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ABSTRACT

Differentiated thyroid cancers (DTCs) are endocrine malignancies with a strong but ill-defined
hereditary predisposition. Genome-wide association studies highlighted several genomic loci
associated with increased risk of DTCs. Relatively strong associations were detected for
germline variants located in disrupted in renal carcinoma 3 (DIRC3), a poorly characterized
long non-coding RNA gene. This PhD thesis is the first to investigate the functional role of
DIRC3 in thyroid carcinogenesis. Using clinical material and bioinformatic data I have
established that DIRC3 is downregulated in DTCs. DIRC3 expression level in malignant tissue
appeared to influence the risk of DTC recurrence. DIRC3 was found to be strongly co-expressed
with insulin-like growth factor binding protein 5 (IGFBPY5), a gene known to regulate cellular
response to insulin-like growth factor 1 (IGF-1). A set of comprehensive in vitro experiments
demonstrated that DIRC3 transcripts are enriched in the nucleus, where they promote
expression of /GFBPS5. Silencing of DIRC3 in thyroid cancer cell lines produced a phenotypic
dichotomy: it boosted migration and invasiveness, decreased the starvation-induced apoptosis,
but also abrogated the MTT reduction rate (the indirect indicator of cell viability and
proliferation). Gene rescue experiments indicated that this pro-migratory phenotype was related
to the alterations in expression of /GFBPS5. In contrast, the influence of D/IRC3 on the results
of MTT assays appeared be at least partially independent from /GFBP5. Transcriptomic
profiling of thyroid cancer cells experiencing silencing of DIRC3 or IGFBP5 showed a
significant redundancy in the activities of both genes. Gene ontology analysis indicated that
terms significantly enriched in the response to silencing of DIRC3 were involved in biological
processes related to the cellular migratory potential. I also demonstrated that downregulation of
DIRC3 enhanced the susceptibility of cancer cells to the stimulation with IGF-1, what
consequently promoted the oncogenic AKT signaling pathway. Overexpression experiments
that utilized CRISPR activation (CRISPRa) successfully upregulated DIRC3. While this did not
elicit changes in expression of IGFBP5, the MTT reduction rate was consequently augmented
in thyroid cancer cells. Finally, I utilized CRISPR/Cas9 to edit one of the top germline DTC
susceptibility variants in DIRC3, r1s11693806. Modification of a heterozygotic
rs11693806[C/G] thyroid cancer cell line into monoallelic [G/-] or homozygotic [G/G]
derivatives produced a marked downregulation of DIRC3 and IGFBP5. Furthermore, these

genomic modifications phenocopied the pro-migratory effects observed after silencing of

17



DIRC3. 1 also confirmed that these genomic modifications resulted in global transcriptomic

alterations, often affecting genes involved in different aspects of carcinogenesis.

In conclusion, DIRC3 emerges as a IncRNA gene functionally implicated in DTCs. Its
downregulation stimulates cancer invasiveness, but on the other hand it may produce inhibitory
effects in MTT assays. Mechanically, DIRC3 regulates expression of IGFBPS5, thus
contributing to the altered sensitivity of cancer cells to IGF-1. Accordingly, I propose an
interplay between the germline cancer risk variants, DIRC3 expression and IGF-1 signaling as

a mechanism that jointly orchestrates thyroid carcinogenesis.
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STRESZCZENIE

Badanie funkcjonalne genu DIRC3 w zr6znicowanym raku tarczycy

Zrbéznicowane raki tarczycy (ang. differentiated thyroid cancers, DTC) sa nowotworami uktadu
endokrynnego wykazujacymi silne, lecz stabo poznane uwarunkowania genetyczne.
Calogenomowe badania asocjacyjne wykazaly obecno$¢ kilku miejsc w genomie zwigzanych
ze zwigkszong zachorowalno$cig na DTC. Wzglednie silne asocjacje wykazano dla wariantow
germinalnych zlokalizowanych w Disrupted in Renal Carcinoma 3 (DIRC3), stabo
scharakteryzowanym genie, ktorego produktem jest dtugie niekodujace RNA (ang. long
non-coding RNA). W niniejszej pracy doktorskiej po raz pierwszy na swiecie zweryfikowatem
role DIRC3 w patogenezie raka tarczycy. Wykorzystujac materiat pozyskany od pacjentow i
dane bioinformatyczne wykazatem, ze DIRC3 ulega istotnemu wyciszeniu w DTC. Uzyskane
dane wskazuja takze, ze zmiany w ekspresji DIRC3 w DTC moga wplywac na ryzyko wznowy
choroby. DIRC3 wykazat silng ko-ekspresj¢ z insulin-like growth factor binding protein 5
(IGFBP5), pobliskim genem regulujacym odpowiedz komorki na insulinopodobny czynnik
wzrostu 1 (IGF-1). Uzywajac zroznicowanych technik badawczych in vitro pokazatem, ze
transkrypty DIRC3 lokalizuja si¢ gléwnie w jadrach komoérkowych, gdzie moga regulowaé
ekspresje IGFBPS5. Wyciszenie DIRC3 w liniach komoérkowych raka tarczycy spowodowato
dwojaki fenotyp: z jednej strony zwickszalo zdolno$¢ komorek do migracji i inwazyjnosci,
hamowato apoptoze wywotang glodzeniem, ale z drugiej strony zmniejszato zdolno$¢ do
redukcji MTT w badanych punktach czasowych (test posrednio oceniajgcym wzrost liczby
zywotnych komorek). Transfekcja komorek plazmidem powodujacym zwiekszong ekspresje
IGFBP5 wywotata ograniczenie pro-migracyjnego dziatania obserwowanego w warunkach
wyciszania DIRC3, lecz nie wplyneta na wyniki testow MTT. Profilowanie transkryptomu
komorek raka tarczycy podlegajacych wyciszaniu DIRC3 lub IGFBP5 wskazato istotng
wspoltzaleznos¢ tych dwoch gendéw. Analiza ontologii gendow (GO) ujawnita, ze pod wptywem
wyciszenia DIRC3 istotne] zmianie ekspresji podlegaja geny zaangazowane w regulacje
potencjatu migracyjnego komorek. Wykazalem réwniez, ze zmniejszenie ekspresji DIRC3
uwrazliwia komorki nowotworowe na dzialanie IGF-1, co w konsekwencji aktywuje
onkogenny szlak przekazywania sygnaléw zwigzany z biatkiem AKT. Wynik ten jest zgodny
z wczesniej poznang funkcja biatka IGFBPS. Dos$wiadczenia wykorzystujace mechanizmy

CRISPR activation (CRISPRa) pozwolity na zwigkszenie ekspresji DIRC3 w liniach
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komorkowych. Cho¢ nie wptyneto to na ekspresje /IGFBPS5, CRISPRa wywotal wzrost liczby
zywotnych komorek w tescie MTT. W ostaniem etapie projektu wykorzystatem CRISPR/Cas9
do edycji 1511693806, jednego z najwazniejszych wariantdow germinalnych determinujacych
ryzyko zachorowania na DTC. Wytworzylem z heterozygotycznej linii komorkowej raka
tarczycy (rs11693806[C/G]) izogeniczne klony komorkowe wykazujace homozygotycznos$¢
(rs11693806[G/G]) lub delecje¢ allelu rs11693806[C]. Edycja ta w obu przypadkach
spowodowata zmniejszenie ekspresji DIRC3 oraz IGFBPS5. Co wigcej, powyzsze modyfikacje
genetyczne indukowaly fenotyp komoérkowy podobny do tego, ktory byt wywotywany przez
wyciszanie DIRC3 (w tym efekt pro-migracyjny). Potwierdzilem rowniez, ze modyfikacja
wariantu rs11693806 powoduje w komorkach globalne zmiany transktyptomu, w tym zmiany

ekspresji wielu gendw uczestniczacych w procesach kancerogenezy.

Podsumowujgc, wyniki uzyskane podczas przygotowywania niniejszej rozprawy
doktorskiej wskazujg na to, ze DIRC3 jest funkcjonalnie zaangazowany w biologi¢ raka
tarczycy. Zmniejszenie ekspresji DIRC3 wzmaga inwazyjnos$¢ komorek, ale z drugiej strony
moze ograniczy¢ wzrost ich aktywnosci w tescie MTT. Poznane mechanizmy wskazuja, ze
DIRC3 reguluje transkrypcje IGFBPS, przyczyniajac si¢ w ten sposob do zmiany wrazliwosci
komorek nowotworowych na dzialanie IGF-1. W oparciu o powyzsze wyniki postawilem
hipoteze, ze interakcja pomi¢dzy wariantami germinalnymi, ekspresja DIRC3 oraz szlakiem
przekazywania sygnaléw z receptora dla IGF-1 stanowi mechanizm regulujacy kancerogeneze

w gruczole tarczowym.
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CHAPTER I: INTRODUCTION

1.1. Thyroid cancer - epidemiology and classification

Thyroid cancer is the most common malignancy of endocrine glands and the 9" most frequent
cancer type [1]. Annual incidence is estimated at 586,000 cases worldwide with 4,000 new
cases being diagnosed in Poland [1]. Epidemiological data indicate a substantial increase in
thyroid cancer incidence in the western world over last 4 decades (incidence in the United States
of America has risen by average 3.6% annually) [2, 3]. A substantial part of this increase is
attributed to the widespread use of imaging diagnostics that detect a large number of small,
often indolent, papillary thyroid carcinomas [4]. Mortality from thyroid cancers has remained
low, however some reports indicate that the upsurge in incidence comes with a small rise in the

disease-associated mortality [2].

About 95% of thyroid cancers originate from follicular epithelial cells, the major thyroid
cell type that is responsible for the production of thyroid hormones (thyroxine and
trilodothyronine). The current 4th World Health Organization (WHO) Classification of
Tumours of Endocrine Organs divides follicular cell-derived thyroid cancers into five entities:
papillary, follicular, Hiirthle cell, poorly differentiated, and anaplastic (undifferentiated)
carcinomas [5]. Papillary, follicular and Hiirthle cell carcinomas retain a significant degree of
cytological follicular differentiation and associate with favorable patients’ prognosis [6, 7].
Accordingly, these three cancer types are brought together under an umbrella category termed
“differentiated thyroid cancer” (DTC). Conversely, anaplastic thyroid cancers demonstrate loss
of follicular differentiation, limited treatment options and a dismal prognosis.
Poorly-differentiated thyroid cancers are histological and clinical intermediates placed between

anaplastic thyroid cancers and DTCs [8].

1.2.Etiology of follicular cell-derived thyroid cancers

Etiology of follicular cell-derived thyroid cancers is poorly understood. Among non-modifiable
risk factors are patient’s sex, ethnicity and family history of thyroid cancers [3]. Women have
about threefold higher risk of developing thyroid cancer than men [1, 2]. Incidence of thyroid

cancers is higher in individuals of Caucasian or Asian ethnicity than in the people of African
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ancestry [9, 10]. Mean age at the time of diagnosis is 48 years (considerably lower than for
most other cancer types) [2], however people who are over 60-year-old tend to develop cancers

of more aggressive biology [11].

Contribution of hereditary factors to the pathogenesis of thyroid cancers appears to be
one of the highest among all cancer types. Pedigree studies demonstrate approximately five- to
nine-fold increase in thyroid cancer risk in the first-degree relatives of DTC patients [12-15].
Similarly, a recent pan-cancer genome-wide association study of ca. 500,000 individuals
indicated that thyroid cancers have the second highest heritability estimate among 18 common
malignancies [16]. Despite this, only 3-9% of DTCs can be classified as familial cancers, with
few bona fide hereditary cancer syndromes being recognized in DTC patients [17]. These
conditions include: familial adenomatous polyposis syndrome (driven by germline mutations
in adenomatous polyposis coli [APC] gene), Cowden syndrome (caused by germline mutations
in phosphatase and tensin homolog [PTEN]), Werner syndrome, Carney complex and
McCune—-Albright syndrome [18]. Additionally, a small subset of DTCs may be classified as
putative familial cancers, with some novel genes being proposed to drive cancer predisposition

(e.g., PTC susceptibility candidate 3 [PTSC3]) [18].

The most well-documented modifiable risk factor of DTCs is a past exposure to ionizing
radiation (during radiotherapy, diagnostic procedures or nuclear accidents). The risk of
developing thyroid cancer is most significant when the radiation exposure occurs in childhood
[19]. Radiation-induced papillary thyroid cancers are molecularly distinct from sporadic
cancers as they are primarily driven by chromosomal rearrangements and gene fusions
involving the receptor tyrosine kinase (RTK) genes (e.g. rearranged during transfection [RET],
neurotrophic tyrosine receptor kinase type 1 [NTRKI] and type 3 [NTRK3]) [17]. Another
environmental factor implicated into the pathogenesis of DTCs is iodine intake. Iodine
deficiency has been associated with an augmented risk of follicular thyroid cancers. Conversely,
some evidence suggest that excessive intake of iodine may increase the risk of papillary thyroid

carcinomas [3].

Finally, the risk of DTCs is influenced by anthropometric parameters. Multiple studies
have demonstrated that obesity is linked to a higher incidence of thyroid cancers [20-22].
Likewise, a positive association between the DTC incidence and tallness has been observed in
ethnically diverse populations. This correlation is stronger for DTCs than for any other major
cancer type [20, 23-25]. Additionally, a Danish study showed that the life-long thyroid cancer
risk associates more strongly with individual’s height and weight documented in childhood than
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with the parameters observed in adulthood [26]. The pathophysiological basis of these
observations is currently unknown. Some researchers propose that these associations are
generated by endocrine and/or paracrine mechanisms involving insulin resistance, insulin-like

growth factors (IGFs) or adipokines [3].

1.3. Types of follicular cell-derived thyroid cancers

Papillary thyroid cancer

Papillary thyroid cancer (PTC) represents 80-85% of all follicular-cell derived thyroid
cancers [4]. The current WHO classification describes PTC as “a malignant epithelial tumor
demonstrating evidence of follicular cell differentiation and a set of distinct nuclear features.
(...) Papillae, invasion or cytological features of papillary thyroid carcinoma are required” [5].
Cytological features include: ground-glass nuclei, nuclear grooves and irregular nuclear
contours [27-29]. PTCs typically have a very favorable prognosis with 5-year overall survival

reaching 95-97% [30].

PTCs are characterized by a low mutational burden [31]. Mutually exclusive tumor-

driving mutations typically implicate:

(1) v-Raf murine sarcoma viral oncogene type B (BRAF; 40-60% of cases, typical
for the conventional and tall cell variant PTCs),

(1)  Rat sarcoma virus (RAS) genes (NRAS, HRAS or rarely KRAS; 15-20% cases,
almost exclusively observed in the follicular variant PTCs),

(iii))  Gene rearrangements involving RET, NTRKI, NTRK3, anaplastic lymphoma
kinase (ALK) or BRAF (10-20% in total; typically detected in the radiation-
induced PTCs) [4, 31, 32].

Presence of the most common driver mutation, BRAF V600E, is an independent negative
prognostic factor. Its presence has been associated with an elevated risk of cancer recurrence
and increased patients’ mortality [30, 33]. More aggressive PTCs also tend to harbor the

telomerase reverse transcriptase (TERT) promoter mutations (incidence of ca. 10%) [4, 8].

The WHO classification recognizes the conventional (classic) PTCs and multiple

histological variants of PTCs [5, 27, 34]. These variants are categorized using various
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pathological features (tumor size, histological architecture, cytological appearance, presence of

tumor capsule, or capsular invasion).
The PTC variants differ in clinical outcomes:

a) Excellent prognosis variants: papillary microcarcinoma (<1 cm diameter; constitutes
33% of PTCs), follicular variant (5-27% cases; characterized by the absence of papillary
structures, but presence of a typical PTC-like nuclear morphology; R4S mutations are
characteristic), encapsulated variant (1.3-10%), cribriform-morular variant (rare; APC

mutations are typical).

b) High-risk and less favorable prognosis variants: tall cell variant (3.8-16.1%; harbors
BRAF mutations), hobnail variant (0.3-2.7%), solid/trabecular variant (1-3%; RET/PTC
gene rearrangements are typical), columnar cell variant (0.2-2.5%), diffuse sclerosing

variant (0.3-1.8%; harbors RET/PTC rearrangements), oncocytic variant (1.9%).

c) Very rare types with limited data regarding their clinical behavior: desmoid-type
fibromatosis/nodular fasciitis-like stroma variant, spindle cell variant, clear cell variant,

and Warthin-like variant.

It should be also noted that the encapsulated follicular variant of PTC without capsular
or vascular invasion (constituting until recently up to 17% of all PTCs) has been reclassified in
2017 to a new non-malignant category termed non-invasive follicular thyroid neoplasm with
papillary-like nuclear features (NIFTP) [17]. These lesions are characterized by a very indolent
nature resembling benign follicular adenomas and present virtually no recurrences after

surgeries [29, 32].

Follicular thyroid cancer

Follicular thyroid cancers (FTCs) constitute 10-15% of follicular-cell derived thyroid
cancers [4, 35]. FTCs are histologically characterized by the follicular differentiation of cancer
cells, presence of vascular or capsular invasion, and a notable absence of nuclear features
typical for PTCs. The WHO classification recognizes three types of FTCs: minimally invasive
(with limited capsular invasion only), encapsulated angioinvasive, and widely invasive [5].

40-month disease-specific survival for these three types is estimated at 97%, 81% and 46%,
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respectively [27]. Encapsulated angioinvasive FTCs are further subdivided into carcinomas
with limited vascular invasion (<4 vessels involved; better prognosis) or extensive vascular
invasion (>4 vessels invaded; worse outcomes) [27, 32]. Prognosis of patients diagnosed with
FTCs is usually good (5-year overall survival of 91%) [35]. Nevertheless, FTCs have a higher
propensity for hematogenous spread than PTCs, and distant metastases develop predominantly

in the lungs or bones [8, 35].

Molecular landscape of FTCs is marked by neuroblastoma RAS viral oncogene homolog
(NRAS), Harvey rat sarcoma virus (HRAS) or Kirsten rat sarcoma virus (KRAS) mutations (30-
40% of FTCs), or paired box 8 (PAXS8)— peroxisome proliferator-activated receptor-y (PPARG)
gene fusions (observed in 30-35% of FTCs). Some FTCs also exhibit mutations in the TERT
promoter (10-20%), PTEN (<10%) or phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit-a (PIK3CA; <10%) [4].

Hiirthle cell thyroid cancer

Hiirthle cell thyroid cancers (HTCs) constitute ca. 5% of the follicular-cell derived
thyroid cancers [36]. HTCs were long regarded as variants of FTCs [17], however, the revised
4th WHO Classification of Tumours of Endocrine Organs has recognized HTC as a separate
entity [37]. Indeed, Hiirthle cell thyroid tumors present distinct histological, molecular and
clinical features. Morphologically they are marked by the dominance of enlarged oncocytic
(oxyphilic) cells that exhibit eosinophilic granular cytoplasm [4]. HTCs are distinguished from
benign Hiirthle cell adenomas by the presence of capsular or vascular invasion [29]. HTCs
typically develop in older patients, are more common in men, tend to grow large, and may
implicate lymph node and distant metastases. They are relatively more refractory to the
radioactive iodine treatment and have a slightly worse prognosis than FTCs [4, 34]. Disease-

specific mortality in HTCs is estimated at 6% [36].

HTCs display mutations in: the RTK-RAS-BRAF and PI3K-AKT signaling pathway
genes, mitochondrial genes, genes involved in protein translation (eukaryotic translation
initiation factor 14 X-linked [EIF1AX], mucosal vascular addressin cell adhesion molecule 1
[MADCAM1]), chromatin modification or DNA repair. TERT promoter mutations are detected
in 22% of HTCs. Aberrant karyotype is also common with frequent duplications of

chromosomes 5 and 7 [37].
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1.4.Management and treatment of differentiated thyroid cancers

Suspicion of a thyroid cancer usually necessitates neck ultrasound and a fine-needle aspiration
biopsy. Identification of ultrasound features such as a solid and deeply hypoechogenic
appearance, irregular margins, irregular shape and microcalcifications (elements included in
TIRADS, the Thyroid Image Reporting and Data System), suggests a malignant character of
thyroid lesion and indicates the need of biopsy. Interpretation of cytology is, however,
challenging and may give inconclusive results (e.g., FTCs are cytologically indistinguishable
from adenomas). Differential diagnosis may be thus supplemented with clinically validated
molecular tests that analyze the mutational, gene expression and/or microRNA profiles. Other
diagnostic tools used to establish preoperative staging may include: chest X-ray, computed
tomography, and (rarely) magnetic resonance imaging. Staging of follicular cell-derived
thyroid cancers is determined using the Union for International Cancer Control (UICC) tumor,
node, metastasis (TNM) system that accounts for the size of primary tumor, range of
extrathyroidal extension, lymph node involvement, presence of distant metastasis, and
(uniquely) patient’s age at the time of diagnosis (patients >55 year-old have worse prognosis)

[38].

The mainstay treatment modalities utilized in DTCs are surgery (thyroidectomy) and
the radioactive iodine (RAI) therapy. Historically, vast majority of patients underwent a total
thyroidectomy, resection of central cervical lymph nodes and the RAI therapy. A large influx
of patients diagnosed with early carcinomas has recently expedited changes in therapeutic
algorithms aiming to reduce overtreatment. These modifications include: less extensive
surgeries (e.g. thyroid lobectomies, less extensive cervical nodal dissections), adjustments in
the adjuvant RAI therapy, and avoidance of the thyroid-stimulating hormone
(TSH)-suppressive thyroid hormone doses [8, 32]. According to the European Society of
Medical Oncology (ESMO) guidelines, thyroid lobectomy is favored in patients without family
history of thyroid cancers who present with a small, single carcinoma of favorable cytology
without extrathyroidal expansion and unthreatened adjacent structures (the recurrent nerve,
esophagus and trachea). Radiation exposure in childhood also disqualifies from this
conservative surgical approach. Total thyroidectomy with a prophylactic cervical node
dissection is preferred in most other cases. The surgery may be supplemented with the strap
muscle resection in T3-T4 stages (i.e., tumors larger than 4 cm or presenting a gross

extrathyroidal expansion) and/or a bilateral cervical node dissection (if regional lymph nodes
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are involved) [38]. The optimal therapeutic management strategy of thyroid nodules with
indeterminate cytology may be also established preoperatively using novel next-generation

sequencing Genomic Classifier tests (e.g., ThyroSeq).

The American Thyroid Association (ATA) has developed a recurrence risk stratification
system (also adopted by ESMO) to assist in the selection of a proper adjuvant treatment strategy
[38, 39]. Using this tool, patients are classified to have a low (<5%), intermediate (5-20%) or
high (>20%) risk of recurrence. The classification relies on evaluation of multiple parameters:
tumor size, presence of extrathyroidal extension, number and size of involved lymph nodes,
presence of distant metastasis, postoperative serum thyroglobulin, cancer histology, presence
of vascular invasion, the BRAF and TERT mutational status, and the radicality of surgical
resection [32, 39]. According to the system, RAI is optional in the low-risk patients (low activity
of 30 mCi, if used). In the intermediate and high-risk groups, the adjuvant RAI should be
administered using doses of 30-100 mCi and >100 mCi, respectively. Therapeutic RAI
activities (doses of 100-200 mCi) are used in the metastatic and unresectable cancers [38]. This
rather complex stratification system has successfully reduced the number of overtreated patients

and has not compromised their oncological outcomes [40].

The recurrence risk classification is modified dynamically to assess response to
treatment. Responses are classified as: excellent, biochemical incomplete, structural incomplete
or indeterminate. This classification is determined using imaging techniques (primarily neck
ultrasound), concentration of serum thyroglobulin and anti-thyroglobulin antibodies. The
individuals’ category determines the follow-up strategy, target TSH level, indicates a need of
additional tests (e.g., iodine-131 scan, 2-fluoro-2-deoxy-D-glucose-positron emission

tomography), or a necessity of further treatment [38].

In rare cases of progressive iodine-refractory metastatic DTCs that are not eligible for
localized forms of treatment, patients are offered oral multiple tyrosine kinase inhibitors
(mTKIs): sorafenib, lenvatinib or cabozantinib [38, 41]. The mechanism of their therapeutic
activity is primarily attributed to the inhibition of vascular endothelial growth factor receptors
(VEGFR) [17]. Novel agents such as RET inhibitors (selpercatinib, pralsetinib) and NTRK
inhibitors (entrectinib, larotrectinib) emerge as valuable treatment options in DTCs harboring
aberrations in the respective genes [42-45]. Additionally, BRAF inhibitors (vemurafenib,
dabrafenib) may be useful in the BRAF V600-mutated thyroid cancers [46, 47], Still, responses
to the BRAF inhibitors are modest, since DTCs may reciprocal activate the human epidermal
growth factor receptor (HER) signaling in response to the BRAF blockade [17].
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1.5.Major protein signaling pathways in differentiated thyroid cancers

Two main molecular pathways implicated in DTCs are the mitogen-activated protein kinase
(MAPK) and protein kinase B (AKT) signaling cascades [35]. These pathways contribute to
thyroid carcinogenesis in various degrees since their signaling output is produced by mutually

exclusive driver mutations (Figure 1).

