seong-Keun, Young Shin Song, Eun Kyung Lee, Jinha Hwang, Hwan Hee Kim,
Gyeongseo Jung, Young A. Kim, et al. 2019. “Integrative Analysis of Genomic and
Transcriptomic Characteristics Associated with Progression of Aggressive Thyroid Cancer.”
Nature Communications 10 (1): 2764.

Zaballos, Miguel A., and Pilar Santisteban. 2017. “Key Signaling Pathways in Thyroid Cancer.”
The Journal of Endocrinology 235 (2): R43–61.

Zaydfudim, Victor, Irene D. Feurer, Marie R. Griffin, and John E. Phay. 2008. “The Impact of
Lymph Node Involvement on Survival in Patients with Papillary and Follicular Thyroid
Carcinoma.” Surgery 144 (6): 1070–77; discussion 1077–78.

Zhang, Jie, Yuan Wang, Dan Li, and Shanghua Jing. 2014. “Notch and TGF-β/Smad3 Pathways
Are Involved in the Interaction between Cancer Cells and Cancer-Associated Fibroblasts in
Papillary Thyroid Carcinoma.” Tumour Biology: The Journal of the International Society for
Oncodevelopmental Biology and Medicine 35 (1): 379–85.

Zhao, Shan, Mihail Ivilinov Todorov, Ruiyao Cai, Rami Ai -Maskari, Hanno Steinke, Elisabeth
Kemter, Hongcheng Mai, et al. 2020. “Cellular and Molecular Probing of Intact Human
Organs.” Cell 180 (4): 796–812.e19.

Zhou, Wei, Ben Brumpton, Omer Kabil, Julius Gudmundsson, Gudmar Thorleifsson, Josh
Weinstock, Matthew Zawistowski, et al. 2020. “GWAS of Thyroid Stimulating Hormone
Highlights Pleiotropic Effects and Inverse Association with Thyroid Cancer.” Nature
Communications 11 (1): 3981.

Zidan, Jamal, Drumea Karen, Moshe Stein, Edward Rosenblatt, Walid Basher, and Abraham
Kuten. 2003. “Pure versus Follicular Variant of Papillary Thyroid Carcinoma: Clinical
Features, Prognostic Factors, Treatment, and Survival.” Cancer 97 (5): 1181–85.

Zimmermann, Michael B., and Valeria Galetti. 2015. “Iodine Intake as a Risk Factor for Thyroid
Cancer: A Comprehensive Review of Animal and Human Studies.” Thyroid Research 8 (1):
1–21.

43

http://paperpile.com/b/vcPAEJ/t3CnF
http://paperpile.com/b/vcPAEJ/t3CnF
http://paperpile.com/b/vcPAEJ/0W3nW
http://paperpile.com/b/vcPAEJ/0W3nW
http://paperpile.com/b/vcPAEJ/0W3nW
http://paperpile.com/b/vcPAEJ/0W3nW
http://paperpile.com/b/vcPAEJ/MxNSV
http://paperpile.com/b/vcPAEJ/MxNSV
http://paperpile.com/b/vcPAEJ/MxNSV
http://paperpile.com/b/vcPAEJ/MxNSV
http://paperpile.com/b/vcPAEJ/6czRp
http://paperpile.com/b/vcPAEJ/6czRp
http://paperpile.com/b/vcPAEJ/6czRp
http://paperpile.com/b/vcPAEJ/3GBTs
http://paperpile.com/b/vcPAEJ/3GBTs
http://paperpile.com/b/vcPAEJ/3GBTs
http://paperpile.com/b/vcPAEJ/3GBTs
http://paperpile.com/b/vcPAEJ/C1Clb
http://paperpile.com/b/vcPAEJ/C1Clb
http://paperpile.com/b/vcPAEJ/6vo9C
http://paperpile.com/b/vcPAEJ/6vo9C
http://paperpile.com/b/vcPAEJ/6vo9C
http://paperpile.com/b/vcPAEJ/6vo9C
http://paperpile.com/b/vcPAEJ/8Y90B
http://paperpile.com/b/vcPAEJ/8Y90B
http://paperpile.com/b/vcPAEJ/XBxo1
http://paperpile.com/b/vcPAEJ/XBxo1
http://paperpile.com/b/vcPAEJ/XBxo1
http://paperpile.com/b/vcPAEJ/79EsW
http://paperpile.com/b/vcPAEJ/79EsW
http://paperpile.com/b/vcPAEJ/79EsW
http://paperpile.com/b/vcPAEJ/79EsW
http://paperpile.com/b/vcPAEJ/ABYBi
http://paperpile.com/b/vcPAEJ/ABYBi
http://paperpile.com/b/vcPAEJ/ABYBi
http://paperpile.com/b/vcPAEJ/Fa53Q
http://paperpile.com/b/vcPAEJ/Fa53Q
http://paperpile.com/b/vcPAEJ/Fa53Q
http://paperpile.com/b/vcPAEJ/Fa53Q
http://paperpile.com/b/vcPAEJ/Bafg1
http://paperpile.com/b/vcPAEJ/Bafg1
http://paperpile.com/b/vcPAEJ/Bafg1
http://paperpile.com/b/vcPAEJ/avacs
http://paperpile.com/b/vcPAEJ/avacs
http://paperpile.com/b/vcPAEJ/avacs