In the classical and tall cell variant PTCs, the constitutively active BRAF V600E
oncoprotein maintains a tumor promoting signal via sequential phosphorylation of MAP kinase
kinase (MAPKK, also known as MEK) and extracellular signal-regulated kinase (ERK, also
known as MAPK) [33]. ERK has about 200 downstream effectors in the cytoplasm and nucleus,
including certain transcription factors (c-FOS, c-JUN, c-MYC). Ultimately multiple proteins
are upregulated, e.g., hypoxia-inducible factor 1a (HIF-1a), vascular endothelial growth factor
A (VEGFA), transforming growth factor f1 (TGFB1) and hepatocyte growth factor receptor
(MET) [37, 50]. These proteins are implicated in a myriad of pro-tumorigenic processes: cell
proliferation, migration, survival, invasiveness and angiogenesis [50]. Additionally, BRAF
signaling promotes aberrant gene methylation. This epigenetic alteration silences certain tumor
suppressors and iodine metabolism genes (e.g., sodium/iodide symporter [NIS], thyroglobulin
[TG], thyroperoxidase [TPO]). Consequently, the follicular differentiation and iodine avidity
of cancer cells may be reduced [50-52]. Signaling flux induced by the BRAF V600E
oncoprotein is very strong, since its activity is not inhibited by the negative feedback from ERK

[33].

In contrast, FTCs and the follicular variant PTCs have a high incidence of activating
mutations in NRAS, HRAS or KRAS [33]. RAS oncoproteins are constitutively active.
Consequently, MAPK signaling is induced, however, not as strongly as in the BRAF-mutant
tumors since the negative feedback invoked by ERK is not abrogated. Importantly, among other
targets of RAS are phosphatidylinositol 3-kinases (PI3Ks). PI3Ks are signal transducers
converting the membrane-bound phosphatidylinositol 4,5-bisphosphate (PIP2) into
phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 acts as a second messenger molecule
that activates 3-phosphatidylinositol-dependent protein kinase 1 (PDK1) and protein kinase B
(AKT). AKT is a serine/threonine protein kinase with over 100 substrates implicated in
numerous signaling cascades, e.g., glycogen synthase kinase 3 (GSK3), mechanistic target of
rapamycin (mTOR) and forkhead box O (FoxO) [53]. AKT thus promotes multiple cellular

events: proliferation, motility, invasiveness, survival, etc. [37].
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Figure 1. Overview of major signaling pathways involved in thyroid carcinogenesis.

(A). Follicular cells are physiologically stimulated by various growth factors (GFs) that bind to Receptor
Tyrosine Kinases (RTKs). Once RTK is stimulated, it becomes internally phosphorylated and may
recruit adaptor proteins (e.g., growth factor receptor-bound protein 2, GRB2). GRB2 then binds guanine
exchange factors (e.g., Son of Sevenless, SOS). Next, SOS activates RAS proteins (HRAS, NRAS or
KRAS) by exchanging guanosine diphosphate (GDP) for guanosine triphosphate (GTP). RAS proteins
may then stimulate BRAF (triggering its dimerization with another RAF protein; not shown).
Subsequently, BRAF phosphorylates mitogen-activated protein kinase kinase (MEK), which in turn
activates extracellular signal-regulated kinase (ERK) to promote the oncogenic phenotype. Additionally,
ERK reciprocally inhibits BRAF (a negative feedback mechanism). Importantly, RAS also stimulates
phosphoinositide 3-kinases (PI3Ks). PI3Ks catalyze production of phosphatidylinositol-3, 4, 5-
triphosphate (PIP3) which acts as a secondary messenger molecule that activates AKT. Consequently,
AKT triggers formation of mechanistic target of rapamycin complex 1 (mTORC1) via inhibition of the
tuberous sclerosis complex proteins (TSC1 and TSC2). mTORCI1 upregulates cell proliferation and
motility, what is partially related to its ability to enhance protein translation. (B). In the BRAF-mutant
cancers (mostly the conventional and tall cell PTC variants), BRAF is active constitutively. Mutant
monomeric BRAF V600E proteins are not inhibited by ERK. Accordingly, a strong pro-mitotic, pro-
survival and pro-migratory signal is generated. (C). In the RAS-mutant cancers (FTCs and the follicular
variant PTCs), RAS oncoproteins simultancously activate BRAF/MEK/ERK and PI3K/AKT/mTOR
pathways. However, the signaling flux produced by wild-type BRAF may be partially inhibited by the
negative feedback response from ERK.

Arrow thickness in schemes indicates the magnitude of signaling flow.
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PTCs that harbor rearrangements in RET, NRTKI or NTRK3 produce ligand-
independent receptors that also maintain the dual BRAF-MAPK and PI3K-AKT signal [17].
Moreover, AKT signaling in DTCs may be promoted by disruptive mutations in PTEN (the
major inhibitor of AKT), or by copy number gains involving the RTK or PI3K genes
[31, 48, 49].

Alterations in the activity of signaling pathways are not exclusively dependent on a few
aforementioned driver mutations. Particularly, their output is influenced by epigenetic
alterations. Several prominent examples of these events have been described in DTCs. Firstly,
aberrant methylation of PTEN silences this tumor suppressor in a subset of FTCs and in the
follicular variant PTCs [50, 51]. Secondly, thyroid cancers may exhibit altered levels of
microRNAs that target members of the signaling cascades. For instance, the PTEN-silencing
miR-166 and miR-21 are overexpressed in PTCs (high levels of miR-21 are very characteristic
for the tall cell variant PTCs) [31, 52], while the BRAF-silencing miR-9-5p is frequently
downregulated in PTCs [53]. Finally, mounting evidence indicate a similar modulatory role of
long non-coding RNAs (IncRNAs). For instance, downregulation of BRAF-activated non-
protein coding RNA (BANCR) may stimulate MAPK signaling in PTCs [54]. Some PTCs also
overexpress plasmacytoma variant translocation 1 (PVTI), which upregulates insulin-like

growth factor 1 receptor (IGF-1R), a potent activator of PI3Ks and RAS proteins [55].

1.6. Genome-wide association studies and new insights into thyroid
carcinogenesis

Family history of thyroid cancers is a recognized risk factor of DTCs. Still, the genetic
background of this hereditary predisposition has remained largely elusive. There has been a
hope that novel insights into this matter could be provided by genome-wide association studies
(GWAS). Unfortunately, identification of the biological and clinical relevance of GWAS results

remains challenging.

GWAS is a hypothesis-free method for identifying associations between phenotypic
traits or diseases, and genomic variants (usually single nucleotide variants, SNVs) [56]. A
typical GWAS screens a large number of common SNVs (also known as single nucleotide
polymorphisms, SNPs) in a very large population (usually over 10,000 individuals) [56]. The

genotyped SNVs act as markers (tags) of particular genomic loci and account for several
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neighboring SNVs inherited together across generations (constituting units of linked SNVs
organized into haplotype blocks). Since the number of statistical tests in GWAS is huge (at least
one per SNV), a very large sample size is required to achieve adequate statistical power. Larger
sample size permits dissection of even more association signals (variants with a smaller effect
size or with a lower incidence). Still, the methodology of GWAS has inherent limitations.
Firstly, GWAS typically identify many weak risk variants of limited prognostic value [57].
Secondly, GWAS mostly evaluate common SNVs and the impact of rare variants may be
missed [56]. Thirdly, association signals often locate in noncoding regions with obscure
biological relevance and no clear connection to the disease [56]. Accordingly, results of GWAS
are almost never straightforward to interpret. Post-GWAS studies should attempt to answer
several questions: 1) which SNVs are truly causative? 2) what genes are affected by the
causative SNVs? 3) how the causative variants contribute to altered genomic functions?

4) how the implicated genes contribute to the phenotype or disease?

To date at least seven large GWAS have been performed to evaluate the hereditability
of DTCs [58-65]. These efforts have identified at least 10 chromosomal loci modulating the
thyroid cancer risk in Caucasians. Four of these loci contain germline variants demonstrating
particularly robust associations and good cross-study replicability in European, American and
Asian populations (Figure 2). These SNVs localize to chromosome 14q13.3 (rs944289 and
rs116909374), 9922.33 (rs965513 and rs1867277), 8q12 (rs2439302) and 2q35 (rs966423 and
rs11693806) [58]. Many of these signals have become subjects of post-GWAS studies.
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Figure 2. Germline loci contributing to the DTC risk in Caucasian populations.

Variants located in chromosome 2q35 (in DIRC3) have the second strongest association with the risk of
DTC. In contrast to other major risk loci which have been at least partially characterized (see below),
the role of DIRC3 in thyroid cancers has remained obscure. GWAS Manhattan plot adapted from:
Gudmundsson, J. et al. Nat Commun. 2017 Feb 14;8:14517 (CC BY license).

DTC risk variants present in chromosome 9922 (rs965513 and rs1867277) are located
in papillary thyroid carcinoma susceptibility candidate 2 (PTCSC2), a long non-coding RNA
(IncRNA) gene positioned upstream to forkhead box E1 (FOXET). Genotypes of 1965513 and
rs1867277 were shown to influence expression of PTCSC2 and FOXE. The latter gene encodes
a critical thyroid-specific transcription factor involved in thyroid morphogenesis. It has been
demonstrated that PTCSC2 and FOXEI share a bidirectional promoter whose activity is
suppressed by myosin-9 (MYH9). This inhibition may be prevented by the interaction of
PTCSC2 transcripts with myosin-9. Reduced expression of PTCSC?2 in PTCs and the resulting
downregulation of FOXE! upregulates thrombospondin 1 (THBSI) and insulin-like growth
factor binding protein 3 (IGFBP3). Consequently, IGFBP3 and THBS1 modulate apoptosis,
angiogenesis, metastasis and IGF-1 signaling in PTCs [59, 66, 67].

Cancer risk variants present in chromosome 14q13 (primarily rs944289) are located
close to another thyroid-specific IncRNA, papillary thyroid carcinoma susceptibility
candidate 3 (PTCSC3). PTCSC3 is frequently downregulated in PTCs, and its expression is
reduced by rs944289(T] allele. This SNV is located in a binding site for CCAAT/enhancer
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binding proteins (C/EBP) a and . Rs944289 may disturb the binding capacity of C/EBPs and
thus influence expression of PTCSC3. PTCSC3 was shown to inhibit growth, motility and
invasiveness of thyroid cancer cells. This effect was attributed to the suppression of
S100 calcium binding protein A4 (S10044) and downregulation of certain downstream genes
(e.g., vascular endothelial growth factor [VEGF] and metalloproteinase [MMP]-9) [68, 69].
Additionally, PTCSC3 was shown to inhibit the wingless-related integration site (Wnt) /
B-catenin signaling pathway, thus reducing the motility and invasiveness of cancer cells [69-

71].

Another risk variant in chromosome 14q13, rs116909374, is located close to MAP3K12
binding inhibitory protein (MBIPI), a gene proposed to influence production of thyroid
hormones. In addition, rs116909374 and the aforementioned rs944289 are situated close to
thyroid transcription factor 1 (TTF1). TTF1 is a transcription factor critical for the proper
differentiation of thyroid follicles. Nevertheless, mechanistic links between the germline risk

variants and 77TF [ have not been established so far [72].

Another risk variant, rs2439302, is positioned in chromosome 8ql2 in neuregulin 1
(NRGI). Genomic locus harboring this SNV contains putative enhancers that may influence
expression of NRGI. In particular, the cancer risk allele rs2439302[G] was found to promote
expression of NRG! in thyroid cancer cells [73]. NRG1 is known to stimulate the oncogenic
human epidermal growth factor receptor-3 and -4 (HER-3 and HER-4) signaling pathways

across many cancer types [74-77].

A number of germline risk variants in chromosome 2q35 (rs966423, rs6759952,
rs12990503, rs16857609, rs11693806) cluster in disrupted in renal carcinoma 3 (DIRC3), a
poorly characterized IncRNA gene. The biological relevance of these signals has remained

obscure.

1.7.DIRC3 — a gene possibly implicated in thyroid carcinogenesis

DIRC3 was first identified in 2003 as a gene participating in a fusion event in familial renal cell
cancers. It was reported that the t(2;3)(q35;921) translocation observed in these familial tumors
generated transcripts that involved DIRC3 and heat shock 27-kDa-associated protein I
(HSPBAPI). Still, no experimental inquiry into the function of DIRC3 was performed [78].
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More information on the role of DIRC3 in cancers has been provided by GWAS. A
germline variant in DIRC3, rs966423, demonstrated one of the strongest associations with the
DTC risk (odds radio, OR = 1.34) in Icelandic, American, Dutch, Spanish, Polish, Kazakh and
Chinese populations [60, 79-82]. Additionally, another study reported that rs6759952, a SNV
in the linkage disequilibrium (LD) with rs966423, also contributed to the cancer risk [61]. Since
1s966423[C] was found to associate with lower TSH levels in the serum, it was proposed that
this variant could exert its carcinogenic effect indirectly via endocrine mechanisms [60].
Nevertheless, a nominally small hormonal effect induced by rs966423 undermines this
hypothesis. Furthermore, a Polish group has associated the rs966423[TT] genotype with
increased overall mortality in DTC patients [83]. It has been proposed that while the more
common 1s966423[C] allele participates in the initiation of thyroid tumorigenesis, the
alternative rs966423[T] allele may support cancer progression [83]. Notably, some recent
high-resolution GWAS highlighted novel thyroid cancer susceptibility variants in DIRC3:
rs16857609[T], rs12990503[G] and rs11693806[C] [62, 63, 84]. In particular, rs11693806
presented a significantly stronger association with the thyroid cancer risk than rs966423 (allelic
OR = 1.43 and OR = 1.34, respectively) [62]. Conditional analysis of both variants preserved
the association signal only for rs11693806. Rs11693806 is a sole known risk variant located in

an exon of DIRC3 (all other risk variants are positioned in introns) [62].

DIRC3 germline variants also influence human height [85-88], the risk of mitral valve
prolapse [89], and the risk of breast cancer [90-93]. In particular, chromatin conformation
capture studies conducted in breast cancers revealed that D/RC3 and a nearby gene,
insulin-like growth factor binding protein 5 (IGFBPY), are targets of breast cancer predisposing
SNVs located in an intragenic region downstream of DIRC3. These SNVs were shown to alter
expression of DIRC3 and IGFBPS5 [94]. Their modulatory influence on /GFBPS5, a putative
tumor suppressor in breast cancer [95], was shown to regulate the mammary oncogenesis [96,
97]. IGFBPS 1is also presumed to promote proliferation of thyroid cancer cells [98, 99].
Moreover, certain germline variants located upstream of /GFBPS are associated with altered
levels of TSH in the blood [100, 101]. IGFBPS5 protein is a vital modulator of the IGF-1

signaling cascade, a pathway strongly implicated in many cancer types [102-109].
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1.8. Long non-coding RNAs

DIRC3 belongs to a class of genes producing long non-coding RNAs (IncRNAs). LncRNAs are
defined as transcripts over 200 nucleotides in length without protein-coding potential. While in
the past IncRNAs had been regarded as a transcriptional noise (products of spurious
transcription occurring throughout genome), recent years have brought ample of evidence
illustrating the importance of IncRNAs in physiology and diseases [110, 111]. In fact, it is
currently appreciated that IncRNAs may possess the most diverse and complex functionality of
all classes of RNAs [111, 112]. Number of IncRNAs experimentally implicated into
carcinogenesis is growing fast. Prominent examples include: metastasis associated lung
adenocarcinoma transcript 1 (MALATI), which is vital for the distant spread of many cancer
types, survival associated mitochondrial melanoma specific oncogenic non-coding RNA
(SAMMSON) essential for the melanoma survival, and prostate cancer associated 3 (PCA3), a
clinically relevant biomarker of prostate cancers [113-117]. In humans IncRNAs outnumber
protein-coding genes (human genome is estimated to contain ca. 60,000 IncRNA genes), and
their expression pattern is more tissue- and cell-specific than that of messenger RNAs (mRNAs)
[118, 119]. Mechanistically, IncRNAs interact with proteins, DNA and other RNA species to
produce a wide range of cellular events. LncRNAs play roles in the modification of chromatin,
assembly of nuclear bodies, regulate gene transcription, influence the mRNA turnover

(splicing, degradation, translation), or directly modulate protein signaling pathways [112].

Activities of IncRNAs may be categorized in several ways. Firstly, IncRNAs may
exhibit activity in cis (i.e., impact elements located close to the proper IncRNA gene), or

function in trans (i.e., regulate distant genes, RNAs or proteins) [111, 112].
Secondly, IncRNAs may execute different functional archetypes and operate as:

- signals (IncRNAs act as triggers for regulatory processes taking place in specific spatial
and temporal contexts),

- scaffolds (IncRNAs act as frames for the assembly of molecular complexes or sub-
organelles),

- guides (IncRNAs deliver proteins to specific locations, e.g., certain genomic loci),

- decoys (IncRNAs act as sponges that sequester proteins or microRNAs and thus prevent

their binding to proper molecular targets) [120].
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Thirdly, in some instances the produced non-coding transcripts may be functionally
irrelevant. In these cases, it solely the process of transcription of IncRNAs that induces
molecular mechanisms that modulate expression of nearby genes [121]. Moreover, some

IncRNAs, contrary to their name, may in reality encode small functional peptides [122].

Since IncRNAs present such a great functional heterogeneity, it is immensely
challenging to fully distill their cellular roles. First insights into putative functionalities of
IncRNAs have been often provided by the identification of disease-associated germline variants
in their genomic loci. It is estimated that at least 7% of IncRNA genes overlap disease-
associated SN'Vs [118]. Several IncRNAs have been discovered to impact thyroid oncogenesis
owing to studies that functionally explored germline variants associated with the DTC
susceptibility (e.g., PTCSC2, PTCSC3, MALATI and HOX transcript antisense RNA
[HOTAIR]) [123, 124].

1.9. Potential benefits of the research

LncRNAs are gradually gaining prominence in clinical oncology. Firstly, IncRNAs can be
applied as diagnostic marker, e.g., PCA3 is a highly specific prostate cancer IncRNA that can
be detected in urine using the Food and Drug Administration (FDA)-approved tests. Secondly,
expression of certain IncRNAs may impact patients’ prognosis, e.g., HOXA transcript at the
distal tip (HOTTIP) may predict the risk of disease progression in hepatocellular carcinoma.
Thirdly, IncRNAs may act as predictive markers. For example, high levels of HOTAIR in

ovarian cancers associate with a better treatment response to cisplatin than to carboplatin [125].

Although DTCs can be effectively cured in most patients, some individuals experience
recurrences and die from the disease. There is a need to better identify patients who have
elevated risk of unfavorable clinical course. The BRAF and TERT mutational status are
established molecular prognostic markers in DTCs [30, 33, 83]. Germline genotype of D/IRC3
has been recently proposed as a novel indicator of the mortality risk in thyroid cancer patients
[83]. Nevertheless, the clinical impact of this marker is modest only (mortality hazard ratio, HR

~1.5-1.6)[62, 83].
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Hence, I have hypothesized that elucidation of the function of D/IRC3 in thyroid cancers
could expedite development of better risk stratification tools. This could potentially help to
identify patients who require more intensive surveillance or different treatment strategies.
Furthermore, I expected that this study could highlight unrecognized molecular mechanisms

and/or signaling pathways involved in DTCs, some of which could be of therapeutic relevance.
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CHAPTER II: STUDY RATIONALE, OBJECTIVES AND AIMS

This PhD thesis has been the first to evaluate the role of DIRC3 in thyroid carcinogenesis. Given
the prognostic information offered by DIRC3 germline variants, I predicted that dissection of
the gene function could provide biological insights of a potential diagnostic or therapeutic

value.

It has been shown that IncRNAs contribute to all classical hallmarks of cancer: cell
proliferation, viability, growth suppression avoidance, immortality, motility, angiogenesis,
altered metabolism and immune evasion [126]. Prominent examples of cancer-modulatory
IncRNAs include: MALATI implicated in cancer metastasis and angiogenesis, HOTAIR that
modulates cell proliferation and invasiveness, and growth arrest-specific 5 (GASS5) which
regulates the apoptosis of cancer cells [125]. Functions of IncRNAs are very complex.
LncRNAs may interact with various proteins, DNA sequences or other RNA species to control
diverse molecular processes (chromatic modifications, DNA methylation, RNA turnover,
protein complex assembly, recruitment of transcription factors to specific genomic loci, etc.)

[125].

The prime goal of this study was to evaluate how DIRC3 impacts the biology and

phenotype of thyroid cancers. Specific aims were related to the following scientific questions:

1. Is expression of DIRC3 altered in DTCs, and does it associate with the

pathoclinical characteristics of thyroid cancers?

2. Are DIRC3 transcripts involved in the transcriptomic regulation of

protein-coding genes?

3. How do alterations in the expression of DIRC3 influence the phenotype of

thyroid cancer cells?

4. Does DIRC3 impact the activity of protein signaling pathways implicated in

thyroid carcinogenesis?
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Does rs11693806, the major DTC risk variant in DIRC3, influence the

phenotypic and transcriptomic profile of thyroid cancer cells?

Does understanding of the function of DIRC3 in DTCs provide insights of

diagnostic and therapeutic relevance?

The study has been divided into three parts:

L

IIL.

II1.

Analysis of clinical material: to evaluate expression of D/IRC3 in DTCs, and to

correlate the gene expression profile with clinicopathological data.

e Bioinformatic data obtained from large RNA-sequencing projects was used to
establish if DIRC3 is expressed in normal thyroid tissue and in DTCs, and to
appraise possible transcriptomic mechanisms invoked by DIRC3.

e Analysis of clinical material (DTCs and histologically normal thyroid) was
performed to recognize possible alterations in the expression of DI/RC3 in
thyroid cancers. Additionally, clinical material was used to validate the
correlations in gene expression established in the aforementioned bioinformatic
analysis. Relationships between the gene expression profile and patients’

clinicopathological characteristics were also tested.

In vitro experiments: to establish the function of DIRC3 in thyroid cancer cell lines.
Knock-down and overexpression experiments were performed to evaluate the
phenotypic and transcriptomic consequences of perturbations in the expression of

DIRC3 in thyroid cancer cell lines.

Genomic editing: to establish if rs11693806, one of the top DTC risk variants in
DIRC3, contributes to the phenotype of thyroid cancer cell lines.

To evaluate whether 1511693806 could act as a causative SNV, I performed the
CRISPR/Cas9-mediated genomic editing of the variant. Phenotypic and
transcriptomic consequences of the genomic modification were profiled in a thyroid

cancer cell line.
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CHAPTER III: MATERIALS AND METHODS

3.1 Clinical material

Clinical material used in this study was collected at the Medical University of Warsaw
(Warsaw, Poland). The material consisted of tissue samples obtained from patients who
underwent a total or near-total thyroidectomy before 2014 due to the diagnosis of a malignant
thyroid tumor. Collection of tissue was approved by the Institutional Review Board at the

Medical University of Warsaw. Written informed consents were obtained from all patients.

Tumor and histologically normal thyroid tissue specimens (usually collected from the
opposite, unaffected thyroid lobes) were snap-frozen in dry ice and stored at -80 °C. Tissues
were used to isolate total RNA. Archival RNA samples analyzed in this study were obtained

from 67 patients.

Diagnosis of a differentiated thyroid cancer (papillary, follicular or Hiirthle cell) was
established by two expert pathologists using the World Health Organization criteria. Clinical
staging was determined using the 2010 American Joint Commission on Cancer staging system
(7th edition). Histological evaluation confirmed that cancer samples achieved tumor purity of
at least 70%. Histologically normal tissues were free of malignant infiltrations. Patients’ clinical
and pathological data were anonymized and recorded in secure Excel files. Data included
information on the histological type of cancer, clinical stage, regional lymph node metastases,
distant metastases, tumor multifocality, angioinvasion, extrathyroidal extension, and patients’

sex and age at the time of diagnosis.

Additionally, whole blood samples were collected from all patients. DNA was extracted
from 9 mL of peripheral blood using the salting out method [127]. This DNA extraction
procedure was completed during a past project [83]. Archival germline DNA was available for

all 67 patients who were included in the RNA analysis of tumor samples.

3.2. RNA extraction from tissue and quantification

RNA was extracted previously from thyroid tissue samples. Briefly, 50 to 100 mg of tissue was
homogenized and mixed with 1 ml of TRIzol reagent (Thermo Fisher, USA). After 5 minutes

of incubation, 0.2 ml of chloroform was added and mixed vigorously. After another 3 minutes,
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samples were centrifuged at 12,000 x g for 15 minutes at 4 °C. Afterwards, the upper aqueous
layer was transferred to a new tube. RNA was precipitated by adding 0.5 ml of isopropanol to
the aqueous layer. Samples were then incubated for 10 minutes. Thereafter, samples were
centrifuged at 12,000 x g for 10 minutes at 4 °C. Supernatant was discarded, and white pellets
were resuspended in 1 ml of 75% ethanol. After another centrifugation at 7,500 x g for 5 minutes
at 4 °C, supernatants were discarded and the remaining pellets were airdried. Finally, the RNA
pellets were resuspended in 50 pl of RNase-free water. Yield and purity of RNA were measured
using the NanoDrop 2000 instrument (Thermo Fisher, USA). Absorbance A260/A280 ratio of

1.8 to 2.1 was determined as satisfactory for later use. RNA samples were stored at -80 °C.

3.3. Quantitative reverse transcription PCR (qQRT-PCR)

Two-step quantitative reverse transcription polymerase chain reaction (QRT-PCR) was used to

quantify expression of selected genes in thyroid tissue samples and in cancer cell lines.

Firstly, reverse transcription (RT) reactions were used to transcribe RNA into more
stable complementary DNA (cDNA). Reactions were performed using the Moloney Murine
Leukemia Virus Reverse Transcriptase (M-MLV RT). Reactions were assembled on ice. Equal
amounts of RNA (up to 1000 ng per reaction) were mixed with 200 ng of Random Hexamer
Primers (EURx, Poland) and RNase-free water. Samples were incubated in a thermocycler at
70 °C for 5 minutes, and then quickly transferred to ice. Next, following reagents were added
to the RNA/hexamer mix: 2 pl of 10 mM deoxyribonucleotide triphosphate mix
(EURX, Poland), 4 uL. of 5X Reaction Buffer (Promega, USA), 5 U of Ribonuclease Inhibitor
(EURx, Poland), 100 U of M-MLV RT (Promega, USA), and RNase-free water (EURx, Poland)
up to the total volume of 20 pL. Reactions were mixed and transferred to a thermal cycler
(ABI GeneAmp 9700). Incubation was performed as follows: 30 minutes at 16 °C, 90 minutes
at 42 °C, 5 minutes at 85 °C, and hold at 4 °C. cDNA samples were stored at -20 °C.

Secondly, quantitative polymerase chain reaction (QPCR) was performed using the
LightCycler 480 II system (Roche, Switzerland). SYBR Green assays were used. SYBR Green
dye generates fluorescent light once it is intercalated into double-stranded PCR products and
excited with a laser beam. Fluorescence light emitted by the dye is directly proportional to the
number of copies of PCR products. Relative expression of a target gene is calculated by

normalizing its expression level using the expression data obtained for a housekeeping gene
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(i.e., a gene demonstrating stable expression level across different physiological and

pathological conditions).

gPCR reactions were assembled on ice using 1 pl of diluted cDNA, forward and reverse
primers (0.4 pM final, each), 5 pl of LightCycler 480 SYBR Green I Master Mix
(Roche, Switzerland), and nuclease-free water (Roche, Switzerland) up to the total volume of
10 pl. Reactions were performed in white 384-well plates in the LightCycler 480 II instrument.
qPCR reactions were performed as follows: preincubation at 95 °C for 5 minutes, 45 cycles of
amplification (95 °C for 10 seconds, 58 °C for 5 seconds, 72 °C for 7 seconds), a melting curve
analysis (95 °C for 5 seconds, 65 °C for 1 minute, ramp to 97 °C with 5 data acquisitions per 1
°C), and a final cooling at 40 °C for 30 seconds. All reactions were performed in technical
triplicates. Negative control reactions were performed using multiple water blanks and the

negative control RT samples (reverse transcriptase was omitted in these control samples).

Results were analyzed using the LightCycler 480 software (Roche, Switzerland).
Melting curve analysis was performed to confirm presence of a single specific product peak for
each primer pair. Average cycle threshold (Ct) values were calculated for each triplicate.
Relative gene expression was calculated in the reference to the expression of hypoxanthine
phosphoribosyltransferase 1 (HPRTI) using the conventional Livak 224 method [128].
HPRTI is a housekeeping gene regarded to be particularly relevant in the context of thyroid
studies due to its stable expression in thyroid specimens [129-131]. Additionally, I
experimentally validated the stability of HPRT1 expression in DTC/normal thyroid tissue pairs
using other common housekeeping genes: glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and glucuronidase beta (GUSB). The sequences of PCR primers are provided in
Table 1. Good performance of primer pairs was confirmed using serially diluted RNA samples

(i.e., the serial curve analyses).
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Forward primer Reverse primer
DIRC3, total (qPCR) | CTGGTGTCACATCAGAATCTG ACAATCAGCATGGGACTCAC
DIRC3-202 (qPCR) GGAATTGTGCGAGTGGAAATG TGCTAAGATAGAGCCGCAAAG
DIRC3-203 (qPCR) TCATGCTGGCCGATGCTGAG CCACTGGGACAACCATCTTTTAATCAG
DIRC3-204 (qPCR) CTCATCTGTCCGACGAAGCA CCCTACTGTCCTGGTGGAGA
IGFBP5 (qPCR) AAGATCGAGAGAGACTCCCGT CCGACAAACTTGGACTGGGT
HPRTI (qPCR) CAGAGGGCTACAATGTGATG TGGCGTCGTGATTAGTGATG
GAPDH (qPCR) ATCATCTCTGCCCCCTCTG CCTGCCTTCCTCACCTGAT
GUSB (qPCR) TTAAGGTGCCAGGTGTCAG ATGAGGAACTGGCTCTTGG
MALATI (qPCR) GACGGAGGTTGAGATGAAGC ATTCGGGGCTCTGTAGTCCT
PVTI (qPCR) GCCCCTTCTATGGGAATCACTA GGGGCAGAGATGAAATCGTAAT
SNHG)5 (qPCR) GTGGACGAGTAGCCAGTGAA GCCTCTATCAATGGGCAGACA
rs11693806 locus,
(II%élgpan d Sanger GCTTTTGATTGAAATATGGCAGC CAGGCAACCTCCTTACCTG
sequencing)
rs11693806 locus,
600 bp GTACCATCTCACCACTCC CAGAAGGACATTGAACTA
(PCR in T7EI assay)

Table 1. PCR primers used in the SYBR Green qPCR assays, PCR of the rs11693806 locus, and
in Sanger sequencing.

3.4. DNA amplification and agarose gel electrophoresis

Polymerase chain reactions (PCR) were performed to amplify a genomic fragment harboring
rs11693806. Reactions were prepared in a total volume of 50 pl using: 25 ng of genomic DNA,
2X Taq PCR Master Mix (1X final; EURx, Poland), forward and reverse primers
(0.4 uM final, each), and nuclease-free water (EURX, Poland). Reaction mixes were assembled
on ice and transferred to a thermal cycler (ABI GeneAmp 9700, Applied Biosystems, USA; or
Mastercycler nexus gradient, Eppendorf, Germany). PCR was performed using the following
program: 95 °C for 3 minutes, 40 cycles of amplification (95 °C for 30 seconds, 54 °C for
30 seconds, 72 °C for 1 minutes), 72 °C for 5 minutes, and cooling to 4 °C. PCR products were

stored at -20 °C. The sequences of PCR primers are provided in Table 1.

Amplicons were analyzed using the agarose gel electrophoresis. 1% agarose gels were
prepared using Agarose Basica LE (Prona, Belgium), Tris-acetate-EDTA (TAE) buffer and
SYBR Safe DNA Gel Stain (Thermo Fisher, USA). PCR products were mixed with 6X DNA
Gel Loading Dye (1X final; Thermo Fisher, USA) and loaded on 1 % agarose gels (10 pl per
lane). GeneRuler 100 bp Plus DNA Ladder (Thermo Fisher, USA) or Perfect 100 bp DNA
Ladder (EURx, Poland) were used to identify sizes of PCR products. Electrophoresis was
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carried out at 60V for 45-60 min in an electrophoresis box filled with the TAE buffer. PCR
products were visualized under UV light. Amplicon bands corresponding to the PCR products

were excised using sterile blades and transferred to new tubes.

DNA fragments were purified from agarose using the GeneMATRIX Agarose-Out
DNA Purification Kit (EURx, Poland) according to the manufacturer’s instructions. Briefly,
30 ul of Buffer A was applied onto spin-columns. 2.5 volumes of Orange A buffer were added
to one volume of the excised gel band. Samples were placed in a thermoblock set to 55 °C for
10 minutes. The dissolved agarose solution was applied to the DNA binding spin-columns and
centrifuged at 11,000 x g for 1 minute. Flow-through was discarded. Wash A1 buffer was added
to spin-columns. Columns were then spined down at 11,000 x g for 1 minute. Flow-through
was discarded. Wash AX2 buffer was then added, the columns were spined down at
11,000 x g for 1 minute, and the flow-through was discarded again. Another centrifugation at
11,000 x g for 1 minute was performed to remove any buffer residues. DNA was eluted from
the columns using 50 pl of Elution buffer. Final centrifugation at 11,000 x g for 1 minute was

performed to complete the elution. Purified PCR products were stored at -20 °C.

3.5. Sanger sequencing

Sanger sequencing was used to confirm the identify of PCR products and to genotype cancer
cell lines. Purified PCR products (isolated from agarose gels) were diluted in nuclease-free
water to the concentration of 5 ng/pl. Both forward and reverse PCR primers (Table 1) were
used as sequencing primers (at the concentration of 5 uM) in order to obtain sequence reads
from each side of the amplicon. Sanger sequencing reactions were performed by Genomed Inc.
(Warsaw, Poland) using an automated DNA Sequencer. Sequencing chromatograms were

evaluated using the FinchTV software (Geospiza, USA).

3.6. rhAmp SNP genotyping

The genotype of rs11693806 was evaluated using the thAmp SNP genotyping platform
(Integrated DNA Technologies, USA). This novel genotyping method relies on the use of
RNase H2 enzyme, which is capable to cleave DNA/RNA hybrids only in the case of a perfect

base pair match between strands. Components of the rhAmp SNP genotyping system include a
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reverse (“locus”) primer and two allele-specific forward (“allele’”) primers. Both allele-specific
forward primers contain: a 5’ tail, a sequence complementary to the target with a single RNA
nucleotide (matching only one of the probed alleles), and a 3’ blocking modification (preventing
extension of the primer by polymerase). Only if the allele-specific primer is perfectly matched
to its DNA target, the 3’ blocking modification is cleaved by RNase H2. The 5’ tail present in
both allele-specific primers contains a common sequence necessary for anchoring a universal
forward primer, and a dissimilar sequence used for anchoring one of two fluorescent probes.

The probes contain either FAM or Yakima Yellow fluorescent dye, and a quencher.

The rhAmp genotyping reactions proceed as follows: (i) the reverse primer and the
allele-specific forward primers align to DNA targets; (ii) the 3’ blocking modifications are
cleaved by RNase H2 only in the case of a perfect match between the unique RNA base and the
genotyped sequence; (ii1) Taq Polymerase synthesizes a new DNA strand that additionally
integrates sequences present in the 5’ tail of the allele-specific forward primer (i.e., sequence
complementary to the universal forward primer, and the sequence used to anchor the fluorescent
probe). (iv) Subsequent PCR cycles utilize the reverse primer and the universal forward primer.
Fluorescent probes hybridize to the amplicons and are degraded during the polymerase
extension step (i.e., the FAM/Yakima Yellow dyes are decoupled from quenchers).

Accordingly, fluorescent signals are generated and detected by a Real-Time PCR thermocycler.

The rhAmp SNP genotyping system was used to genotype rs11693806 in patients’
germline DNA. The assay was also used to genotype cancer cell lines. Reactions were
performed according to the manufacturer’s guidelines. In short, DNA was diluted to 5 ng/ul
using IDTE pH 7.5 buffer (10 mM Tris, 0.1 mM EDTA; Integrated DNA Technologies, USA).
The rhAmp Genotyping Master Mix (2X) and rhAmp Reporter Mix (40X) were mixed in
20:1 ratio (2.65 pl of the mix was prepared for each reaction). The mix was then combined with
a custom 20X rhAmp SNP Assay (1X final) and PCR-grade water (up to the total volume of 3
ul per reaction). Finally, the reaction mix was combined with 2 pl of DNA (10 ng). Reactions
were performed using the LightCycler 480 II instrument (Roche, Switzerland) using the
following program: 95 °C for 10 minutes, 40 cycles of amplification (95 °C for 10 seconds, 60
°C for 30 seconds, 68 °C for 20 seconds), 99 °C for 10 minutes, and cooling at 40 °C. Post-
amplification endpoint reads were performed using the Dual Color Hydrolysis Probes program
(FAM and HEX channels) using the LightCycler 480 software (Roche, Switzerland).

The rhAmp assay used in this study was custom designed after a personal communication with
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the Integrated DNA Technologies (USA) representatives. The sequences of oligonucleotides

are provided in Table 2.

Allele primer 1 /thAmp-F/ GATAGGATTTCCCAGACATTCGrCGAGG /GT2/

Allele primer 2 /thAmp-Y/ GATAGGATTTCCCAGACATTCCrCGAGG /GT2/

Locus primer GCGAACAACACCCACTCTGTTTAAGrCCCTA /GT2/

Table 2. Custom oligonucleotides used in the rhAmp rs11693806 genotyping assay. /rhAmp-F/ and
/thAmp-Y/ denote anchors for the universal forward primer, and the FAM and Yakima Yellow

(I3 1)

fluorophore probes, respectively. /GT2/ is a proprietary modification blocking primer extension. “r
indicates that the next nucleotide is a ribonucleotide. Reference assay name: CD.GT.NBSR9405.1
(Integrated DNA Technologies, USA).

3.7. Bioinformatic databases

Expression of DIRC3 was evaluated in public databases of comprehensive RNA-sequencing
(RNA-seq) projects. Data for normal tissues was obtained from the Genotype-Tissue
Expression (GTEx) project [132]. Data was accessed via the GTEx Portal (Broad Institute of
MIT and Harvard, USA; https://gtexportal.org/home/; accessed May 2018). Expression of
DIRC3 in papillary thyroid carcinomas was evaluated using The Cancer Genome Atlas
(TCGA)-generated data [31, 133]. TCGA data was retrieved from the cBioPortal for Cancer
Genomics (Memorial Sloan Kettering Cancer Center, USA; https://www.cbioportal.org/;
accessed May 2018) [134]. TCGA data was also applied to evaluate associations between the
gene expression profile and patients’ clinical outcomes. Additionally, TCGA data was used to
examine putative correlations in the expression of DIRC3 and other genes (i.e., evaluate the

gene co-expression).

Genomic and transcriptomic sequences necessary to design custom oligonucleotides
(PCR primers, antisense oligonucleotides and the single-guide RNA templates) were obtained
from UCSC Genome Browser [135] (https://genome.ucsc.edu/) or Ensembl Genome Browser
[136] (https://www.ensembl.org/). The human reference genome assembly GRCh38 was used

to design oligonucleotides.

48



3.8. Culture of cancer cell lines

Human cancer cell lines that were used in in vitro experiments include: MDA-T32
(cat. CRL-3351; conventional PTC), MDA-T68 (cat. CRL-3353; follicular variant of PTC),
MDA-T120 (cat. CRL-3355; conventional PTC) and K1 (cat. 92030501; conventional PTC).
MDA-T32, MDA-T68 and MDA-T120 cell lines were purchased from the American Type
Culture Collection (ATCC, USA). K1 cell line was previously obtained from Sigma-Aldrich
(The European Collection of Authenticated Cell Cultures, UK). Each of these cell lines
represent a unique, validated and comprehensively characterized thyroid cancer model
[137-139]. Additionally, the panel was supplemented with MCF-7 (cat. HTB-22, ATCC), a
breast cancer cell line. MCF-7 was included due to: 1) previously reported associations of
DIRC3 germline variants with the breast cancer risk [90, 91]; 2) a relatively high expression of
DIRC3 in preliminary experiments; 3) frequent use of this cell line in thyroid cancer studies
(e.g., MCF-7 exhibits expression of the iodine symporter and a thyroid hormone-dependent

growth) [140-142]. Mutational characteristics of cancer cell lines are provided in Table 3.

Name Cancer type Mutated genes

K1 PTC, conventional BRAF, PIK3CA, TERT

MDA-T32 PTC, conventional BRAF, TP53, TERT, CDKN2A4

MDA-T68 PTC, follicular variant NRAS

MDA-T120 PTC, conventional BRAF, TP53, TERT, NF2

MCF-7 breast cancer, y PIK3CA, TP53, CDKN2A, GATA3
estrogen receptor positive

Table 3. Mutational profile of the utilized cancer cell lines.

Cell cultures were maintained using appropriate media and techniques. MDA-T32,
MDA-T68 and MDA-T120 were cultured in RPMI-1640 Medium (ATCC modification; Gibco,
UK) supplemented with 10% fetal bovine serum (non-heat inactivated FBS; Euroclone, Italy),
2 mM L-glutamine (Lonza, Switzerland), 1X MEM Non-Essential Amino Acids Solution
(NEAA; Gibco, USA) and 100 U/ml of Penicillin-Streptomycin (Sigma-Aldrich, USA). K1 cell
line was cultured using a medium mix consisting of: 2 volumes of DMEM (Gibco, UK),
1 volume of Ham's F12 (Gibco, UK) and 1 volume of MCDB-105 (Cell Applications, USA),
supplemented with 2 mM L-glutamine, 10% FBS and 100 U/ml of Penicillin-Streptomycin.
MCF-7 was cultured in DMEM high-glucose medium (Gibco, UK) supplemented with 2 mM
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L-glutamine, 10% FBS and 100 U/ml of Penicillin-Streptomycin. Culture media were replaced
twice a week. Subcultures were obtained by rinsing cells with phosphate-buffered saline
(PBS; Gibco, UK) and incubating them with 0.25% trypsin-EDTA (Lonza, Switzerland) for
5-10 minutes. Cells were maintained in sterile plastic flasks and plates. Cultures were kept in
dedicated incubators under conventional culture conditions (37 °C, 5% CO2, 88% humidity).
Cell cultures were regularly inspected and periodically checked for Mycoplasma spp.

contamination using a PCR assay.

Cell counting was performed using Biirker counting chambers. Briefly, cell suspensions
were diluted with 0.4% Trypan Blue solution (1:1 ratio) to assess the viability of counted cells.
10 pl of this mixture was pipetted to the Biirker chamber. Cells present in at least 9 large squares
were counted under an optical microscope. In the Transwell experiments, cell counting was
performed with the TC20 Automated Cell Counter (Bio-Rad, USA) using dedicated single-use

slides. At least 2 measurements were made for each count.

3.9. Nucleic acid extraction from cell lines

Total RNA from cancer cell lines was extracted using the GeneMATRIX Universal RNA
Purification Kit (EURx, Poland) according to the manufacturer’s manual. Briefly, cell
suspensions were centrifuged at 1,000 x g for 2 minutes, cell pellets were lysed with RL buffer,
vortexed, and transferred to homogenizing minicolumns. Homogenizing minicolumns were
centrifuged at full speed for 2 minutes. Afterwards, wash-throughs were mixed with 99.9%
ethanol and transferred to the RNA-binding minicolumns. The columns were washed with
DN1 buffer (to remove any remaining traces of DNA) and washed twice with RBW buffer (to
eliminate contaminants). Centrifugations at 11,000 x g for 1 minute were performed after each
buffer wash. Finally, RNA was eluted from the columns using 50 ul of RNase-free water. Yield
and purity of RNA were measured using the NanoDrop 2000 instrument (Thermo Fisher, USA).
RNA samples were stored at -80 °C.

DNA from cancer cell lines was isolated using the GeneMATRIX Cell Culture DNA
Purification Kit (EURx, Poland) following the producer’s instructions. Cell suspensions were
centrifuged at 1,000 x g for 2 minutes. Cell pellets were lysed using Lyse C buffer, and then
treated with RNase A at room temperature for 5 minutes. Afterwards, the samples were mixed

with Sol C and Protein K buffers, and incubated for 10 minutes at 70 °C. Samples were then
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mixed with 96% ethanol and transferred to silicone minicolumns. The columns were washed
with CX1 and CX2 buffers and centrifuged at 11,000 x g for 1 minute after each buffer wash.
Finally, DNA was eluted using 50 pl of Elution buffer. Yield and purity of DNA were measured
using the NanoDrop 2000 instrument (Thermo Fisher, USA). DNA was stored at -20 °C.

3.10. Subcellular RNA fractionation

RNA fractionation was performed in cancer cell lines to identify the subcellular localization of
DIRC3 transcripts. The experiment was performed due to two reasons. Firstly, its outcomes
could provide early insights into a possible transcriptomic activity of IncRNA transcripts, many
of which are functional only in the nucleus. Secondly, the identification of subcellular location
of transcripts could indicate the most appropriate gene silencing method. In particular, antisense
oligonucleotides have been shown to be superior over the RNA interference (RNAIi)

mechanisms for the knock-down of nuclear IncRNAs [143].

The RNA fractionation experiment was performed in MDA-T32 and MCF-7, two cell
lines that demonstrated the highest expression of D/IRC3. Experiments were executed using a
previously described method with some modifications [144]. Briefly, cells were cultured on
6-well plates until they reached a full confluency. Culture medium was discarded and cells were
washed with ice-cold PBS. Next, PBS was removed and the culture plates were placed on ice.
Thereafter, 500 pl of cold Nuclei EZ lysis buffer (Sigma-Aldrich, USA) was added to each
well. Cell lysates were collected using single-use cell scrapers and transferred to clean 1.7 ml
tubes. The lysates were vortexed briefly and kept on ice for 5 minutes. Afterwards, samples
were centrifuged at 500 x g for 5 minutes at 4 °C. The upper 300 pl of supernatant was
transferred to a new tube and placed aside on ice (this represented the cytoplasmic fraction).
The rest of the supernatant was discarded. The remaining pellet was resuspended in 500 pl of
Nuclei EZ lysis buffer, mixed by pipetting 7 times, and transferred to a new 5 ml tube. Another
3.5 ml of Nuclei EZ lysis buffer was added and mixed. Samples were placed on ice for
5 minutes. Next, tubes were centrifuged at 500 x g for 5 minutes at 4 °C. Supernatants were
discarded, and the remaining pellets were resuspended in 300 pl of ice-cold
radioimmunoprecipitation assay buffer (RIPA; Thermo Fisher, USA). Afterwards, the
resuspended pellets (representing the nuclear fraction) were passed through sterile needles

(25G) 8 times.
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Once the separation of cellular fractions was completed, RNA was extracted using the
acid guanidinium thiocyanate-phenol-chloroform method. 2 ml of RNA Extracol (EURX,
Poland) was added to 300 pl of each RNA fraction. Samples were then incubated at room
temperature for 5 minutes. Afterwards, 400 pl of chloroform was added, the samples were
vortexed vigorously for 15 seconds, and left undisturbed for 3 minutes. Afterwards, the tubes
were centrifuged at 12,000 x for 15 minutes at 4 °C. The upper (aqueous) layers were carefully
transferred to new tubes. Subsequently, RNA isolations were performed using the
GeneMATRIX Universal RNA Purification Kit (EURx, Poland) as described above (chapter

3.9.; starting with the application of aqueous layers to the homogenizing minicolumns).

The nuclear and cytoplasmic RNA fractions were isolated at least three times from both
analyzed cell lines. qRT-PCR was performed using 1000 ng of RNA obtained from each
fraction. The relative subcellular location of transcripts was estimated by calculating differences
in the Ct values obtained for equal mass inputs of nuclear and cytoplasmic RNA (both
originating from a single fractionation experiment). Two IncRNAs with known subcellular
localizations were used as controls: MALATI (anuclear IncRNA) and small nucleolar RNA host

gene 5 (SNHGS, a cytoplasmic IncRNA) [145-148].

3.11. Gene silencing

Gene silencing experiments were performed using antisense oligonucleotides (ASOs). ASOs
typically contain chemical modifications that increase their nuclease-resistance. This study
utilized GapmeRs (Qiagen, Germany), proprietary oligonucleotides that contain /ocked nucleic
acid (LNA)-modified nucleotides in the ASOs’ flanks, and a central “gap” consisting of regular
DNA nucleotides. The LNA nucleotides (containing a methylene bridge between the 2’ and 4’
position of ribose) increase the GapmeR’s stability and affinity, while the central DNA
nucleotides produce DNA/RNA hybrids that elicit degradation of the targeted transcripts by
RNase H [149].

Gene silencing reactions were performed as follows. Cells were plated in 6-well plates
24 hours before transfections (3 x 10° cells per well for MDA-T32, MDA-T68, K1 and
MCF-7, or 4 x 10° cells per well for MDA-T120). Cells reached confluency of ~70% on the
day of transfection. Complete culture medium was replaced with serum- and antibiotic-free

medium immediately before transfections. Stock GapmeR solutions were diluted in OptiMEM
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(Gibco, UK) in the tube number one, while Lipofectamine 2000 (Thermo Fisher, USA) was
diluted in OptiMEM in the tube number two. The solutions were incubated at room temperature
for 5 minutes. Afterwards, the contents of both tubes were mixed together (1:1 ratio), and
incubated at room temperature for 15 minutes. Thereafter, 250 pul of the mixture was applied
drop-wise to each well (attaining a total medium volume of 2 ml in each well). The final amount
of Lipofectamine 2000 was 5 pl per well, and the final concentration of GapmeR was 50 nM.
The transfection medium was replaced with fresh complete culture medium (containing 10%
FBS and antibiotics) five hours after transfections. Cells were collected 72 hours after
transfections (for the isolation of total RNA, and in the migration and invasiveness assays), or
after 48 hours (in the soft agar assay experiments). In MTT assays transfections were performed
directly in 96-well plates. Accordingly, volumes of reagents were scaled down (0.25 pl of

Lipofectamine 2000 per well, 0.1 ml of culture media per well).

The GapmeR sequences are provided in Table 4. An early design of a DIRC3-targeting
GapmeR (termed anti-D/RC3-common_1) was found to be non-functional and was not used in
the subsequent experimental procedures. GapmeR targeting MALATI was used as a positive
control, and a commercial scramble GapmeR was utilized as a negative control. Custom

GapmeRs were automatically designed using a dedicated on-line tool offered by Qiagen.

GapmeR Sequence
anti-DIRC3-common_2 T*A*A*A*A*T*G*G*C*A*G*G*G*T*G*T
anti-DIRC3-common_3 CH*T*T*G*A*A*T*A*G*A*G*G*C*T*A

anti-DIRC3-202 C*A*C*A*A*A*T*A*A*G*T*A*G*A*C*G
anti-IGFBP5 G*G*A*A*T*G*G*T*G*C*G*A*G*T*A*T
anti-MALATI C*G*T*T*A*A*C*T*A*G*G*C*T*T*T*A
negative control A AFAXCH*AXCH*G*¥*T*CH*T*A*T*A*C*G*C

Table 4. GapmeR oligonucleotides. * indicates a phosphorothioate backbone modification.

3.12. Migration and invasiveness assays

Migration and invasiveness of cancer cells were tested using Transwell chambers. Firstly, cells
were transfected with GapmeRs in 6-well plates. Complete culture medium was replaced with
serum-free culture medium 48 hours after transfections. After 24 hours of serum starvation,
cells were washed with PBS and detached from wells using the Non-enzymatic Cell

Dissociation Solution (Sigma-Aldrich, USA). Afterwards, cells were collected into tubes,
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centrifuged (300 x g for 5 minutes), resuspended in serum-free medium, counted, and re-diluted
in appropriate serum-free medium. 333 pl of the cell suspension (containing 5 x 10* cells) was
gently pipetted to the upper compartment of 6.5 mm Transwell with 8.0 um Pore Polycarbonate
Membrane Inserts (Corning, USA) placed in 24-well plates. The lower compartment of these
chambers was filled with 750 pl of complete culture medium (containing 10% FBS). Cells were
cultured for 22 hours. Afterwards, all liquids were removed. The inserts were immersed in
4% paraformaldehyde (PFA) solution for 5 minutes, and then stained using 0.05% crystal violet
solution (Sigma-Aldrich, USA) for 5 minutes. Afterwards, the inserts were rinsed 5 times in
water. Any remaining liquids were gently pipetted away. Upper layers of the insert membranes
were firmly cleansed with cotton swabs. Finally, the membranes were visualized using an
optical microscope (40x magnification). At least 5 random fields of view were photographed
for each insert. The number of migrating cells was counted using ImagelJ (National Institutes
of Health, USA). Results were presented as a mean number of migrating cells per field of view.

Each experiment was repeated at least three times.

Cell invasiveness was assessed using the Matrigel-precoated Transwell inserts (BioCoat
Matrigel Invasion Chambers with 8.0 um Pores; Corning, USA). Matrigel is a basement
membrane preparation extracted from the Engelbreth-Holm-Swarm murine sarcoma. It consists
of extracellular matrix proteins, such as laminin, collagen IV, heparan sulfate proteoglycans,
entactin/nidogen and growth factors. Matrigel matrix is commonly used as an in vitro model of
tissue basement membranes. Frozen inserts were thawed to room temperature immediately
before use and rehydrated using warm serum-free culture medium. Subsequently, the invasion

assays were executed in the same manner as for the uncoated inserts (described above).

In addition, I tested whether IGF-1 is capable to induce chemotaxis in thyroid cancer
cells. This additional experiment was performed due to a hypothetical role of DIRC3 in the
modulation of cellular response to IGF-1. Assays were performed in the same manner as in the
regular Transwell migration experiments, except the 24-hour serum-starvation step was omitted
(I observed that prior serum starvation strongly abrogated the IGF-1-induced chemotaxis in the
tested cell lines). The lower compartment of Transwell chambers was filled with 750 pl of
serum-free culture medium containing 100 ng/ml of IGF-1 (Gibco, USA). Each experiment was

repeated at least three times.
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3.13. MTT assay

MTT assay measures the cellular metabolic activity which indirectly indicates the number of
viable cells growing in standard culture conditions. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, is a soluble tetrazolium dye (yellow color) that is reduced to
insoluble formazan crystals (purple color). Reduction of MTT takes place in viable cells. Once
the formazan crystals are formed, they may be dissolved using a solution containing sodium
dodecyl sulfate (SDS) and diluted hydrochloric acid. Finally, the absorbance of colored
solutions is registered at the wavelength of 560-570 nm. The absorbance is directly and nearly

linearly proportional to the number of living cells in a sample.

0.1 ml of cell suspensions were plated in 96-well plates (3300 and 5000 cells per well
for MDA-T32 and MDA-T120, respectively). Cells were transfected with GapmeRs (in the
gene silencing experiments) or sgRNAs (in the CRISPRa overexpression experiments) 24 hours
after plating. Culture medium was replaced five hours after transfections (0.2 ml of fresh culture
medium was added to each well). Empty wells were filled with PBS to prevent uneven

evaporation.

MTT assays were performed in 24-hour intervals (up to 96 hours post-transfection).
Briefly, culture medium was replaced with 0.1 ml of OptiMEM. 10 pL of 12 mM MTT solution
(Sigma-Aldrich, USA) was added to each well. Negative controls were also included (MTT
stock solution was added to 100 puL of OptiMEM in cell-free wells). Plates were incubated for
4 hours at 37 °C. Afterwards, 100 pL of dissolving solution (0.1 g/ml SDS in 0.01 M HCI;
Thermo Fisher, USA) was added to each well and gently mixed by pipetting. Plates were
incubated overnight at 37 °C. Finally, the well absorbance was measured using the GloMax
microplate reader (Promega, USA) using the 560 nm wavelength reads. Absorbance of blank
wells was subtracted from the absorbance measured in samples. Results were registered as
optical densities (ODs). Four technical replicates were included for each sample. All

experiments were repeated at least three times. Mean ODs of all replicates were calculated.

3.14. Apoptosis assay

Apoptosis is a process of programmed cellular death that may be induced by different stimuli

(e.g., nutrient starvation, hypoxia, chemicals, immune reactions, pathogens, temperature,
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radiation). It is a complex mechanism that requires an intrinsic or extrinsic activation of
caspases (proteases), which ultimately activate intracellular proteins that execute the cell death
program. Activity of the effector caspases 3 and 7 is frequently used to evaluate the intensity
of apoptosis in vitro. The magnitude of apoptosis may be modulated by the presence of growth
factors. In particular, apoptosis is inhibited by IGF-1, however IGFBP5 or IGFBP-3 may
abolish this inhibitory effect [150-153]. Accordingly, I decided to investigate whether silencing
of DIRC3 could influence the apoptosis of thyroid cancer cells that were deprived of serum and

L-glutamine.

Apoptosis was measured using the Caspase-Glo 3/7 assay (Promega, USA). This test is
based on addition of a substrate (DEVD-aminoluciferin) that is cleaved by active caspase-3/7
released from apoptotic cells. The cleaved substrate stimulates a proprietary luciferase that
generates a luminescent signal. The assay was performed according to the manufacturer’s
instructions. Briefly, MDA-T32 and MDA-T120 cells were plated in 96-well white-walled
microplates (Corning, USA). Cells were transfected with GapmeRs 24 hours after plating. Cells
were near confluent after 72 hours of incubation. Next, complete culture medium was discarded,
and cells were briefly rinsed with PBS. Thereafter, cells were cultured in 0.1 ml of L-glutamine-
and serum-free Dulbecco’s Modified Eagle Medium (DMEM, Gibco, USA). Blank wells were
also filled with DMEM. After 24 hours of starvation, the culture plates were removed from
incubators and left to equilibrate to room temperature. The Caspase-Glo 3/7 substrate was
reconstituted in the provided buffer, and 0.1 ml of the substrate was added to each well.
Luminescence was measured after 1 hour of incubation at room temperature. Measurements
were performed using the GloMax microplate reader (Promega, USA). The final luminescence
values were expressed as a ratio between the luminescence of samples and blanks. Experiments
were repeated three times with technical duplicates in each assay. Mean values for all six

replicates were calculated.

3.15. Soft agar assay

Soft agar colony formation assay is a test that measures the anchorage-independent growth, i.e.,
the hallmark capability of cancer cells to grow without attachment to a solid surface.
A low-melting point agarose (SeaPlaque, Lonza, Switzerland) was added to distilled

water to produce 3.2% agarose stock solution. The solution was autoclaved and cooled in a
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water bath to 37 °C. The agarose solution was mixed with warm complete RPMI-1640 culture
medium (1:3 volume ratio). This mix was immediately poured to 6-well plates (1 ml per well)
to produce 0.8% base agarose layer. Plates were swirled briefly to distribute the agarose solution
evenly. Next, the plates were cooled at 4 °C for 5 minutes, and transferred to room temperature

for immediate use.

MDA-T32 and MDA-T120 cells were plated in 6-well plates, transfected with GapmeRs
(as described in chapter 3.11) and cultured for another 48 hours. Afterwards, the cells were
rinsed with PBS, trypsinized, pelleted, resuspended in complete culture medium, and counted.
Cell suspensions were diluted to 1.15 x 10* cells per 1 ml. 5 ml of the diluted cell suspension
was swiftly mixed with 0.75 ml of warm 3.2% stock agarose solution (thus producing
0.42% agarose mix). 1 ml of the cell/agarose mixture was applied to the wells previously coated
with 0.8% base agarose layer. Plates were gently swirled to distribute solutions evenly and
moved to 4 °C for 5 minutes. Finally, wells were covered with 1 ml of complete culture medium.
Plates were cultured in a humified incubator for 16 days (MDA-T32) or 21 days (MDA-T120).
Culture medium covering the agarose gels was carefully replaced every 5 days. Once the
incubation was completed, the covering medium was discarded and gels were covered with 1
ml of staining solution (an aqueous solution of 0.005% crystal violet and 10% ethanol). Staining
was performed for at least 1 hour. Thereafter, the staining solution was removed and wells were
gently rinsed with water. Finally, plates were placed on a white transilluminator and
photographed using a digital camera. Visible colonies were counted using Imagel (National
Institutes of Health, USA). Assays were repeated at least three times with technical triplicates

in each experiment.

3.16. RNA sequencing

RNA sequencing (RNA-seq) was performed to assess global transcriptomic alterations
triggered by silencing of DIRC3 or IGFBPS5 in MDA-T32 cell line. Transcriptomic data
generated in cells transfected with the gene silencing GapmeRs was compared with the
transcriptomic data produced in cells transfected with the negative control GapmeR. Analogous
gene expression profiling experiments were executed for MDA-T32 clones that were modified
using CRISPR/Cas9. Transcriptomes of the rs11693806-edited clones were compared with the

transcriptomic profile obtained for wild-type (unmodified) cells.
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Total RNA was isolated from MDA-T32 cells 72 hours after transfections with
GapmeRs (anti-DIRC3-common_3, anti-/GFBP5 or negative control A). In experiments
utilizing the CRISPR-edited clones, total RNA was isolated 96 hours after cell seeding. All
samples were prepared in biological triplicates. Efficient silencing of the GapmeRs’ targets was
verified using qRT-PCR. Once validated, the samples were used for RNA-sequencing. All steps
of Next Generation Sequencing (including the RNA quality control, library preparation,
sequencing, bioinformatic analysis) were performed by GENEWIZ (Leipzig, Germany) using
the “Standard RNA-seq service”.

Briefly, RNA concentration was measured using Qubit (Thermo Fisher, USA) and the
sample quality was evaluated using Fragment Analyzer (Agilent, USA). All samples achieved
RNA Quality Number (RQN) of 10 (the maximum score). Libraries were prepared using
NEBNext Ultra I RNA Library Prep Kit for [llumina (New England Biolabs, USA). The library
generation workflow included: enrichment of transcripts (polyA selection utilizing oligo-dT
beads), RNA fragmentation, cDNA synthesis with random priming, end repair,
5’ phosphorylation and dA-tailing, adapter ligation, and the final PCR enrichment. Sequencing

was performed on the Illumina NovaSeq 6000 instrument using paired-end reads (PE 2x150).

Raw reads were quality evaluated using FastQC [154]. The >Q30 parameter exceeded
92% 1n all samples (i.e., 92% of bases were called with an accuracy of >99.9%) with the mean
quality score of 35.6. Sequence reads were trimmed to remove adapters and poor-quality
nucleotides using Trimmomatic v.0.36 [155]. Reads were mapped to the Homo sapiens
GRCh38 reference genome (available on Ensembl) using STAR aligner v.2.5.2b [156]. BAM
files were generated with at least 96% of all reads being successfully mapped in each sample.
Unique gene hit counts were calculated using the featureCounts software from Subread package
v.1.5.2 [157]. Gene expression levels were expressed as Transcripts Per Kilobase Million
(TPM). Differential gene expression was determined using DESeq2 [158]. The Wald test was
performed to obtain p-values and log2 fold changes. Genes with the adjusted p-value of < 0.05
(the Benjamini-Hochberg false-discovery rate correction) and the absolute log2 fold change >1
were denoted as differentially expressed genes (DEGs). Gene ontology (GO) analyses were
performed using the GeneSCF v.1.1-p2 software [159]. The goa human GO list was used to

obtain clusters of genes related to particular biological processes.
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3.17. Plasmids

Plasmids were used to produce cell line derivatives with a stable expression of selected genes.

Plasmids were obtained from Addgene (USA) and Invitrogen (USA).

pcDNA3-IGFBP5-V5 plasmid was a gift from Steven Johnson (Addgene plasmid
#11608; http://n2t.net/addgene:11608; RRID: Addgene 11608). The plasmid was used to
induce overexpression of /GFBP5 in the gene “rescue” experiments. The pcDNA3 plasmid

(Invitrogen, USA) was used as an empty control vector.

SP-dCas9-VPR plasmid was a gift from George Church (Addgene plasmid #63798;
http://n2t.net/addgene:63798; RRID: Addgene 63798). This plasmid encodes a nuclease-null
Cas9 protein (dead Cas9, dCas9) fused with the VP64-p65-Rta (VPR) domain. VPR is a
tripartite transcriptional activator that may potently induce expression of endogenous coding
and noncoding genes [160]. dCas9-VPR protein hybridizes with a guide RNA (gRNA), which
is delivered separately to the plasmid-transfected cells. Consequently, gRNA anchors the
ribonucleoprotein complex to its DNA target. Thereafter, dCas9-VPR is capable to recruit

transcriptomic machinery to a specific genomic locus (typically to the gene promoter).

The SP-dCas9-VPR plasmid was used in the CRISPR activation (CRISPRa)
experiments. The main goal of this procedure was to upregulate D/IRC3 in thyroid cancer cell
lines. An important advantage of CRISPRa over the conventional plasmid-mediated gene
overexpression is a possibility to elicit transcription of a given gene in its endogenous genomic
locus [161]. This is especially important for nuclear IncRNAs whose activity is often nuclear
and cis-regulatory. In contrast, expression plasmids produce transcripts in the cytoplasm, and
thus cannot recapitulate the nuclear regulatory functions of many IncRNAs. CRISPRa has been

successfully applied to functionally characterize several nuclear IncRNAs [161, 162].

The Addgene plasmids were obtained as bacteria in agar stabs (E. coli DH5a strains).
Luria broth (LB) agar plates containing 100 pg/mL ampicillin (Gibco, USA) were prepared on
10 cm polystyrene Petri dishes. Bacteria growing in agar stabs were touched with a sterile
pipette tip. The tip was gently spread on LB plates. Plates were then incubated overnight at
37 °C. Afterwards, single colonies were collected using sterile tips. The tips were dropped to
round-bottom falcon tubes filled with S.O.C. medium (Super Optimal Catabolite medium,
Invitrogen, USA). The cultures were incubated in an orbital shaking incubator at 37 °C for

12 hours. Once the S.0.C. medium became hazy, one part of the culture was used to prepare
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glycerol stocks (medium was mixed with an equal volume of 50% glycerol and frozen at
-80 °C). The remaining medium was used to isolate plasmids using the GeneMATRIX Plasmid
Miniprep DNA Purification Kit (EURx, Poland). Briefly, 3 ml of the culture was centrifuged at
12,000 x g for 2 minutes. Bacterial pellets were resuspended in Cell R buffer and lysed using
Lysis Blue buffer. The content was mixed gently by inversions. Afterwards, the mix was
neutralized using Neutral B buffer and mixed gently by inversions. Next, the tubes were
centrifuged at 12,000 x g for 7 minutes. The supernatant was applied to silicone minicolumns,
and spined at 11,000 x g for 1 minute. The columns were flushed with Wash PLX1 and Wash
PLX2 buffers with centrifugations at 11,000 x g for 1 minute being performed after each buffer
wash. After the final centrifugation, the columns were transferred to new test tubes. 50 pl of
Elution Buffer was applied to the silicone membranes. After incubation at room temperature
for 5 minutes, the columns were centrifuged at 11,000 x g for 1 minute. Plasmid concentrations
were measured using the NanoDrop 2000 instrument (Thermo Fisher, USA). Plasmid elutes
were frozen at -20 °C. Identities of the isolated plasmids were confirmed with Sanger
sequencing (performed by Genomed, Warsaw, Poland). Universal sequencing primers were

used for this analysis (CMV-F for SP-dCas9-VPR, and T7 for pcDNA3-IGFBP5-V5).

3.18. Stable cell line generation

Cell lines with stable overexpression of specific proteins were produced by transfecting cell
lines with the aforementioned expression plasmids. Selection of transfected clones was
performed using geneticin (G418) as all plasmids used in the study contain the neomycin

resistance gene (neo) that confers resistance to G418.

Cells were plated in 24-well plates 24 hours before transfections (7.5 x 10* cells in
0.5 ml of antibiotic-free culture medium per well). Fugene 6 transfection reagent (Promega,
USA) and OptiMEM medium were allowed to equilibrate to room temperature before use.
6 ul of Fugene 6 was added to 94 pul of OptiMEM, mixed gently and incubated at room
temperature for 5 minutes. Thereafter, 2 pug of plasmid (SP-dCas9-VPR, pcDNA3-IGFBP5-VS5,
or empty pcDNA3 plasmid) was added to the Fugene/OptiMEM solution. Plasmids were not
added to the control wells (a matching volume of OptiMEM was added instead). Tubes were
gently mixed and incubated at room temperature for 15 minutes. Afterwards, 50 pl of the
transfection mix was added dropwise to the cells. Culture plates were swirled and placed in a

humified incubator for 48 hours. Afterwards, the transfection medium was replaced with
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complete culture medium supplemented with penicillin, streptomycin and G418 (Clontech,
USA). Cells were cultured for at least three weeks. Culture medium containing G418 was
replaced every 4 days. This treatment resulted in a complete elimination of cells in the control

wells, and a gradual expansion of the G418-resistant clones in the transfected wells.

The appropriate, cell-selecting concentration of G418 was determined experimentally
in each cell line using the concentration-killing curve approach. Briefly, cells were plated in
96-well plates and treated with various concentrations of G418 for two weeks. Afterwards, cell
viability was tested using MTT assay. The lowest concentration of G418 that resulted in a
complete elimination of cells was selected for later use. The concentration of G418 suitable for
the clone selection was determined as: 600 pg/ml for MDA-T32, MDA-T120 and MDA-T68,
and 300 pg/ml for K1 cell line. The selected clones were maintained in 500 pg/ml and

200 pg/ml of G418, respectively.

3.19. Western blot

Western blotting was done to evaluate alterations in the activity of IGF1 signaling pathway in

thyroid cancer cells undergoing silencing of DIRC3 or IGFBPS.

MDA-T32 cells were plated in 6-well plates (3.0 x 10> cells per well) one day before
transfections. Transfections were performed as described above (chapter 3.11) using
Lipofectamine 2000 and GapmeRs (anti-D/RC3-common_3, anti-/GFBPS5, or negative control
A). Serum-free RPMI-1640 medium was removed 5 hours after transfections, and the cells were
cultured in complete medium (containing 10% FBS) for another 67 hours. Afterwards, the
medium was removed, cells were rinsed with PBS, and cultured in 2 ml of serum-free RPMI-
1640 medium containing IGF-1 (20 ng/ml; Gibco, USA). Cells were incubated for another
24 hours. Next, the conditioned medium was collected into marked tubes and stored at 4 °C.
Meanwhile, the cells were rinsed with PBS and cultured in 2 ml of serum-free RPMI medium.
Cells were serum-starved for 12 hours. Subsequently, the starvation medium was discarded,
and the cells were re-stimulated with 1 ml of the conditioned medium that was collected
12 hours prior (the conditioned medium was returned to the original wells). The conditioned
media were prepared in three version: a) unmodified, b) supplemented with additional IGF-1
(extra 30 ng/ml), or c¢) supplemented with the recombinant human IGFBPS protein (500 ng/ml;
Peprotech, USA).
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Cells were stimulated with the respective media for 10 minutes. Afterwards, the medium
was removed from each well, culture plates were placed on ice, and cells were briefly rinsed
with ice-cold PBS. 90 pul of ice-cold RIPA buffer supplemented with the Halt Protease and
Phosphatase Inhibitor Cocktail (both Thermo Fisher, USA) was added to each well. Next, cells
were scraped using chilled single-use scrapers. The resulting lysates were collected to 1.7 ml
tubes, placed on ice, and agitated on an orbital shaker for 30 minutes. Next, the samples were
centrifuged at 12,000 x g for 20 minutes at 4 °C. Supernatants were transferred to new tubes,

aliquoted and frozen at -80 °C.

Thereafter, protein aliquots were thawed and the protein concentrations were measured
using the Pierce BCA Protein Assay Kit (Thermo Fisher, USA) according to the manufacturer’s
manual. This bicinchoninic acid (BCA) assay was performed in 96-well microplates. Briefly,
10 pl of protein samples and 10 pl of serially diluted protein standards (bovine serum albumin,
BSA) were pipetted in triplicates. 200 pl of the BCA working mix (consisting of 50 parts of
BCA Reagent A mixed with 1 part of BCA Reagent B) was added to the protein samples and
standards. Plates were incubated at 37 °C for 30 minutes. Next, the plates were moved to room
temperature. Absorbance in wells was measured using the GloMax microplate reader (Promega,
USA) utilizing the 560 nm wavelength reads. Absorbance of blank wells was subtracted from
the absorbance obtained for each protein sample. Standard curve was generated for the BSA
standards. Protein concentrations in unknown samples were determined using the standard

curve method.

Finally, protein samples were analyzed using the polyacrylamide gel electrophoresis
(PAGE) and Western blotting. Briefly, protein samples were diluted in RIPA buffer to obtain
equal protein concentrations in all aliquots. Thereafter, samples were mixed with Laemmli
loading buffer (Bio-Rad, USA) and boiled at 95 °C for 5 minutes. 10 pg of each protein sample
was loaded on 10% Mini-PROTEAN TGX polyacrylamide gel (Bio-Rad, USA). Additionally,
PageRuler Prestained Protein Ladder (Bio-Rad, USA) was loaded on the gel. Electrophoresis
was performed using the Mini-PROTEAN Tetra cells (Bio-Rad, USA) filled with
Ix Tris/Glycine/SDS buffer (Bio-Rad, USA). Gels were run at 50 V for 5 minutes, and at
100 V for another 60 minutes. Afterwards, gels were removed from cassettes, immersed into
1x Novex Tris-Glycine Transfer Buffer (Thermo Fisher, USA) and assembled into a “transfer
sandwich” containing a polyvinylidene fluoride (PVDF) membrane (Bio-Rad, USA). The
“transfer sandwich” and icepacks were placed into a transfer tank (Bio-Rad, USA) filled with

the Transfer Buffer. Protein transfer was performed overnight in a cold room at a current of
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10 mA. Afterward, PVDF membranes were rinsed with distilled water and blocked with
5% (w/v) non-fat dry milk in Tris-buffered saline/1% Tween-20 (TBS-T) for 1 hour. Thereafter,
membranes were incubated with primary antibody solutions overnight at 4 °C (Table 5). Next,
membranes were washed three times with TBS-T, and incubated with the appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 hour.
Membranes were then washed with TBS-T three times. Finally, protein detection was
performed using the SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo
Fisher USA). Chemidoc Touch System (Bio-Rad, USA) was used for image acquisitions.

Imagel software (NIH, USA) was used for the densitometric analysis of protein blots.

Antibody Dilution | Catalog number Manufacturer
Phospho-IGF-I Receptor p (Tyr1135) ; Cell Signaling,
(DA7A8) Rabbit mAb 1:1000 #3918 USA
IGF-I Receptor B (D23H3) XP Rabbit . Cell Signaling,
mAb 1:1000 #9750 USA
Phospho-AKT (Ser473) (D9E) XP Rabbit | 1:2000 #4060 el %‘gﬁflmg’
. Cell Signaling,
AKT (pan) (C67E7) Rabbit mAb 1:1000 #4691 VS
Phospho-p44/42 MAPK (Erk1/2) . .
(Thr202/Tyr204) (D13.14.4E) XP Rabbit | 1:1000 #4370 Celll Srzeling,
USA
mAb
beta-Actin Antibody, Rabbit mAb 1:1000 #4967 Cell %ﬁf}flmg’
. . . . Jackson Immuno
Peroxidase AffiniPure Goat Anti-Rabbit 1:10,000 111-035-144 R
IgG [H+L] USA

Table 5. Antibodies used for Western blotting.

3.20. Single-guide RNAs

Guide RNA (gRNA) is a molecule that binds Cas9 nuclease and delivers the newly formed
ribonucleoprotein complex to a specific nuclear locus. A common method is to apply gRNAs
as single-guide RNAs (sgRNAs). sgRNA integrates two separate components: a custom-
designed short crRNA (that hybridizes to the target DNA) and a scaffold tracrRNA (that binds
to Cas9). Genomic editing is possible if the targeted genomic locus is located next to the

protospacer adjacent motif (PAM) sequence. In the case of SpCas9 (protein originating from
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Streptococcus pyogenes), the PAM sequence is 5'-NGG-3' (where “N” is any nucleotide base).
Cas9 performs double-stranded DNA cuts exactly three nucleotides upstream from PAM.

In this study sgRNAs were utilized for the genomic editing of the rs11693806 locus, as
well as in the CRISPRa experiments. sgRNAs were designed using two publicly available on-
line tools: CHOPCHOP [163] (University of Bergen, Norway; http://chopchop.cbu.uib.no/) and
CRISPick [164] (The Broad Institute, USA;
https://portals.broadinstitute.org/gppx/crispick/public). These tools permit design of sgRNAs
that meet stringent criteria (i.e., presence of PAM in the target region, lack of any significant
off-targets, high predicted editing efficiency). The sgRNA that targeted the rs11693806 locus
was computationally designed using a sequence input of 100 base pairs upstream and 100 base
pairs downstream from rs11693806. Important note: rs11693806 is located directly next to
another germline variant, rs4674173. This SNV is annotated as rs4674173[A] in the reference
human genomes (GRCh37 and GRCh38). This allele is, however, present in very few
populations (principally as a minor allele in the people of African ancestry) and is totally absent
in Caucasians (in this population the only allele is 1s4674173[G] as per The 1000 Genomes
Project). Accordingly, sgRNAs and the rhAmp genotyping assays had to accommodate
rs4674173[G].

sgRNAs used in the CRISPRa experiments were primarily designed using an input
window of 400 to 50 base pairs upstream from the Transcription Start Site (TSS) of DIRCS3.
This target window usually provides the highest efficiency of the CRISPRa-mediated induction
of gene expression [165]. TSS was identified using the Cap Analysis of Gene Expression
(CAGE) data generated in FANTOMS project (Riken, Japan) [166]. FANTOMS/CAGE has
been previously shown to be the most reliable method of the TSS annotation for CRISPR
experiments [167]. The primary TSS of DIRC3 was identified using the Zenbu genome browser
(https://fantom.gsc.riken.jp/zenbu/).

Custom oligonucleotides used for the synthesis of sgRNAs are shown in Table 6. The
sgRNA used for the genomic editing of rs11693806 was one of the top picks produced by both
CHOPCHOP and CRISPick (Figure 3). This sgRNA had a high on-target efficacy score, no
significant off-targets, and its PAM was ideally located exactly three base pairs downstream
from rs11693806. This distance has been previously shown to be optimal for efficient editing
using the homology-directed repair (HDR) mechanisms [168, 169]. The variant-editing sgRNA

was designed to target genomic sequences containing rs11693806[C].
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Tz.lrget F1 forward T.arget R1 reverse Final target sgRNA
primer for template primer for template sequence
assembly assembly

sgRNA-DIRC3- | TAATAC GACTCA TTCTAG CTCTAA CTTTGAGGGATTACGGGCGC
1 CTATAG CTTTGA AACGCG CCCGTA

GGGATT ACGGG ATCCCT CAAA
sgRNA-DIRC3- | TAATAC GACTCA TTCTAG CTCTAA TCACGCACGTATGCCCCGCA
2 CTATAG TCACGC AACTGC GGGGCA

ACGTAT GCCCC TACGTG CGTG
sgRNA-DIRC3- | TAATAC GACTCA TTCTAG CTCTAA GCGCAGGGATAGCTCGCTGG
3 CTATAG GCGCAG AACCCA GCGAGC

GGATAG CTCGC TATCCC TGCG
sgRNA-DIRC3- | TAATAC GACTCA TTCTAG CTCTAA CACGCACGTATGCCCCGCAT
4 CTATAG CACGCA AACATG CGGGGC

CGTATG CCCCG ATACGT GCGT
sgRNA-DIRC3- | TAATAC GACTCA TTCTAG CTCTAA CTGCGTGTGAGCAGCTCCGG
5 CTATAG CTGCGT AACCCG GAGCTG

GTGAGC AGCTC CTCACA CGCA
sgRNA-PVTI1 TAATAC GACTCA TTCTAG CTCTAA GCCGGGACCGAGGACGCACG

CTATAG GCCGGG AACCGT GCGTCC

ACCGAG GACGCACG | TCGGTC CCGGC
sgRNA-non- TAATAC GACTCA TTCTAG CTCTAA ACGGAGGCTAAGCGTCGCAA
target CTATAG ACGGAG AACTTG CGACGC

GCTAAG CGTCGC AA TTAGCC TCCGT
sgRNA- TAATAC GACTCA TTCTAG CTCTAA GATTTCCCAGACATTCGCGA
rs11693806[C] | CTATAG ATTTCC AACTCG CGAATG

CAGACATTCGCG A TCTGGG AAAT

Table 6. Custom oligonucleotides used for the synthesis of sgRNA templates.

Similarly, sgRNAs used in the CRISPRa experiments were chosen from multiple high-
ranking designs obtained from the CHOPCHOP and CRISPick on-line tools. Five non-

overlapping sgRNA designs were selected to cover the previously specified target window

located upstream from the TSS of DIRC3. All sgRNAs were tested empirically and the best

performing designs were used in subsequent phenotypic experiments. A previously validated

sgRNA inducing overexpression of PVTI was used as a positive control [170]. Conversely, a

validated sgRNA designed not to target any site in the human genome (the non-target sgRNA)

was used as a negative control [171].
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Figure 3. Design of the sgRNA used to edit the rs11693806 locus.

(A). Output from CHOPCHOP, an online sgRNA design tool. The selected design was ranked as number
2. Of note: while the sgRNA is marked to have a single nucleotide mismatch (“MM1”), it is actually on-
target (the edited rs11693806 is positioned next to rs4674173, a variant annotated as rs4674173[A] in
the human reference genome, but present exclusively as rs4674173[G] in Caucasians). (B). The selected
guide RNA (black) with the “GGG” PAM sequence, and its genomic target in the DIRC3 exon. Note
that the genomic cut is located directly next to rs11693806 (light green). The scheme was generated
using the CRISPR-Cas9 guide RNA design checker (Integrated DNA Technologies, USA).

sgRNAs were synthesized using the GeneArt Precision gRNA Synthesis Kit (Thermo
Fisher, USA) according to the manufacturer’s instructions. Briefly, two DNA oligonucleotides
(“F1” and “R1” target primers) were designed for each sgRNA (Table 6). These
oligonucleotides were complementary to each other in their 3’ ends. “F1 primer” included the
T7 promoter sequence in its 5’ end, and was partially complementary to a universal forward
primer included in the kit. The 5° end of “R1 primer” was complementary to a tracrRNA
fragment also included in the kit. Furthermore, the tracrRNA fragment was partially
complementary to a universal reverse primer. Target primers were combined and diluted in
IDTE buffer to produce a working mix (0.3 uM of the F1 and R1 oligonucleotides, each). PCR
assembly was performed by combining Phusion High-Fidelity PCR Master Mix (Thermo
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Fisher, USA), the Tracr fragment and T7 primer mix, the F1/R1 primer mix, and nuclease-free
water. PCR was performed in a thermal cycler (Mastercycler nexus gradient, Eppendorf,
Germany). The following program was used: initial denaturation at 98 °C for 10 seconds,
32 cycles consisting of 98 °C for 5 seconds and 55 °C for 15 seconds, final extension at 72 °C
for 1 minute, and cooling at 4 °C. This reaction produced sgRNA DNA templates. Afterwards,
the sgRNA DNA templates were combined with ANTPs mix, 5X TranscriptAid Reaction Buffer
and TranscriptAid Enzyme Mix. The solution was incubated at 37 °C for 4 hours to ensure a
high yield of in vitro transcription (IVT). Afterwards, DNase I was added to the IVT reactions
to remove DNA templates. sgRNAs were purified using the gRNA Clean Up Kit (Thermo
Fisher, USA). Products were diluted with nuclease-free water, and mixed with 99% ethanol and
Binding Buffer. The mixture was transferred to RNA Purification Micro Columns and
centrifuged at 14,000 x g for 1 minute. Flow-through was discarded, and the columns were
washed with Wash Buffer 1 and Wash Buffer 2, respectively (centrifugations were performed
after each buffer application). Thereafter, the columns were dried down with another
centrifugation and transferred to new tubes. 20 pl of nuclease-free water was applied to the
columns. Final centrifugation at 14,000 x g for 1 minute was performed to elute sgRNAs. The
sgRNA yield was measured using NanoDrop 2000. Ready sgRNAs were diluted with nuclease-

free water and stored at -80 °C.

3.21. Genomic editing

CRISPR is a modular platform that enables DNA editing in predesigned genomic loci.
Mechanically, nucleases (typically Cas9) are directed by gRNAs to create double-strand DNA
breaks in a specific genomic site. Eukaryotic cells utilize two major repair mechanisms to repair
this damage. The dominant repair pathway is non-homologous end joining (NHEJ), which
connects disruptions owing to the presence of “microhomologies” in overhangs of the broken
strands. NHEJ is error-prone as when the overhangs are not perfectly matched some terminal
nucleotides may be lost. This consequently leads to a small DNA deletion. The alternative repair
pathway is termed homology-directed repair (HDR). HDR is a process dependent on the
presence of a homologous fragment of DNA which acts a repair template. The template may be
either endogenous (second copy of the gene on the sister chromosome), or exogenous (a donor
template that is delivered to the nucleus). HDR is an error-free repair method. Experimental

donor DNA templates may be, however, intentionally modified to incorporate additional gene
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fragments (i.e., to create insertions) or substitute particular nucleotides (e.g., for the precise
variant editing). The efficiency of genomic integration of DNA templates is partially dependent
on the design of donor oligonucleotides (e.g., the length of complementary ends, asymmetry of
donor arms, delivery of donors as double-stranded or single-stranded oligonucleotides, and their
resistance to endogenous nucleases) [168, 169, 172, 173]. Here, I used Alt-R HDR donor
oligonucleotides (Integrated DNA Technologies, USA), a proprietary modification of
oligonucleotides that increases their stability and increases the HDR rate. Alt-R HDR
oligonucleotides were designed using an on-line tool (Integrated DNA Technologies, USA).
They harbored rs11693806[G] allele which was intended to substitute rs11693806[C] in the
edited thyroid cancer cells. Two Alt-R HDR donor oligonucleotides were tested as
recommended by the manufacturer: one corresponding to the target strand, and another
matching the non-target stand (Table 7). Additionally, Alt-R HDR Enhancer (Integrated DNA
Technologies, USA) was utilized to increase the relative frequency of HDR events in the

CRISPR-edited cells. This reagent act as a small-molecule inhibitor of NHEJ.

Alt-R HDR donor Oligo | 5’-/Alt-R-HDR1/ A*G*C CCA AGA CCC AAG CAA GGA TAG
+ strand (“non-target”) | GAT TTC CCA GAC ATT CCC GAG GGA GAA AAT GCC ATG
TCC TTT CCT TCT GGT GTC A*C*A /ALT-R-HDR2/ -3’

Alt-R HDR donor oligo | 5’-/Alt-R-HDR1/ T*G*T GAC ACC AGA AGG AAA GGA CAT
- strand (“target”) GGC ATT TTC TCC CTC GGG AAT GTC TGG GAA ATC CTA
TCC TTG CTT GGG TCT TGG G*C*T /ALT-R-HDR2/ -3°

Table 7. Alt-R HDR donor oligonucleotides used for the precise editing of rs11693806. Donor
oligonucleotides harbor rs11693806[G] (underlined). Two designs were tested as recommended by the
manufacturer: one oligonucleotide corresponds to the stand targeted by sgRNA (“the target stand”), and
another donor corresponds to the complementary DNA strand (the “non-target stand”). “*” indicates a
phosphorothioate bond between nucleotides. “Alt-R-HDR1” and “Alt-R-HDR2” indicate proprietary
modifications of oligonucleotides (Integrated DNA Technologies, USA).

In this study the Cas9/sgRNA complexes were delivered using the ribonucleoprotein
(RNP) transfections. This method induces transient editing and consequently produces less off-
target cleavages than the plasmid-mediated delivery of the CRISPR/Cas9 components [174].
Transfections were performed as follows. MDA-T32 cells were plated in 24-well plates
24 hours before transfections (0.5 x 10° cells in 0.5 ml of complete antibiotic-free culture
medium per well). Transfection mix consisting of 25 pl of OptiMEM, 1 ug of TrueCut Cas9
Protein v2 (Thermo Fisher, USA), 200 ng of IVT sgRNAs (200 ng/ul) and 2.5 pl of
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Lipofectamine Cas9 Plus Reagent (Thermo Fisher, USA) was prepared in the tube number 1.
The tube was vortexed briefly and incubated at room temperature for 5 minutes. Afterwards,
1 pl of 1.65 uM Alt-R donor oligonucleotide (corresponding to either target or non-target
strand) was added to the tube number 1 (the final concentration of donor oligonucleotides was
3 nM in each well). 1.5 ul of Lipofectamine CRISPRMAX was added to 25 ul of OptiMEM in
the tube number 2. The mixture was incubated at room temperature for 1 minute. Thereafter,
the content of tube no. 2 was added to the tube no. 1 and mixed by pipetting. Mixed reagents
were incubated for another 15 minutes, and thereafter added to the plated cells (50 pl per well).
Finally, 5.5 pl of Alt-R HDR Enhancer (Integrated DNA Technologies, USA) was added to the
wells (final concentration of 30 uM). Culture plates were swirled and moved to a humified
incubator for 24 hours. Thereafter, the transfection medium was discarded and cells were rinsed
with PBS. Fresh complete culture medium was added to each well. Cells were cultured for
another 5-7 days to reach confluency. Afterwards, single cell clones were isolated using the

dilution cloning method.

Dilution cloning was performed as described before
(www.corning.com/catalog/cls/documents/protocols/Single cell cloning protocol.pdf).
Briefly, the CRISPR-edited cells were trypsinized and resuspended in fresh culture medium.
4,000 cells (2 x 10* cells/ml in 0.2 ml) were added to the upper-left well (A1) of a 96-well plate.
The cells were serially diluted in the column A (by a factor of 2; down to the last well, A8).
Thereafter, cells in the column A were serially diluted (by a factor of 2) up to the last column
(column H). This was done using an 8-channel 200 pl micropipettor. Finally, the medium
volumes in each well were brought up to 0.2 ml. Several such plates were prepared in each
experiment. Plates were placed in a humified CO; incubator at 37 °C. After 4 days of
incubation, plates were inspected under an optical microscope to identify wells that were likely
to contain single-cell colonies. These wells were marked and observed for a few more weeks.
Once the supervised clones reached confluency, they were trypsinized, split, and transferred to

two new 96-well replication plates.

When cells in the replication plates reached confluency, crude DNA was extracted from
one of the replication plates. Culture medium was removed, cells were washed with PBS, and
20 pL of QuickExtract DNA Extraction Solution 1.0 (Lucigen, USA) was added to each well.
Cells were scraped with sterile pipette tips and the resulting lysates were transferred to a new
PCR microplate. The PCR plate was transferred to a thermocycler. The following incubation

program was used: 65 °C for 15 minutes, 68 °C for 15 minutes, 98 °C for 10 minutes, hold at
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4 °C. Once the program was completed, the lysates were diluted with IDTE buffer (volume
ratio 1:10) and tested using the rhAmp SNP genotyping assay (as described in chapter 3.6).
This assay was utilized as a screening test to identify clones that lacked rs11693806[C]
(normally present in the unedited heterozygotic MDA-T32 cells). Clones exhibiting this
genomic modification were collected from the second replication plate, and further expanded
in culture flasks. Once the selected clones achieved significant growth, pure genomic DNA was
extracted using the GeneMATRIX Cell Culture DNA Purification Kit. Purified DNA was re-
tested using the rhAmp SNP genotyping assay. Finally, DNA was amplified using the
conventional PCR and sent for Sanger sequencing of the rs11693806 locus. Validated clones

were further expanded and stocked.

3.22. CRISPRa

CRISPR activation (CRISPRa) was used to upregulate DIRC3 in thyroid cancer cell lines. In
these experiments I used cell lines expressing the SP-dCas9-VPR plasmid. Details on the
plasmid, production of stable cell lines and sgRNAs are provided in the chapters 3.17, 3.18 and
3.20, respectively. Experiments were performed as follows. Cells expressing SP-dCas9-VPR
were plated in 24-well plates 24 hours before transfections (0.5 x 10° cells in 0.5 ml of
antibiotic-free culture medium). Afterwards, 1000 ng of IVT sgRNAs was added to 25 ul of
OptiMEM in the tube number 1. 1.5 pL of Lipofectamine RNAIMAX (Thermo Fisher, USA)
was added to 25 pl of OptiMEM in the tube number 2. The tubes were mixed and incubated at
room temperature for 1 minute. Thereafter, the content of tube number 2 was added to the tube
number 1. Mixed reagents were incubated at room temperature for 15 minutes. Finally, 50 ul
of the mixture was applied drop-wise to the plated SP-dCas9-VPR-expressing cells. Cells were
then cultured in a humified CO; incubator at 37 °C for 72 hours. Afterwards, total RNA was
isolated using the GeneMATRIX Universal RNA Purification Kit (EURx, Poland). The sgRNA
transfection reactions were scaled-down in MTT assays. MTT assays were performed in

24-hour intervals (up to 96 hours after transfections) as described in chapter 3.13.
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3.23. T7 endonuclease assay

T7 endonuclease I (T7EI) assay is a robust method used to evaluate the cleavage efficiency of
gRNAs. The technique relies on detection of mismatches between two DNA strands. The
mismatches are generated by imprecise (NHEJ-mediated) repairs of DNA breaks. When DNA
isolated from the CRISPR-edited cells is PCR-amplified, the denaturation and re-annealing of
PCR products forms heteroduplexes between the mutant and wild-type PCR amplicons.
Structural deformities in the DNA heteroduplexes are recognized and cut by T7 endonucleases.
Consequently, when the PCR products are analyzed using gel electrophoresis, additional DNA

bands (corresponding to the cleaved amplicons) are detected.

Cleavage efficiency of sgRNAs was tested using the GeneArt Genomic Cleavage
Detection Kit (Thermo Fisher, USA). This test was applied to K1 cells which were transfected
with Cas9/sgRNA complexes targeting the rs11693806 locus. Transfection reactions were
performed as described in chapter 3.21, except the application of Alt-R donor oligonucleotides
and Alt-R HDR Enhancer was omitted. The assay was performed according to the producer’s
manual. Briefly, cells were harvested 2 days after transfection and spined down at 200 x g for
5 minutes. Cell pellets were resuspended in Cell Lysis Buffer containing Protein Degrader. The
resulting lysates were placed in PCR tubes. Afterwards, the following program was run in a
thermal cycler: 68 °C for 15 minutes, 95 °C for 10 minutes, hold at 4 °C. Next, the mixture was
vortexed and a fraction of the lysate was used in PCR. PCR was assembled using the cell lysate,
forward and reverse primers (0.2 uM final, each; see Table 1), AmpliTaq Gold 360 Master Mix
and nuclease-free water. PCR was run using the following program: enzyme activation at
95 °C for 10 minutes, 40 cycles of amplification (95 °C for 30 seconds, 55 °C for 30 seconds,
72 °C for 30 seconds), final extension at 72 °C for 7 minutes, and a final hold at 4 °C. A fraction
of the PCR product was combined with 10X Detection Reaction Buffer and nuclease-free water.
Re-annealing of PCR products was performed in a thermal cycler (Mastercycler nexus gradient,
Eppendorf, Germany) using the following program: 95 °C for 5 minutes, temperature reduction
to 85 °C (ramp -2 °C/second), cooling to 25 °C (ramp -0.1 °C/second), hold at 4 °C. Once the
re-annealing procedure was completed, Detection Enzyme (T7EI) was added to the PCR
products. The mixture was incubated at 37 °C for 1 hour. The Detection Enzyme was omitted
in negative control reactions. Finally, the digested PCR products were run on 1% agarose gel.

Products were visualized using a UV transilluminator and photographed.
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3.24. Exome sequencing

Whole exome sequencing (WES) was performed to rule out potential off-target alterations in
the CRISPR-edited clones. Three lines of MDA-T32 were sequenced: the parental rs11693806
heterozygotic cell line (wild-type), one rs11693806-homozygotic clone (termed here as “D7”),
and one clone harboring a small monoallelic deletion in the variant locus (clone named here as
“A9). Genomic DNA was extracted using the GeneMATRIX Cell Culture DNA Purification
Kit (EURx, Poland) as described in chapter 3.9.

Whole exome sequencing was performed by GENEWIZ (Leipzig, Germany). The
experimental workflow included: RNA quality control, DNA fragmentation, library preparation
(exome enrichment), PCR amplification and massive parallel sequencing. Briefly, the
concentration and quality of DNA was measured using Qubit (Thermo Fisher, USA) and
Fragment Analyzer (Agilent, USA). DNA was ultrasonically sheared, size-selected, and
barcoded with adapters. Exome capture (hybridization-based) was performed using Twist
Comprehensive Exome kit (Twist Bioscience, USA). This panel covers 36.8 Mb of human
protein coding regions (IncRNAs are not included). Libraries were sequenced using

NovaSeq 6000 Sequencing System (Illumina, USA) with paired-end reads (PE 2x150).

Raw data was analyzed bioinformatically by GENEWIZ. BCL files generated by the
sequencer were converted to FASTQ files using bel2fastq v2.19 (Illumina, USA). Reads were
quality evaluated using FastQC [154]. Sequencing adapters and low-quality bases were
trimmed using Trimmomatic 0.39 [155]. Cleaned reads were aligned to the GRCh38 reference
genome using Sentieon 202112 (Sentieon, USA). Alignments were sorted and PCR/optical
duplicates were marked. Accordingly, binary sequence aligned maps (BAM files) were
produced. Single nucleotide variants (SNVs) and small indels were called using Sentieon
202112 (DNAScope algorithm). The Variant Call Format (VCF) files generated by the pipeline
were normalized using bcftools 1.13 [175]. Additional VCF files were generated for the
CRISPR-edited clones by using the exome of parental MDA-T32 cell line as the reference.

Accordingly, variant calls unique to the CRISPR-edited clones were obtained.

Deliverables (principally VCF and BAM files) were manually filtered using VarSifter
1.9 [176] and visually inspected using the Integrative Genomics Viewer (IGV) [177, 178].
Particular attention was paid to the potential off-target sites of the rs11693806-editing sgRNA.
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Putative off-targets were identified bioinformatically using Cas-OFFinder [179] and CRISPOR
[180] tools.

3.25. Statistical analysis

Categorical variables were presented as frequency and proportions, continuous variables
were shown as mean + standard deviation (SD) unless stated otherwise. Fisher test was used to
compare frequencies. Distribution of variables was assessed by plotting histograms. Statistical
tests used for the analysis of normally distributed variables were: t-test (for comparison of two
groups), one-way ANOVA (Analysis Of Variance) with post-hoc Dunnett’s test (for
comparison of >2 groups with one dataset serving as a control), or two-way ANOVA with Sidak
test (for MTT assays). Analysis of variables with non-normal distribution was performed using
non-parametric tests: Wilcoxon signed-rank test (for comparison of the pair-matched
specimens), Mann—Whitney U test (for comparison of two independent groups), or Kruskal—
Wallis test with Dunn's multiple comparisons test (for comparison of >2 groups). Correlations
in gene expression were evaluated using the Spearman’s coefficient. Survival data was analyzed
using the log-rank test. Differences in the conventional tests were considered significant at

p values < 0.05. Statistics were mostly calculated using GraphPad Prism 6 (GraphPad, USA).

Overlaps between gene sets in the RNA-seq profiling experiments were analyzed using
the hypergeometric distribution calculator available at
http://nemates.org/MA/progs/overlap _stats.html. In this test the total number of genes (coding
and non-coding) was 57,500 (i.e., the number of expressed genes detected with RNA-
sequencing and analyzed with DESeq2).
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CHAPTER IV: RESULTS

4.1. Analysis of clinical material

4.1.1 Examination of public RNA-seq datasets

Expression of DIRC3 in thyroid tissue was evaluated in publicly available RNA-sequencing
datasets. Normal thyroid tissue presented one of the highest levels of D/IRC3 expression among
all tissue types analyzed in the GTEx project (Figure 4A). Likewise, transcriptomic data
generated in The Cancer Genome Atlas (TCGA) project revealed a relatively high expression
of DIRC3 in PTCs (Figure 4B). TCGA data also indicated a trend for the downregulation of
DIRC3 in PTCs in comparison to unmatched normal thyroid tissues. This data contradicted a
recent study that failed to detect DIRC3 transcripts in PTCs and in cancer-free thyroid tissue
[81].

Furthermore, I used TCGA data to evaluate the impact of DIRC3 expression on clinical
outcomes. The user-curated dataset that was created during the analysis can be accessed here:
https://www.cbioportal.org/study/summary?id=thca tcga pan can atlas 2018#sharedGroups
=6187b26ef8f71021ce56ebdd,6187b29bf8f71021ceS6ebde

Expression heatmaps generated from TCGA data suggested that higher levels of DIRC3
could associate with a lower incidence of thyroid cancer recurrence (Figure 5A). Using a best
fitting threshold of DIRC3 expression to discriminate the disease-free status, PTCs were
classified as either DIRC3-high or DIRC3-low tumors. Survival plots generated for both groups
indicated that elevated expression of DIRC3 associated with a significantly higher disease free-
survival rate (5-year DFS of 100% and 87% in patients classified as having DIRC3-high and
DIRC3-low PTCs, respectively; Figure 5B). No significant interaction was detected for overall
survival (Figure 5C). Furthermore, the histological make-up of the DIRC3-high and DIRC3-
low groups was significantly different (Figure 5D). DIRC3-high carcinomas were enriched for
conventional PTCs (81.9% and 67.3% in the DIRC3-high and DIRC3-low groups, respectively),
but depleted of the follicular (12.6% and 23.1%, respectively) and tall cell variants (2.4% and
8.9%, respectively). Likewise, prevalence of tumor-driving mutations was dissimilar in the
expression groups (Figure S5E). These differences appeared to reflect distinct mutational

landscapes observed in the histological variants of PTC. Accordingly, BRAF and RET mutations
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were more prevalent in the DIRC3-high PTCs, while NRAS and HRAS mutations were relatively

more common in the DIRC3-low tumors.

A. Bulk tissue gene expression for DIRC3 (ENSG00000231672.6)
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Figure 4. DIRC3 expression in various normal and malignant tissues.

(A). Expression of DIRC3 in normal tissues as profiled in the GTEx project
(https://gtexportal.org’/home/). Results for thyroid are marked with a red arrow. (B). Expression of
DIRC3 in malignancies profiled in the TCGA project. Data for PTCs (THCA, thyroid cancers) is
marked with a red arrow. Graph was generated in the Firehose portal (http://firebrowse.org/; accessed
May 2018). Abbreviations: TPM, transcripts per million; RSEM, RNA-Seq by Expectation-
Maximization units.
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Figure 5. DIRC3 expression in PTCs in TCGA dataset.

(A). Oncoprint graph illustrating the relationship between expression of DIRC3 and the disease-free
status in PTCs. The best fitting threshold of gene expression used to discriminate the disease-free status

is marked with a green line. Accordingly, PTCs were classified as DIRC3-high or DIRC3-low cancers.
(B). Disease-free survival of PTC patients according to the DIRC3 expression status (log-rank test).
(C). Overall survival of PTC patients according to the DIRC3 expression status (log-rank test).
(D). Histological composition of PTCs in the D/IRC3-high and DIRC3-low groups (tested with Kruskal-
Wallis test with Benjamini-Hochberg correction) (E). Frequency of gene mutations in the DIRC3-high

and DIRC3-low PTCs (one-sided Fisher Exact test with Benjamini-Hochberg correction).

Graphs were prepared using cBioPortal (https://www.cbioportal.org/).
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To get insights into a possible transcriptomic function of DIRC3, TCGA data was used
to identify correlations between expression of D/IRC3 and the expression levels of other genes
(Table 8). The analysis revealed that DIRC3 is strongly co-expressed with /GFBPS5 (Spearman
coefficient = 0.79), a gene located approximately 570,000 base pairs downstream from D/IRC3
(Table 8 and Figure 6A). Noteworthy, PTCs also demonstrate the highest level of /IGFBPS
expression among all cancer types analyzed in the TCGA project (Figure 6B).

Gene Cytoband Spearman's p-value
correlation

IGFBPS5 2935 0.79 1.61E-103
DMD Xp21.2-p21.1 0.64 2.21E-56
LCN6 9q34.3 0.59 2.82E-46
0So0x2 9q34.3 0.57 2.70E-43
FIGNL2 12q13.13 0.56 3.86E-41
ESRRA 11q13.1 -0.56 5.49E-41
WSB2 12q24.23 -0.56 1.31E-40
CDK5RAP2 9q33.2 0.55 4.31E-40
ADTRP 6p24.1 0.55 1.04E-39
SCNNIG 16pl12.2 0.55 3.39E-39
PTK7 6p21.1 0.55 6.37E-39
PPMIH 12q14.1-q14.2 -0.55 1.41E-38
USP27X Xpl1.23 0.54 2.04E-38
ZFTA 11q13.1 0.54 4.53E-38
INMT Tpl4.3 0.54 5.91E-38
LCNS 9q34.3 0.54 6.56E-38
PLAATI 3929 -0.54 8.20E-38

Table 8. List of genes demonstrating the strongest expression correlations with
DIRC3 in PTCs (TCGA data).
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A DIRC3 vs. IGFBP5
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Figure 6. DIRC3 was co-expressed with /GFBP5 in PTCs in TCGA data.

(A). Correlation between expression of D/RC3 and IGFBPS5 in PTCs. Graph was prepared using
cBioPortal (https://www.cbioportal.org/). (B). Expression of /GFBP5 in malignancies profiled in the
TCGA project. Data for PTCs is shown as THCA. Graph was generated in the Firehose portal
(http://firebrowse.org/; accessed May 2018). Abbreviations: TPM, transcripts per million; RSEM,
RNA-Seq by Expectation-Maximization.

4.1.2 Analysis of clinical material obtained from DTC patients

Clinical material used in this study consisted of RNA and germline DNA samples obtained
from 67 patients who underwent a total or near-total thyroidectomy due to the diagnosis of

DTCs. Total RNA was isolated from malignant tumors and histologically normal thyroid tissue
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in each patient (normal tissue was usually collected from the opposite, histologically unaffected

thyroid lobe). Clinical and pathological data was available for most patients (Table 9).

Female, n =55
Sex Male, n=10
data missing, n =2

mean 48.1 years (standard deviation: 14.5 y);

Age at the time of diagnosis Faneol BLRO Ny cars

PTC, conventional variant, n = 47
PTC, follicular variant, n =9
FTC,n=5

FTC + follicular variant of PTC, n=1
Hiirthle cell cancer,n=3

data missing (DTC), n=2
Yes,n=15

Multifocality No, n =50

data missing, n =2

Yes,n=14

Angioinvasion No,n=33

data missing, n = 20

Yes, n =23

Invasion of thyroid capsule No, n =38

data missing, n =7

pTla,n=25

pTlb,n=19

pT2,n=6

pT3,n=15

data missing, n = 2

NO, n =44

N1,n=13

data missing, n =10

MO, n=153

Ml,n=4

data missing, n= 10

Table 9. Clinical and pathological information on DTC patients included in the study cohort.

Histological type

T stage
(AJCC/TNM 7th Edition)

N stage
(nodal metastases)

M stage
(distant metastases)

Expression of DIRC3 and IGFBP5 was analyzed in the patient-matched DTC and
normal thyroid tissue pairs. DIRC3 was significantly downregulated in DTCs as compared to
the normal thyroid specimens (Figure 7A). Moreover, the strong co-expression of D/RC3 and
IGFBP5 (first identified in the TCGA data) was confirmed in our clinical material (Figure 7B).
This suggested that DIRC3 could play some role in the transcriptomic regulation of /GFBPS.
No significant alterations in expression of /IGFBP5 were observed in DTCs (Figure 7C).
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Figure 7. DIRC3 was downregulated and co-expressed
with IGFBPS5 in DTCs.

(A). Expression of DIRC3 in DTCs and normal thyroid
tissue (Tukey plot; analyzed with Wilcoxon test).
(B). Correlation between expression of DI/RC3 and
IGFBP5 in DTCs and normal thyroid tissues.
(C). Expression of /GFBPS5 in DTCs and normal thyroid
tissue (Tukey plot; analyzed with Wilcoxon test).

Next, the gene expression profile of cancers was analyzed in the context of patients’

clinicopathological data. Expression of DIRC3 was not related to the histological type of DTC,

invasion of thyroid capsule, presence of node metastasis, or the incidence of vascular invasion

(Figure 8A, 8B, 8C, 8D). On the other hand, cancers that presented distant metastasis were

found to express lower levels of DIRC3 (Figure 8E). Any conclusions must be made with

caution as the number of metastatic patients in the cohort was small. Separate analyses were

performed exclusively for the conventional PTCs (cPTCs). Observations made in the entire

cohort held true for cPTCs (Figure 9). The relationship between gene expression and distant
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metastasis was, however, not tested, since the number of cPTCs with distant spread was
insufficient. No separate clinicopathological evaluations were attainable for other histological

cancer types due to their limited representation in the material.
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Figure 8. DIRC3 expression and clinicopathological features of DTCs.

(A). Relationship between DIRC3 expression and the histological type of DTC (¢PTC: conventional
PTC; tvPTC follicular variant PTC; FTC: follicular thyroid cancer; HTC: Hiirthle cell thyroid
carcinoma). Tested with Kruskal-Wallis test. (B). Expression of DIRC3 in DTCs stratified by the
presence of capsular invasion, (C) angioinvasion, (D) lymph node metastasis, and (E) distant metastasis.
Results were analyzed with Mann—Whitney U test. Graphs are Tukey plots.
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Figure 9. DIRC3 expression and clinicopathological features of conventional PTCs.

(A). Expression of DIRC3 in conventional PTCs (cPTCs) and the patient-matched normal thyroid tissue.
Tested with Wilcoxon test. (B). Expression of /GFBPS5 in ¢cPTCs and patient-matched normal thyroid
tissue. Tested with Wilcoxon test. (C). Expression of DIRC3 in cPTCs stratified by the presence of
capsular invasion, (D) angioinvasion, and (E) lymph node metastasis. Analyzed with Mann—Whitney U
test. Graphs are Tukey plots.
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Additionally, germline DNA was genotyped using a custom PCR assay probing
rs11693806 (Figure 10A). Genotypes observed in the study cohort matched very closely the
genotypes previously described in European populations (Table 10). Importantly, no
associations between the rs11693806 genotype and expression of DIRC3 or IGFBP5 in

carcinomas were detected (Figure 10B and 10C).

rs11693806 genotype Study cohort European population
G/G 35 (52.2%) 54.4%
G/C 27 (40.3%) 38.7%
C/C 5 (7.5%) 6.9%

Table 10. Germline genotypes of rs11693806 in the study cohort and in the European population.
Allelic frequencies for the European population were obtained from the Genome Aggregation Database
(gnomAD, Broad Institute, USA). Data was retrieved from
https://www.ncbi.nlm.nih.gov/snp/rs11693806 (accessed 26/10/2021).
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Figure 10. Germline genotype of rs11693806 did not influence expression of DIRC3 and IGFBP5
in clinical DTC samples.

(A). Representative results of the thAmp PCR genotyping assay (germline DNA with appropriate
controls). (B). Relationships between the rs11693806 germline genotype and expression of DIRC3, and
(C) IGFBP5 in DTCs. Results were analyzed with Kruskal-Wallis test. Graphs are Tukey plots.
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4.2. Functional characterization of DIRC3 IncRNA in vitro

4.2.1. Evaluation of DIRC3 expression in cancer cell lines

Analysis of the GTEx data revealed that D/IRC3 has four main splice variants. Only two splice
variants are prominently expressed across all tissue types evaluated in GTEx. Expression data
for thyroid tissue is shown in Figure 11. The longer splice variant is annotated as
ENST00000474063.5, and the shorter splice variant is termed ENST00000484635.1. For the
sake of simplicity, they are called here DIRC3-202 and DIRC3-203, respectively (following the
naming convention used by Ensembl). Two other annotated splice variants do not exhibit
expression in the GTEx data for thyroid: ENST00000486365.5 (DIRC3-204) and
ENST00000423123.1 (DIRC3-201). Only DIRC3-202, DIRC3-203 and DIRC3-204 overlap the
previously described germline thyroid cancer risk variants (including rs11693806 that was

evaluated in this study).

Accordingly, expression of DIRC3 in cancer cell lines was profiled for all detectable
splice variants (the total expression), or selectively for the particular splice variants
(DIRC3-202, DIRC3-203 or DIRC3-204). Additionally, ASOs were designed to silence all
expressed splice variants simultaneously (using either GapmeR anti-D/RC3-common_2 or
GapmeR anti-D/IRC3-common_3), or to silence the longer splice variant selectively (using
GapmeR anti-DIRC3-202). Locations of qPCR amplicons and the GapmeR target sites are

shown in Figure 11.
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Expression of DIRC3 and /IGFBPS5 was evaluated in five cancer cell lines: MDA-T32,
MDA-T68, MDA-T120, K1 and MCF-7 (Figure 12). The highest expression of DIRC3 and
IGFBP5 was observed in MDA-T32 and MCF-7. DIRC3 was not expressed in MDA-T68.
Results also confirmed presence of DIRC3-202 and DIRC3-203 splice variants, and the absence
of DIRC3-204 in all tested cell lines (in concordance with the GTEx data).
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g 2
"3 w0
g 6 g 1.5
x »
(] :1]
o 44 o 1.0+
2 2
3 2 05
0 ; . 0.0
K1  MDA-T32 MDA-Té8 MDA-T120 MCF-7 K1  MDA-T32 MDA-Té8 MDA-T120 MCF-7
DIRC3-total IGFBP5
2.5+ 6
5 2.0- 5
2 %,
£ 1.5 “5'_
»x >
(] (]
219 2 .
T T
05 i
0.0- 04
K1  MDA-T32 MDA-Té8 MDA-T120 MCF-7 K1  MDA-T32 MDA-TES MDA-T120 MCF-7

Figure 12. Expression of DIRC3, its splice variants and /GFBP5 in a panel of cancer cell lines.

Results are shown as mean = SD (n = 3). Gene expression in qRT-PCR was normalized using HPRT] as
a housekeeping gene.

Additionally, rs11693806 was genotyped in cancer cell lines using the rhAmp SNP
genotyping assay and Sanger sequencing (Figure 13). MDA-T32, MDA-T68, MDA-T120 were
found to be the rs11693806[C/G] heterozygotes, K1 was identified as the rs11693806[C/C]
homozygote, and MCF-7 was the rs11693806[G/G] homozygote.
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Figure 13. Rs11693806 genotypes of cancer cell lines.

(A). Results of the rhAmp PCR assay in cancer cell lines. (B). Sequencing chromatograms of
purified PCR products. Rs11693806 is highlighted in blue.



4.2.2. Evaluation of the subcellular localization of DIRC3 transcripts

Subcellular fractionation of RNA was performed to establish the localization of DI/RC3
transcripts within cells. LncRNAs may be broadly classified as transcripts enriched in the
nucleus, cytoplasm, or present in both sites [145]. The subcellular location of D/IRC3 IncRNA
was analyzed in two cell lines, MDA-T32 and MCF-7 (cell lines that demonstrated the highest
expression of DIRC3). Two IncRNAs with well-established subcellular localizations were used
as controls: MALATI (anuclear IncRNA) and SNHGS (a cytoplasmic IncRNA) [145-148, 181].
The experiment indicated that DIRC3 transcripts were enriched in the nuclear fraction of RNA

in both analyzed cell lines (Figure 14).
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Figure 14. DIRC3 transcripts were enriched in the nuclear fraction of RNA in MDA-T32 and
MCEF-7 cell lines.

MALATI and SNHGS5 were used as nuclear and cytoplasmic controls, respectively. Relative enrichment
of transcripts in each fraction is expressed as ACt (the difference in Ct values obtained for a given
transcript in the cytoplasmic and nuclear RNA fractions). Values shown are mean + SD (n = 3).

4.2.3. Evaluation of the efficacy of DIRC3 silencing using ASOs

ASOs were selected as the most suitable tool for downregulation of DIRC3 due to the
predominant nuclear localization of its products. Three DIRC3-targeting GapmeRs were
validated and used to transfect cancer cell lines. Two GapmeRs (termed anti-D/RC3-common_2
and GapmeR anti-DIRC3-common_3) were designed to simultaneously silence both splice
variants that were expressed in thyroid cancer cell lines. Moreover, one additional ASO (termed
GapmeR anti-DIRC3-202) was designed to target only the longer splice variant (D/IRC3-202).
This was done to test whether selective targeting of DIRC3 splice variants could produce

dissimilar phenotypic effects.
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Transfection of GapmeRs was performed in four cancer cell lines: MDA-T32 and
MCF-7 (cell lines with a relatively high expression of D/IRC3 and IGFBP5), MDA-T120 (which
had a relatively low expression of DIRC3 and /GFBPS5), and MDA-T68 (which had a moderate
level of IGFBPS5, but did not express DIRC3). Additionally, cell lines were transfected with a
validated MALATI-targeting GapmeR (a positive control). Successful silencing of MALATI
proved that transfections were efficient in all tested cell lines (Figure 15A). Next, DIRC3-
targeting GapmeRs were tested in all cell lines (Figure 15B, 15C, 15D, 15E). qRT-PCR results
demonstrated that the GapmeRs successfully downregulated their targets. Importantly,
silencing of DIRC3 was accompanied by the downregulation of /GFBPS5 in the cell lines that
expressed DIRC3 (MDA-T32, MDA-T120 and MCF-7). This was especially evident for the
GapmeR anti-D/IRC3-common_3 which efficiently silenced /GFBP5 in three cell lines.
Accordingly, GapmeR anti-D/RC3-common_3 was selected for subsequent phenotypic and
transcriptomic studies. Interestingly, GapmeR anti-D/IRC3-202 successfully silenced its target
(DIRC3-202), however this downregulation did not influence expression of /GFBPS5. Finally,
the DIRC3-targeting GapmeRs did not alter /[GFBP5 expression in MDA-T68, the only tested
cell line without detectable expression of DIRC3 (Figure 15E). This result proved that /GFBPS
downregulation observed in other cell lines was directly related to the DIRC3-targeting

capabilities of the utilized GapmeRs.
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4.2.4. Evaluation of the phenotypic impact of DIRC3 silencing

Phenotypic effects of DIRC3 silencing were evaluated in two PTC cell lines: MDA-T32 and
MDA-T120. Five functional assays were applied:

(1) MTT assays to measure the cellular metabolic activity which was utilized to
indirectly determine the number of viable cells in samples.

(i1) Transwell assays to quantify cell migration and chemotaxis,

(ii1))  Matrigel invasion chambers to evaluate cancer cell invasiveness,

(iv)  Caspase 3/7 activity to measure the pro-apoptotic effect of serum- and L-glutamine-
deprivation,

(v) Soft agar assays to measure the survival and growth capability of cancer cells unable

to adhere to a solid surface (the anchorage independent-growth).

4.2.4.1. Effect of DIRC3 silencing in MTT assays

All three DIRC3-targeting GapmeRs were used in MTT assays. Cells were monitored for up to
96 hours after transfections. Downregulation of DIRC3 modestly restrained the MTT reduction
rate in MDA-T32 cells. A more prominent inhibitory effect of DIRC3 silencing was observed
in MDA-T120 cells (Figure 16).

Interestingly, no such effect was observed in MTT assays when DIRC3-202 was
silenced selectively. This outcome could indicate possible dissimilar biological and

transcriptomic activities of DIRC3 splice variants.
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Figure 16. Silencing of DIRC3 limited the MTT reduction rate in cancer cells.

“*” indicates significant downregulation vs. negative control (p < 0.05; two-way ANOVA with Sidak
test). Each experiment was repeated three time with technical quadruplicates in each set-up. Results are
shown as mean = SD. Abbreviation: OD, optical density.

4.2.4.2. Effect of DIRC3 silencing on migration and invasiveness of cancer cells.

Transwell assays (utilizing uncoated or Matrigel-coated chambers) were used to measure
migration, invasiveness and the IGF-1-induced chemotaxis of MDA-T32 and MDA-T120 cells.
Results of these experiments indicated that downregulation of DIRC3 markedly increased
migration and invasiveness in both tested cell lines (Figure 17A and 17B). Similarly,
MDA-T32 cells exhibited a potent increase in chemotaxis towards IGF-1 when transfected with
the DIRC3-targeting GapmeR (Figure 17C and 17D). Use of IGF-1 alone was, however,

insufficient to generate a chemotactic response in MDA-T120 cells.
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Figure 17. Downregulation of DIRC3 increased migration and invasiveness of thyroid cancer cells.

(A). Representative images of MDA-T32 cells in Transwell assays (uncoated and Matrigel-coated
chambers; chemoattraction with 10% FBS). (B). Quantification of migration and invasiveness of
MDA-T32 and MDA-T120 cells transfected with GapmeRs (chemoattraction with 10% FBS).
(C). Chemotactic effect of IGF-1 (100 ng/ml) in MDA-T32 cells transfected with GapmeRs.
Representative images of MDA-T32 cells in Transwell assays (uncoated chambers). (D). Quantification
of migration of MDA-T32 cells transfected with GapmeRs (chemoattraction with IGF-1). All
experiments were repeated at least three times. Results are shown as mean + SD (n = 3). Results were

analyzed with t-test. Abbreviation: FOV, field of view.
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4.2.4.3. Effect of DIRC3 silencing on the apoptosis of cancer cells

Serum- and L-glutamine-deprivation is capable to induce apoptosis in many cancer cell lines.
Hence, I tested if alterations in expression of DIRC3 could impact the apoptosis susceptibility
in cancer cells that were deprived of serum and L-glutamine. The assay showed that silencing
of DIRC3 significantly reduced the caspase 3/7 activity in starved MDA-T120 cells. A similar
trend (non-significant) was observed in MDA-T32 cells (Figure 18). Consequently, down-

regulation of DIRC3 appeared to have some anti-apoptotic influence on thyroid cancer cells.
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Figure 18. Silencing of DIRC3 reduced the activity of caspase 3/7 in the serum- and glutamine-
starved cancer cells.

Confluent cells were transfected with the DIRC3-targeting or negative control GapmeRs, cultured, and
then starved for 24 hours. Next, the cells were analyzed with the Caspase Glo 3/7 assay. Experiments
were repeated three times with technical duplicates in each assay (total n = 6). Results are shown as
mean + SD. Results were analyzed with t-test.

4.2.4.4. Evaluation of the effect of DIRC3 silencing on the anchorage-independent growth of
cancer cells.

Anchorage-independent growth assays were performed in MDA-T32 and MDA-T120
cells that were transfected with GapmeRs. However, since MDA-T120 cell line could not
generate a sufficient number of visible colonies, final results were obtained only for MDA-T32.
Representative images are shown in Figure 19. The experiment indicated that silencing of

DIRC3 in MDA-T32 cells had no influence on their anchorage-independent growth capability.
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Figure 19. Anchorage-independent growth of MDA-T32 cells was not influenced by silencing of
DIRC3.

(A). Representative wells showing colonies of MDA-T32 cells in soft agar. (B). A typical colony of
MDA-T32 cells after 18 days of incubation in soft agar (microscopic image). (C). Number of visible
colonies per well after transfection with the DIRC3-silencing and negative control GapmeRs. Colonies
were counted using ImageJ. Results are presented as mean + SD colonies per one well (three

independent experiments with technical triplicates in each set-up, total n = 9). ns: not significant
(t-test).
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4.2.5. IGFBP5 rescue experiments

Rescue experiments involving overexpression of /GFBPJ in thyroid cancer cells were
used to establish whether phenotypic effects induced by DIRC3 silencing were related to the
transcriptomic regulation of /GFBPS5. For this purpose, two cell lines with stable transgene
expression were generated: MDA-T32 cell line expressing pcDNA3-IGFBP5-VS5 plasmid, and
a second MDA-T32 derivative transfected with the empty pcDNA3 vector (a negative control).

Positively transfected cells were selected with G418 at 600 pg/ml concentration.

Both cell line derivatives were transfected with the DIRC3-targeting GapmeRs. Results
of the gene expression analysis (QRT-PCR) are shown in Figure 20. Introduction of pcDNA3-
IGFBP5-V5 plasmid to MDA-T32 cells resulted in a strong (~135-fold) upregulation of
IGFBPS5. Transfection with GapmeR anti-DIRC3-common_3 significantly downregulated
DIRC3 in both modified cell lines. Yet, the GapmeR significantly downregulated /GFBP5 only
in the cells that expressed the control (empty) plasmid. No such effect was observed in the cells
that overexpressed /GFBP5 from the plasmid. This observation indicated that the DIRC3-
targeting GapmeR could influence /GFBPS5 expression only when the transcripts were produced
from the endogenous nuclear locus. Interestingly, pcDNA3-IGFBP5-V5 also upregulated
DIRC3 (~2.9-fold).

The plasmid-transfected MDA-T32 cell lines were tested in two phenotypic
experiments: MTT and Transwell assays. The MTT conversion rate was significantly reduced
after silencing of DIRC3 in both plasmid-expressing cell line derivatives (Figure 21A). In
contrast, overexpression of I/GFBPS5 successfully negated the pro-migratory phenotype
generated by DIRC3 silencing (Figure 21B and 21C). Collectively, these results suggested that
phenotypic effects produced by DIRC3 could be either /GFBP5-dependent (in the case of cell
migration), or at least partially independent from /GFBPS5 (in regard to the effects observed in
MTT assays).
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Figure 20. Silencing of DIRC3 did not influence the level of IGFBP5 expression from plasmid.

MDA-T32 cells were transfected with pcDNA3-IGFBP5-V5 (abbreviated as “BP5”) or control
(“empty”) pcDNA3 plasmids. Stable cell lines were transfected with GapmeRs (anti-D/RC3-
common_3 or negative control). Expression of D/IRC3 and /GFBPS5 was analyzed using qRT-PCR.
Experiments were performed three times (n = 3). Results are presented as mean + SD. “*” indicates
p < 0.05 (t-test). ns: not significant.
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Figure 21. Silencing of DIRC3 decreased the MTT conversion rate, but did not impact the
migratory potential in /GFBP5-overexpressing MDA-T32 cells.

(A). Results of MTT assays performed in the plasmid transfected MDA-T32 cells 96 hours after
GapmeR transfections. Experiments were performed three times with technical quadruplicates in each
assay. “*” indicates p < 0.05 (tested with ANOVA in comparison to the negative control).
(B). Representative fields of view (FOV) in Transwell assays of the GapmeR-transfected and plasmid-
overexpressing MDA-T32 cells. (C). Migration of cells undergoing silencing of DIRC3
(chemoattraction with 10% FBS). Experiments were repeated at least three times (n = 3). Results are
shown as mean + SD (analyzed with t-test).
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4.2.6. Transcriptomic alterations induced by DIRC3 silencing

RNA-seq profiling was performed to evaluate changes in cancer transcriptome that were related
to the downregulation of DIRC3 in MDA-T32 cells. An analogous analysis was performed in
MDA-T32 cells after silencing of /IGFBPS5. This was done to evaluate the potential overlap in
transcriptomic alterations generated by D/IRC3 and IGFBP5 downregulations.

Total RNA was isolated from cells 72 hours after transfections with GapmeRs (either
anti-DIRC3-common_3, anti-/GFBP5 or negative control). Efficient gene silencing was
confirmed using qRT-PCR (Figure 22). As expected, silencing of DIRC3 reduced the
abundance of /IGFBPS transcripts. Interestingly, GapmeR anti-/IGFBP5 also downregulated
DIRC3. This observation was in line with outcomes of the /GFBPS5 overexpression experiment,

where /GFBPS5 upregulation induced expression of D/IRC3 (Figure 20).
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Figure 22. Silencing of DIRC3 and IGFBP5 in MDA-T32 samples prepared for RNA-
sequencing.

Gene expression was analyzed using qRT-PCR. Transfections were repeated three times (n = 3).
Results are shown as mean + SD. “*” indicates a significant downregulation as compared to the
control samples (p < 0.05; tested with ANOVA with Dunnett’s test).

RNA-seq data was first evaluated using the principal components analysis (PCA). This
assessment revealed good clustering of biological replicates, thus indicating that the triplicates

had relatively consistent expression profiles (Figure 23).
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Figure 23. Principal components analysis (PCA) of the GapmeR-transfected MDA-T32 cells.

Cells were transfected with three types of GapmeRs (anti-D/RC3-common_3, anti-/GFBPS5 or negative
control). Samples were RNA-sequenced and analyzed. PCA is a statistical procedure used for quality
assessment and exploratory analysis of high-dimensional data (e.g., gene expression profiles). In the
process the number of dimensions present in the original data is reduced into principal components in
order to eliminate redundant information. Typically, two first principal components are analyzed since
these values define the largest variability observed in a set of samples. Clusters are formed based on the
similarity between samples in dimensions that present the largest variances. In this experiment distinct
clusters formed by the RNA-seq triplicates confirmed a relative homogeneity of biologically related
MDA-T32 samples.

Genes with an adjusted p-value less than 0.05 and absolute log2 fold expression change
higher than 1 (as compared to the control samples) were designated as “differentially expressed
genes” (DEGs). Silencing of DIRC3 revealed 198 DEGs (77 genes upregulated,
121 downregulated), while silencing of /GFBPS resulted in 631 DEGs (294 genes upregulated,
337 downregulated). Volcano plots presenting prominent DEGs, and heatmaps of top 30 DEGs
in the DIRC3-silenced and the /GFBP5-silenced groups are shown in Figures 24 and 25,

respectively.
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Figure 24. Transcriptome profiling of MDA-T32 cells transfected with the DIRC3-targeting
GapmeR.

(A). Volcano plot illustrating changes in the gene expression profile after silencing of DIRC3 as
compared to the control samples. DEGs are shown as color dots (red: upregulated, green:
downregulated). Certain prominent DEGs are marked. (B). A bi-clustering heatmap visualizing the
expression profile (log2 transformed expression values) of top 30 DIRC3-altered DEGs (sorted by their
adjusted p-values). “Gap-DIRC3” and “Gap-neg-ctr” represent samples transfected with anti-D/RC3-
common_3 and negative control GapmeRs, respectively.

102



IGFBP5 silenced
90+
._’6_‘,
360-
5]
%o
k)
ROS1 IGFBP5
30- ©) @)
. ."‘-‘1
0_ -

SEMA3F ©

(O SIGLEC-15

STC1®

MALAT1IO

S
L .

CDI(‘NZA@ 8
" ¢ @

Rt

CST4
©)

log2(FoldChange)

GapmeR anti-/IGFBP5

Figure 25. Transcriptome profiling of MDA-T32 cells transfected with the /GFBP5-targeting

GapmeR.

(A). Volcano plot illustrating changes in the gene expression profile after silencing of /GFBPS as
compared to the control samples. DEGs are shown as color dots (red: upregulated, green:
downregulated). Certain prominent DEGs are marked. (B). A bi-clustering heatmap visualizing the
expression profile (log2 transformed expression values) of top 30 /GFBP5-altered DEGs (sorted by
their adjusted p-values). “Gap-IGFBP5” and “Gap-neg-ctr” represent samples transfected with anti-
IGFBPS and negative control GapmeRs, respectively.
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Gene overlap between DEGs (i.e., the DIRC3- and IGFBP5-regulated DEGs) was
significant and comprised of 58 genes (Figure 26). Directions of the expression changes were
concordant for all shared DEGs. These common DEGs were manually curated for their putative
functional roles in thyroid oncogenesis. Some evidence (experimentally validated functionality,
associations with clinical outcomes, or abnormal expression in thyroid carcinomas) was
detected in the literature for most shared DEGs (see Appendix Table). Certain genes robustly
implicated in  thyroid cancers, e.g., MALATI, matrix metalloproteinase-1
(MMP-1), cyclin dependent kinase inhibitor 1A (CDKNI1A) and stanniocalcin 1 (STCI), were
among the shared and upregulated DEGs.
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Figure 26. Overlap between DEGs in the DIRC3- and IGFBP5-silenced MDA-T32 samples.

Names of certain genes are provided. Arrows indicate up- or down-regulation. Gene overlap was
calculated using the hypergeometric distribution calculator.
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Gene ontology (GO) analysis was performed to identify biological processes that could
be potentially influenced by DIRC3 (Figure 27). In agreement with the results of phenotypic
experiments, genes involved in the “negative regulation of cell migration” (GO:0030336) were
most significantly affected by the DIRC3 knockdown. Other biological processes that were
significantly impacted included: “signal transduction” (GO:0007165), “angiogenesis”
(GO:0001525), “cell proliferation” (GO:0008283), “response to growth hormone”
(GO:0060416), “positive regulation of protein phosphorylation” (GO:0001934). IGFBP5 1is
assigned to 29 GO terms in The Gene Ontology Annotation (GOA) Database. Several of these
terms were among the most significantly altered by DIRC3  silencing
(e.g., GO:0030336~negative regulation of cell migration, GO:0007165~signal transduction,
GO:0071320~cellular response to cAMP).

G0:0030336~negative regulation of cell migration
GO:0007165~signal transduction
GO:0001525~angiogenesis

G0:0045944~positive regulation of transcription from RNA polymerase Il promoter
GO:0007494~midgut development
GO:0006955~immune response

GO:0009636~response to toxic substance
GO:0061053~somite development

G0:0050829~defense response to Gram-negative bacterium
GO:0045766~positive regulation of angiogenesis
GO:0016525~negative regulation of angiogenesis
GO:0006954~inflammatory response
GO:0071400~cellular response to oleic acid
G0:0045087~innate immune response
G0:0071603~endothelial cell-cell adhesion
GO:0060684~epithelial-mesenchymal cell signaling
G0:0034103~regulation of tissue remodeling
GO:0010575~positive regulation of vascular endothelial growth factor production
GO0:0048706~embryonic skeletal system development
GO:0030154~cell differentiation

GO:0010828~positive regulation of glucose transport
G0:0010628~positive regulation of gene expression
G0:0008283~cell proliferation

GO:0006526~arginine biosynthetic process
G0:0010043~response to zinc ion

G0:0048771~tissue remodeling

GO:0046426~negalive regulation of JAK-STAT cascade
GO:0051451~myaoblast migration

G0:0030335~positive regulation of cell migration
G0:0031100~animal organ regeneration
GO:0006811~ion transport

GO0:0007267~cell-cell signaling

G0O:0071320~cellular response to cAMP
G0:00680416~response to growth hormone
G0:0042312~regulation of vasodilation
GO:0019221~cytokine-mediated signaling pathway
GO:0001934~positive regulation of protein phosphorylation
G0:0021987~cerebral cortex development
G0:0010243~response to organonitrogen compound
G0:0002526~acute inflammalory response

GO Terms

-log10(Adjusted Pvalue)

Figure 27. Gene ontology (GO) terms significantly enriched in the DIRC3-silenced MDA-T32 cells.

Graphs shows 30 of the most significantly enriched GO terms.

105



4.3. Evaluation of the role of DIRC3 in IGF-1 signaling

Since DIRC3 was shown to influence expression of /GFBP5, I hypothesized that DIRC3 could
impact IGF-1 signaling in thyroid cancer cells. Remarkably, indirect evidence on the
modulatory role of DIRC3 is provided by previously reported associations between germline
variants in DIRC3 and human height (a physiological trait principally driven by IGF-1) [85-87,
182-186].

MDA-T32 cells were transfected with GapmeRs targeting DIRC3, IGFBPS5, or with the
negative control GapmeR. Three days later the complete culture medium was replaced with
serum-free medium containing a low concentration of IGF-1. This was done because IGF-1 is
known to promote production of IGFBPS5 [187-190]. The conditioned medium was collected
after 24 hours, while the cells were serum-starved for another 12 hours. Finally, cells were re-
stimulated with the previously harvested conditioned medium. The medium was applied either
unmodified (i.e., containing only a low amount of IGF-1), enhanced with additional IGF-1, or

supplemented with the recombinant human IGFBP5 protein.

Stimulation of cancer cells with the conditioned medium induced phosphorylation of
AKT (Figure 28). This effect was, however, much stronger in the cells transfected with the
DIRC3- or IGFBP5- targeting GapmeRs (Figure 28A, lanes 1-2 and 7-8; Figure 28B).
Phosphorylation of AKT was further increased when cells were stimulated with additional
IGF-1 (lanes 2, 5 and 8). On the other hand, application of the recombinant human IGFBP5
protein prevented AKT phosphorylation (Figure 28; lanes 3 and 6). These findings indicate that
upregulation of pAKT in response to the knockdown of DIRC3 is directly dependent on the
stimulatory effect of IGF-1.

In contrast, ERK was strongly phosphorylated across all conditions. This is because the
utilized cancer cell line, MDA-T32, harbors BRAF V600E mutation (the typical driver mutation
in conventional PTCs), which induces a persistent activation of the BRAF/ERK signaling

pathway.

In conclusion, silencing of DIRC3 promoted AKT signaling in thyroid cancer cells. This

outcome confirmed that D/RC3 modulates response to IGF-1 in cancer cells.
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Figure 28. Downregulation of DIRC3 augmented phosphorylation of AKT in MDA-T32 cells
stimulated with IGF-1.

Western blot of MDA-T32 cells that were transfected with GapmeRs and stimulated with IGF-1. Cells
were transfected with GapmeRs (anti-D/RC3-common_3, anti-/GFBP5, or negative control), cultured
in serum-free medium containing IGF-1 (20 ng/ml), starved for 12 hours, and re-stimulated with the
conditioned medium for 10 minutes. The conditioned medium was either unmodified, or enhanced with
additional 30 ng/ml of IGF-1, or supplemented with IGFBP5 (500 ng/ml). (A). Representative blots
probed with antibodies detecting pIGF-1R, total IGF-1R, pAKT, pan AKT, pERK and B-actin.
(B). Relative abundance of pAKT in three independent blots (mean + SD; n = 3). Semi-quantitative
densitometric units (background subtracted) were normalized to the average densitometric value
obtained for all eight samples tested in a given blot. Results were analyzed with ANOVA. “*” represent
p < 0.05 (in comparison to the “neg. ctr + cond. medium: lane 4).
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4.4. Phenotypic influence of DIRC3 overexpression in cancer cell lines

Expression of DIRC3 was induced using CRISPRa. This technique often permits a faithful
recapitulation of physiological functions of nuclear IncRNAs, since these transcripts often exert

their effects in situ (close to the sites of their transcription).

Stable clones expressing the SP-dCas9-VPR plasmid were successfully generated for
MDA-T120 and MDA-T32 cell lines (derivatives were termed here as MDA-T120 dC9-VPR
and MDA-T32 dC9-VPR, respectively). These cell lines were functionally validated by
transfecting them with sgRNA that targeted the PV'T1 promoter (sgRNA-PVTI). As expected,
MDA-T120 dC9-VPR and MDA-T32 dC9-VPR cells upregulated expression of PVTI in
response to the transfection (Figure 29A). Generation of inducible SP-dCas9-VPR derivatives
was unsuccessful for MDA-T68 and K1 cell lines.

Next, MDA-T120 dC9-VPR cells were transfected with several sgRNAs designed to
target the region directly upstream from the TSS of DIRC3. Two out of five utilized sgRNAs
successfully upregulated DIRC3 (Figure 29B). These two sgRNAs (termed sgRNA-DIRC3-3
and sgRNA-DIRC3-5) were combined. Application of the mixture of two sgRNAs (1:1 ratio)
produced a strong synergistic effect on DIRC3 expression in MDA-T120 dC9-VPR and
MDA-T32 dC9-VPR cells (Figure 29B). Accordingly, the combination of sgRNA-DIRC3-3
and sgRNA-DIRC3-5 (denoted as sgRNA-DI/RC3-3+5) was used in the subsequent CRISPRa
experiments. Surprisingly, while sgRNAs effectively upregulated D/RC3, they had no impact
on expression of IGFBP5 (Figure 29B).
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Figure 29. Expression of DIRC3 was induced in thyroid cancer cell lines with CRISPRa.

(A). Validation of MDA-T32 and MDA-T120 cell lines stably transfected with SP-dCas9-VPR. The
positive control sgRNA successfully upregulated PVTI. (B). Five sgRNAs were designed to target
the region directly upstream from the TSS of DIRC3. Combination of two sgRNA designs (no. 3 and
no. 5) generated the strongest upregulation of DIRC3. Results are shown as mean + SD (n = 3). Results
were analyzed with t-test (for two groups) or ANOVA with Dunnett’s test (for >2 groups).
“*¢indicates p < 0.05 as compared to the non-target sgRNA.
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MDA-T32 dC9-VPR cell line was evaluated using MTT assay. MDA-T120 dC9-VPR

cell line could not be reliably evaluated with this assay due to a very slow growth rate.

Transfection with sgRNA-DIRC3-3+5 significantly promoted the MTT reduction rate
in MDA-T32 dC9-VPR cells (Figure 30). Given that these sgRNAs did not influence expression
of IGFBPS (as shown in Figure 29), this result could indicate that DIRC3 regulated the activity
observed in MTT assays independently from /GFBPS5. In fact, this conclusion is in agreement
with results of the IGFBP5 “rescue” experiment (chapter 4.2.5), in which overexpression of
IGFBP5 did not prevent the decrease in MTT conversion rate produced by the DIRC3-targeting
GapmeRs (see Figure 21A).

MDA-T32 dC9-VPR

1.5~ -~ sgRNA-DIRC3-3+5
- sgRNA-non-target
*
1.04
]
(o]
0.5
0.0

24h 48h 72h 96h
Figure 30. Increase in MTT reduction rate was promoted by DIRC3 overexpression in

MDA-T32 dCas9-VPR cells.

Results analyzed with two-way ANOVA with Sidak test. “*” indicates p < 0.05. Each experiment
was repeated three time with technical quadruplicates in each set-up. Abbreviation: OD, optical
density.
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4.5. Genomic editing of rs11693806, the germline DTC risk variant in DIRC3
4.5.1. Generation of the rs11693806-edited clones.

Allele rs11693806[C] is associated with increased incidence of DTCs. I decided to
evaluate the biological role of this variant using CRISPR. sgRNA was designed to cleave
genomic DNA directly in the rs11693806[C] locus. The on-target activity of this sgRNA was
evaluated using the T7 endonuclease I (T7EI) assay in K1 cell line (Figure 31). Results of the

assay indicated that the desired genomic locus was edited efficiently.

| Figure 31. sgRNA successfully
targeted the rs11693806[C] allele in
' T7EI assay.

PCR products encompassing the
rs11693806 locus were visualized on
1% agarose gel. Presence of a cleaved
. PCR product (arrow) in the CRISPR-
edited K1 cells indicated a mismatch in
the rs11693806 locus. This small band
~_ was not observed in the unedited cells.
' Positive control was a mismatched
¢ DNA product included in the GeneArt
Genomic Cleavage Detection Kit
(Thermo Fisher).

edited positive unedited
cells control cells

Next, MDA-T32 cells were transfected with Cas9/sgRNA RNP complexes targeting the
rs11693806[C] allele. Additionally, donor DNA oligonucleotides (Alt-R oligos) and the NHEJ
inhibitor were applied to employ HDR mechanisms into the editing process. Two types of donor
oligonucleotides (both containing rs11693806[G]) were tested (one corresponding to the
“target” strand, and another to the “non-target” strand). The anticipated outcome was
conversion of the heterozygotic MDA-T32 cell line (rs11693806[C/G]) into the homozygotic
rs11693806[G/G] derivative.

Once the transfected cells achieved a sufficient growth, single cell clones were isolated
using the dilution cloning method. Next, crude (unpurified) DNA was obtained from each clone
and tested using the thAmp SNP genotyping assay. This screening test identified multiple
clones that were deprived of rs11693806[C] (Figure 32A). The candidate clones were further
expanded, re-tested with PCR and subsequently Sanger sequenced. Among the sequenced
clones, one clone had an insertion, several clones harbored small deletions in the rs11693806

locus, and two clones were initially identified as rs11693806[G/G] homozygotes (Figure 32B
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and 32C). One of these presumably homozygotic clones was, however, excluded from the
analysis due to inconsistent results obtained in Sanger sequencing. The second candidate clone
(termed “D7”) was consistently shown to be precisely edited into the rs11693806[G/G]

homozygote. Clone “D7” was generated utilizing the non-target strand (“+”) Alt-R donor

oligonucleotide.
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B SRR WRECTE Y CBlT ¢ c calaT cCTA Figure 32. Identification of the rs11693806-

30 40
MDA-T32 del_A9 edited MDA-T32 clones.

(A). Results of screening of MDA-T32 clones with
the rhAmp genotyping assay. Some clones
(highlighted in orange) retained only the
rs11693806[G] allele. These clones were expected
to be edited. Note that PCR was inefficient for
some samples since crude DNA was used in this
screening test. (B). Gel electrophoresis of PCR
products (harboring rs11693806) obtained from
, the edited clones. Clone “C4” appeared to contain
\ an insertion. PCR products were gel purified and
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4.5.2. DIRC3 and IGFBPS5 expression in the rs11693806-edited clones.

Gene expression was evaluated in unmodified MDA-T32 cells and in two clones
harboring genomic modifications of rs11693806[C] (a monoallelic deletion or precise editing
of the SNV). Results of qRT-PCR indicated that both of these clones presented significant
downregulations of DIRC3 and IGFBPS5 as compared to the parental cell line (Figure 33).
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Figure 33. DIRC3 and IGFBPS5 were downregulated in the rs11693806-edited MDA-T32 clones.

Relative expression of DIRC3 splice variants (DIRC3-202, DIRC3-203), total DIRC3 and IGFBP5 was
analyzed with qRT-PCR (names of genes are shown in captions). Gene expression was tested in the
clone “A9” (which harbored a small deletion [del] of the rs11693806[C] allele), in the clone “D7” (which
was precisely edited into the rs11693806][G/G] homozygote) and in the wild-type (heterozygotic)
MDA-T32 cells. Results are shown as mean £+ SD (n = 3) “*” indicates p < 0.05 in compassion to wild-
type cells (analyzed with ANOVA with Dunnett’s test).

4.5.3 Phenotypic evaluation of the rs11693806-edited clones.

Phenotypes of the rs11693806-edited clones were studied using MTT and Transwell
migration assays. Clones “A9” and “D7” demonstrated a lower increase in the MTT conversion
capability than the parental heterozygotic cells (Figure 34A). On the other hand, the CRISPR-
edited clones demonstrated a higher migratory potential in Transwell assays than the wild-type
MDA-T32 cells (Figure 34B and 34C). Accordingly, these outcomes phenocopied results of
the DIRC3-silencing experiments (chapter 4.2.3).
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Figure 34. Rs11693806-edited MDA-T32 cells
presented reduced MTT conversion rate, but
increased migratory potential.

(A). Results of MTT assay of the edited and wild-
type MDA-T32 cells. Results are presented as
mean + SD (n = 3) “*” indicates p < 0.05 in
comparison to wild-type cells; two-way ANOVA
with Sidak test). (B). Representative fields of
view (FOV) in Transwell assays evaluating the
edited clones. (C). Migration of the CRISPR-
edited clones and wild-type MDA-T32 cells.
Each experiment was repeated at least three
times. Results are presented as mean + SD (n =
3) “*” indicates p < 0.05 in comparison to wild-
type cells (ANOVA with Dunnett’s test).
Abbreviation: OD, optical density.



4.5.4. Whole exome sequencing of the rs11693806-edited clones

I decided to perform whole exome sequencing (WES) to confirm that phenotypic and
transcriptomic effects observed in the CRISPR-edited clones were not caused by unintended
genomic alterations (i.e., off-target editing effects). Exome profiling of the parental MDA-T32
cell line (wild-type: “wt”) and modified daughter lines (“A9” and “D7”) produced high quality
sequencing results (Figure 35A). In each sample at least 99.94% of unique reads were mapped
to the human reference genome (GRCh38). Read depth of >20X was achieved in >97.39% of

target regions.

Mapping of sequence reads revealed a consistent pattern of variant calls (SNVs and indels)
across all lines (Figure 35B and 35C). This outcome confirmed that the clones harbored no
major deviations in their exomes. Furthermore, protein-coding sequences of the CRISPR-edited
clones were computationally compared with the parental exome. The evaluation identified 391
and 408 variant calls (SNVs and indels) that were potentially unique in the exomes of “A9” and
“D7” clones, respectively. These putative alterations were filtered and reviewed using VarSifter
and IGV software. All indel calls were manually curated (43 and 41 in the “A9” and “D7”
clones, respectively). The inspection revealed that none of the variant calls was a credible
exome alteration. False-positive signals were caused by various shortcomings in the sequencing
and mapping workflow, e.g., inadequate coverage of particular regions, minor imbalances in

allelic reads, or sequencing errors in low-complexity genomic regions (Figure 35D).

The edited rs11693806 locus could not be evaluated as non-protein coding regions were
not covered by the utilized exome enrichment kit (Figure 36A). Putative off-target sites of
sgRNA were predicted in silico using CRISPOR and Cas-OFFinder online tools. Potential off-
target sites in the exome (sequences with up to five-nucleotide mismatches to the used sgRNA)
were reviewed in BAM files (Figure 36B). No alterations were identified in the edited clones

in any of these loci (Figure 36C).

In summary, results of WES confirmed that the CRISPR-edited clones were valid
daughter cell lines of MDA-T32. The clones harbored no credible off-target alterations in the
protein-coding sequences relative to the parental cell line. Hence, any transcriptomic and
phenotypic alterations in the clones were very likely to be caused solely by the genomic editing

of DIRCS3.
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D7 44,730,337 13,419 35.9 93.8 92 1.22 97.46
wt 47,093,355 14,128 35.8 93.3 94 1.18 97.52
B.
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Figure 35. Results of whole exome sequencing of the rs11693806-edited MDA-T32 clones.

(A). Overview of sequencing statistics for the edited clones (“A9” and “D7”) and the wild-type cell line

“wt™). (B).

Variant calls identified in the MDA-T32 clones (relative to the human reference genome

GRCh38). (C). Histogram representing the pattern of variant calls observed across exome in the edited
and wild-type cells (relative to the human reference genome GRCh38). (D). Example of a false-positive
variant call (marked as a putative deletion unique for the CRISPR-edited clones) in a low complexity
poly(T) region.
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Figure 36. The CRISPR on-target and putative off-target sites in the exome data of MDA-T32 lines
(wild-type cells and rs11693806-edited clones).

(A). Reads mapped to the rs11693806 locus. The locus could not be investigated using WES data since
the region was not covered by the exome enrichment kit. (B). List of top putative exome off-targets for
the sgRNA used to edit rs11693806[C]. Off-target sequences were identified using CRISPOR.
* represents a mismatch of “Off-target Seq” relative to the “guide”. These regions were manually
reviewed in the WES data. (C). A representative image of one of the putative off-target sites of the
rs11693806-editing sgRNA. No variant calls (no off-target editing) were observed in any of the inspected
loci. Abbreviation: wt, wild-type.

117



4.5.5. RNA sequencing of the rs11693806-edited MDA-T32 clones

Transcriptomic landscapes of the CRISPR-edited clones were compared with the
transcriptomic profile of the unedited (wild-type) MDA-T32 cells. RNA-seq was performed in
the clones that were genomically and functionally validated: “A9” (the deletion clone;
rs11693806[G/-]) and “D7” (the homozygotic clone; rs11693806[G/G]). Biological triplicates
produced relatively homogenous transcriptomic profiles in each cell line in the PCA analysis
(Figure 37A). Analysis of RNA-seq data identified 1511 DEGs (291 upregulated, 1220
downregulated) and 1356 DEGs (245 upregulated, 1111 downregulated) for “A9” and “D7”
clones, respectively. The most significant DEGs detected in the CRISPR-edited clones are
shown in Figure 37B and 37C. Volcano plots illustrating changes in the gene expression profiles
indicated similar transcriptomic landscapes in both rs11693806-edited clones (Figure 38A and
38B). Indeed, the overlap in DEGs was highly significant, and encompassed 44.9% and 55.1%
of all DEGs detected in “A9” and “D7” clones, respectively (Figure 38C). Among the shared
DEGs was IGFBP5, which was downregulated in both edited clones in comparison to the
parental wild-type cell line (Figure 39A). IGFBPS5 was among the most significantly affected
genes in the “D7” clone (see Heatmap in Figure 37C). This result has confirmed that
rs11693806 is critical for the regulation of /GFBP5 expression. Similarly, DIRC3 was
downregulated in the CRISPR-edited clones (Figure 39B). Nevertheless, expression of the
particular exon that harbors rs11693806 appeared to be very low in all samples (Figure 39C).
This may suggest that expression of this exon is of limited relevance to the function of DIRC3
transcripts. Accordingly, it is possible that this locus may impose its transcriptomic and

phenotypic effects via other mechanisms (e.g., it may harbor PREs).

DEGs common for both rs11693806-edited MDA-T32 clones presented certain overlap
with DEGs that were identified in the DIRC3-silencing experiments (see chapter 4.2.6). These
common DEGs included: ABCCY9, ANGPT2*, AREG*, BEXI1* BGN*, CSF2* DOK2, EFR3B,
ESM1%*, FRY, IL234, INSC¥*, LINC00520, LRRC38* MGP* MMPI1* MYOS5B* NLRPS,
RAPIGAP2, RARRES?2, RCAN2, SMO, THSD7A, TRIL* WDRS86*. Genes marked with the
asterisk were also affected by the /GFBP5-targeting GapmeR (i.e., these DEGs were common
for all four sample sets). One of the interesting DEGs is smoothened (SMO), a key component
of the hedgehog signaling pathway. SMO was downregulated in both CRISPR-edited clones as
well as in the DIRC3-silencing experiment. On the other hand, its expression was not

significantly altered by the /GFBP5-targeting GapmeR.
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Figure 37. Transcriptomic profile of the CRISPR-edited MDA-T32 cells.

(A). Principal components analysis (PCA) of the RNA-seq triplicates. (B). A bi-clustering heatmap
visualizing the expression profile (log2 transformed expression values) of top 30 DEGs in the “A9”
clone (DEGs sorted by adjusted p-values). (C). A bi-clustering heatmap visualizing the expression
profile (log2 transformed expression values) of top 30 DEGs in the “D7” clone (DEGs sorted by adjusted
p-values). Abbreviation: wt, wild-type.
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Figure 38. DEGs in the r11693806-edited MDA-T32 clones.

(A). Volcano plot illustrating changes in the gene expression profile in the “A9” clone as compared to
the wild-type cells. DEGs are shown as color dots (red: upregulated, green: downregulated). Some
prominent DEGs are marked. (B). Volcano plot illustrating changes in the gene expression profile in the
“D7” clone as compared to the wild-type cells. (C). Venn diagram illustrating the overlap between DEGs
identified in both CRISPR-edited clones. Names of certain genes are provided. Arrows indicate up- or
down-regulation. Gene overlap was calculated using the hypergeometric distribution calculator.
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Figure 39. IGFBP5 and DIRC3 expression in the CRISPR-edited MDA-T32 clones in RNA-seq.

(A). Expression of IGFBPS5 visualized using the read coverage. (B). Expression of DIRC3 (highly
expressed exons) visualized using the read coverage. (C). Read coverage of the exon harboring
rs11693806 (DIRC3). Abbreviation: wt, wild-type.
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Gene ontology analysis identified 321 and 284 enriched GO terms enriched in the “A9”
and “D7” clones, respectively (9.27% and 8.79% of all analyzed terms). The most significant
terms are shown in Figure 40. While terms related to the migratory phenotype were not among
these top signals, several GO terms related to cell migration were significantly enriched in “A9”
(GO:0030334~regulation of cell migration, adjusted p = 0.016; GO:0016477~cell migration,
adjusted p = 0.020) and “D7” clones (GO:0016477~cell migration, adjusted p = 0.012;
G0:0030334~regulation of cell migration, adjusted p = 0.029; GO:0030335~positive
regulation of cell migration, adjusted p = 0.035; GO:0030336~negative regulation of cell
migration, adjusted p = 0.036).
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Figure 40. Gene ontology (GO) terms significantly enriched in the rs11693806-edited MDA-T32

clones.

(A). GO of the “A9” (rs116393806[G/-]) clone. (B). GO of the “D7” (rs116393806[G/G]) clone.



In summary, results of RNA sequencing indicated that genomic editing of rs11693806
affected expression of numerous genes, in particular /GFBPS5. Transcriptomic effects observed
when the rs11693806[C] allele was lost (either deleted, or substituted with rs11693806[G])
were similar. Genomic alterations of the variant could potentially influence multiple biological
processes (e.g., mechanisms related to the regulation of cell signaling, migration, proliferation,
apoptosis). Rs11693806 was previously reported to be a germline variant influencing the risk
of developing DTCs in humans. Indeed, results of this study confirm that the variant is very
likely to be functional. It is reasonable to assume that rs11693806 may influence the IGF-1
signaling pathway in thyroid follicular cells. This hypothesis merits evaluation in a follow-up

study.
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CHAPTER V: DISCUSSION

5.1. Overview of the study results

The study is the first to report that D/IRC3 is functionally implicated in thyroid carcinogenesis.
I demonstrate that DIRC3 IncRNA is downregulated in DTCs. Analysis of patients’
clinicopathological data exposed a nominally significant relationship between the
downregulation of D/IRC3 in thyroid cancers and the presence of distant metastases. A limited
number of advanced cancers in the study cohort precludes definitive statements, however the
putative prognostic value of DIRC3 expression merits further evaluation. Importantly, this
concept is supported by the analysis of TCGA data which indicated a significantly lower risk
of disease recurrence in the patients diagnosed with PTCs with high expression of DIRC3.
Furthermore, I have established that DIRC3 is strongly co-expressed with /GFBPS, a gene

located in its indirect proximity in chromosome 2q35.

Clinical findings are supported by the results of in vitro experiments. DIRC3 transcripts
localized preferentially in cell nuclei, thus reinforcing the notion that DIRC3 could participate
in the transcriptomic regulation of other genes. Indeed, knockdown of DIRC3 downregulated
expression of /GFBP5 in multiple cancer cell lines. This phenomenon was, however, not
observed when DIRC3-202 (one of two major splice variants) was silenced selectively. Thus, a
dissimilar biological functionality of DIRC3 splice variants might be proposed. This concept
requires elucidation in future studies. In addition, DIRC3 conveyed phenotypic effects in PTC
cell lines. Silencing of DIRC3 augmented cell migration and invasiveness, diminished the
starvation-induced apoptosis, but also reduced cellular activity in MTT assay. The pro-
migratory phenotype was, however, reversed by a plasmid-meditated overexpression of
IGFBPS. This attested that the anti-migratory role of DIRC3 was chiefly mediated by its ability
to regulate expression of /GFBPS5. On the other hand, this was not the case in MTT assays, as
the /GFBP5 rescue experiment did not prevent the inhibitory effect generated by DI/RC3
silencing. Transcriptomic profiling performed in cancer cells experiencing knock-down of
either DIRC3 or IGFBPS indicated a significant redundancy in the activities of these two genes.
Differentially expressed genes included multiple entities previously reported to be involved in
thyroid tumorigenesis, e.g., MALATI, CDKNI1A, MMP-1. Gene ontology analysis revealed that
downregulation of DIRC3 disturbed most significantly genes involved in the regulation of cell

migration. Furthermore, knockdown of D/RC3 increased the susceptibility of thyroid cancer
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cells to stimulation with IGF-1. This enhanced sensitivity to IGF-1 boosted the oncogenic AKT

signaling pathway in thyroid cancer cells.

CRISPRa experiments successfully upregulated DIRC3 in two cancer cell lines.
Unexpectedly this was not accompanied by a positive influence on /GFBP5 expression.
Nonetheless, overexpression of DIRC3 using CRISPRa effectively promoted the increase in
number of viable cells in MTT assay. Accordingly, this phenotype appeared to be at least
partially /GFBP5-independent.

I also demonstrated that rs11693806, a germline variant located in DIRC3, imposed
transcriptomic alterations in MDA-T32 thyroid cancer cells. CRISPR-mediated modification
of the heterozygotic cell line (rs11693806[C/G]) into the homozygotic isogenic derivative
(rs11693806[G/G]) induced significant downregulations of DI/RC3 and IGFBPS5. Similar
transcriptomic effects were observed in cells harboring a small monoallelic deletion of the
rs11693806[C] allele. Genomic modifications of rs11693806 induced pro-migratory effects
that phenocopied outcomes observed in cancer cells in the DIRC3-silencing experiments. While
the association between the genotype and gene expression was not observed in our clinical
material (possibly due to a small sample size), rs11693806 has emerged as a putative cancer

causative variant in in vitro studies.

5.2. Genes differentially expressed in response to silencing of DIRC3

RNA-seq technique was employed to attain transcriptome-based insights into interactions
between expression of DIRC3 and the expression of cancer driver genes. Silencing of DIRC3
and /GFBP) revealed 58 common differentially expressed genes (DEGs) in MDA-T32 thyroid
cancer cell line. Manual curation of literature data revealed that many of these DEGs have been
convincingly implicated in thyroid carcinogenesis (Appendix Table). Among these DEGs there
are several well-known oncogenes and tumor suppressors: MALATI, MMP-1,STC1, CDKNIA.
These four genes were upregulated by DIRC3 silencing in MDA-T32 cell line.

Metastasis associated lung adenocarcinoma transcript 1

MALATI was found to be overexpressed in over 20 cancer types. Its upregulation was

associated with poor patients’ prognosis, drug resistance and metastases in the lung, breast and
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liver cancers [191]. Despite strong evidence for its prooncogenic role in many tumor types, a
non-canonical cancer suppressor-like role of MALAT has been also suggested in breast cancers
[191]. Upregulation of MALATI was observed in PTCs, FTCs and Hiirthle cell cancers [192-
196]. Expression of MALATI correlated positively with the size of thyroid cancers, presence of
lymph node metastases, and advanced disease stage [193]. MALATI promoted the proliferation,
migration, invasiveness and angiogenesis of thyroid cancer cells (both in vitro and in vivo), and
its knockdown reduced invasiveness of two PTC cell lines (B-CPAP and K1) [192, 197-199].
MALATI was shown to drive the progression of DTCs by upregulating /IGF2BP2 (insulin-like
growth factor 2 mRNA-binding protein 2) and MYC (a prominent oncogenic transcription factor

[TF]) [198].

It may be hypothesized that upregulation of MALATI partially contributed to the pro-
invasive phenotype observed in thyroid cancer cells in the DIRC3-silencing experiments.
Interestingly, MALATI is transcriptionally activated by HIF-1, a transcription factor strongly
induced by IGF-1 signaling [200-203]. This fact provides a functional link between DIRC3,
IGF-1 signaling and MALAT-1.

Matrix metalloproteinase-1

MMP-1 (matrix metalloproteinase-1) encodes interstitial collagenase, an enzyme that disrupts
peptide bonds in the triple-helical collagens. MMP-1 has a wide range of substrates that include
collagens of type I, I1, I1I, VII, VIII, X and XI, gelatin, entactin, tenascin, aggrecan, fibronectin
and vitronectin [204]. MMP-1 is involved in the degradation of extracellular matrix (ECM). It
also drives expression of vascular endothelial growth factor receptor 2 (VEGFR2) and
stimulates protease-activated receptor-1 (PAR-1), a protein promoting neo-angiogenesis [205].
The MMP-1/PAR-1 axis increases vascular permeability and enhances hematogenous spread
of malignant cells. MMP-1 was reported to promote metastases in chondrosarcomas and

carcinomas of the breast, colorectum, head and neck, and bladder [205].

MMP-1 was shown to be significantly upregulated in thyroid cancers as compared to
benign thyroid tumors [206-209]. Overexpression of MMP-1 was especially prominent in
cancer cells that infiltrated thyroid capsule or metastasized to lymph nodes [210, 211].
Expression of MMP-1 corelated positively with the tumor multifocality, presence of

laryngotracheal invasion and metastases in thyroid cancers [206, 210, 212]. Accordingly,
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upregulation of MMP-1 could potentially contribute to the pro-invasive phenotype observed in
the DIRC3-silencing experiments.

Cyclin dependent kinase inhibitor 14

CDKN1A4 encodes p21 protein, a potent inhibitor of cell proliferation [213, 214]. CDKNIA4 is a
pS53-target gene and it act as one of the primary mediators of its antioncogenic activity. Firstly,
p21 inhibits cyclin-dependent kinases (CDKs) and thus prevents formation of CDK/cyclin
complexes (cyclin D-CDK4/6, cyclin E/A-CDK2 and cyclin B-CDK1). Accordingly, the cell
cycle is arrested. Secondly, p21 inhibits proliferative cell nuclear antigen (PCNA), thus
abrogating its role in the regulation of DNA synthesis and repair. Thirdly, p21 may bind certain
transcription factors (e.g., E2F1, STAT3, MYC) and repress their transactivating functions.
Fourthly, p21 interacts with caspases thus modulating the process of apoptosis [213].

Since the loss of CDKN1A by itself is insufficient to drive carcinogenesis, p21 is viewed
as a tumor suppressor that primarily antagonizes oncogenes. Expression of p21 was shown to
be a positive prognostic factor in colorectal, gastric, breast, ovarian, laryngeal and oral cancers
[213]. However, the simple view presenting p21 as a tumor suppressor has been perplexed by
observations which indicate that p21 may also possess some tumor-promoting properties [213].
Certain studies revealed that overexpression of p21 relates to a dismal prognosis in patients
diagnosed with gliomas, sarcomas and carcinomas of the breast, liver, prostate, ovary, uterine
cervix and esophagus. These contradictory findings have been at least partially explained by in
vivo models that showed that the dual function of p21 could be related to its variable subcellular
localization, expression of accompanying oncogenes, and the co-existence of 7P53 mutations

[213,214].

Loss of CDKN1A is detected in 12.5% of PTCs [215]. Silencing of CDKN1A promoted
the anchorage-independent growth in K1 cell line [215]. On the other hand, elevated levels of
p21 were frequent in undifferentiated, poorly differentiated and differentiated thyroid
carcinomas, but rare in normal thyroid follicles [216, 217]. Nuclear staining of p21 decreased
progressively with the raising pathological stage of PTCs [217, 218]. In contrast, it was also
reported that the level of p21 was higher in large PTCs, and in thyroid cancers that extended
beyond the thyroid capsule [219].

Accordingly, the biological role of induction of CDKNIA in response to DIRC3
silencing is uncertain. Further studies are required to evaluate significance of this transcriptomic

interaction.
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Stanniocalcin 1

Stanniocalcin 1 has been originally discovered as a protein regulating the calcium and
phosphate homeostasis in fish. Since stanniocalcin 1 is normally undetectable in the serum of
mammals, stanniocalcin 1 is thought to act as a paracrine/autocrine factor in the higher
vertebrates [220]. Stanniocalcin 1 is a potent inhibitor of two metalloproteinases, pregnancy-
associated plasma protein -A and -A2 (PAPP-A and PAPP-A2) [221]. PAPP-A has a proteolytic
activity towards IGFBP-2, IGFBP-4 and IGFBP-5, while PAPP-A2 cleaves IGFBP-3 and
IGFBP-5. Degradation of IGFBPs liberates IGFs and increases the local bioavailability of these
growth factors. This effect is, however, repressed by stanniocalcin 1, which is capable to inhibit
the activity of PAPP-A and PAPP-A2. Accordingly, stanniocalcin 1 prevents the release of
IGF-1 and inhibits the IGF-1/IGF-1R signaling axis [221].

STC1 has been also recognized as an oncogene. STCI promoted cell proliferation,
epithelial-mesenchymal transition (EMT), invasiveness and metastases in cervical, ovarian,
breast, laryngeal, esophageal, gastric, colorectal and lung cancers [220]. Mechanistically, these
tumor-promoting events were related to the capability of STC/ to modulate multiple signaling
pathways, e.g., NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells),
PI3K/AKT, NOTCHI1 and JNK (c-Jun N-terminal kinase) [220]. It was also shown that
upregulation of STC1 associated with worse prognosis in the esophageal, gastric and breast

cancer patients [220].

Two studies reported that the expression of STC/ is altered in DTCs and in thyroid
cancer cell lines [222, 223]. Silencing of STCI reduced proliferation of FTC cells in vitro,
whereas the recombinant human stanniocalcin 1 produced opposite effects [224]. Moreover,
overexpression of STC/ was described as a negative prognostic marker in thyroid cancers [225,

226].

Accordingly, I hypothesize that overexpression of STC/ observed in the DIRC3-
silencing experiments could play a dual role. Firstly, it may act as a tumor-promoting event that
enhances the invasiveness of thyroid cancer cells. Secondly, it is plausible that upregulation of
STC1 may constitute a negative-feedback mechanism via its inhibitory effect on PAPP-A and
PAPP-A2. Accordingly, stanniocalcin 1 may prevent the excessive IGF-1 signaling elicited by
the downregulation of /GFBP5 and/or DIRC3. This feedback loop is especially probable since
STC1 is a transcriptional target of HIF-1 [225, 227-229], the transcription factor that is directly
promoted by the IGF-1 signaling pathway [152, 188, 230].
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Smoothened

Smoothened (SMO) was downregulated by silencing of DIRC3, as well by the genomic editing
of rs11693806[C] allele in MDA-T32 cells. Its expression was, however, unchanged by the
knockdown of IGFBPS5. Downregulation of SMO observed in the context of DIRC3 silencing
experiments may thus constitute one of many possible explanations of the /GFBP5-indepentent

phenotype observed in MTT assays.

SMO is a key component of the Hedgehog signaling pathway. The activity of SMO is
normally repressed by Patched (PTCH), a cell membrane-bound receptor. Stimulation of
Patched by the Hedgehog ligands leads to the release of SMO. SMO may subsequently relocate
to the primary cilia to mobilize glioma-associated oncogene (GLI) transcription factors. GLIs
are thus translocated into the cell nucleus where they activate transcription of their target genes
(e.g., cyclin D, Snail, N-Myc, IGF-2) [231]. The hedgehog pathway is critical in the regulation
of embryonic development, stem cell renewal, proliferation and cellular differentiation. The
pathway is frequently upregulated in cancers. Skin basal cell carcinomas and medulloblastomas
typically harbor somatic mutations in SMO or PTCH, while carcinomas of the breast, prostate,
esophagus, stomach, biliary tract, pancreas and lung may be stimulated by the Hedgehog
ligands [231].

The Hedgehog pathway was reported to be activated in thyroid neoplasms (including
PTCs). This activity was shown to promote proliferation of thyroid cancer cells [232].
Interestingly, SMO has been recently linked to the regulation of IGF-1 pathway. SMO was
shown to elevate levels of IGF-1R in cancer cells in non-canonical mechanisms that were

related to the cellular localization and lysosomal degradation of IGF-1R [233].

To conclude, RNA-seq experiments highlighted several tumor-driving genes that were affected
by the transcriptomic and genomic alterations in D/RC3. Many of these genes are known to be
involved in thyroid carcinogenesis and their functions may potentially explain phenotypes
brought by the disturbances in DIRC3 expression. Still, these conceivable links are purely
speculative at this time, and in vitro and in vivo experiments will be critical to validate these
connections. Moreover, DEGs and GO terms illuminate only a part of the global transcriptomic
rewiring that takes place in cancer cells. Understanding of this process may be enriched by use

of additional bioinformatic tools capable of deconvoluting transcriptomic data into the signaling
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pathway activation profiles. Application of this type of computational approach to RNA-seq

data may further sanction the role of DIRC3 in modulation of signaling cascades.

5.3. Role of DIRC3 in cancer

5.3.1. Discovery of DIRC3 and insights from GWAS

DIRC3 was originally described as a gene participating in the t(2;3)(q35;921) translocation in
familial renal cell cancers. This chromosomal aberration generated a gene fusion that partnered
DIRC3 with HSPBI associated protein 1 (HSPBAPI). HSPBAPI belongs to the Jumonji C
domain-containing protein gene family that encompasses several epigenetic regulators [234].
While the enzymatic activity of HSPBAP1 has never been identified, the protein is presumed
to influence chromatin remodeling and/or cellular stress response [78, 234]. HSPBAPI 1is
upregulated in hepatocellular and prostate cancers, and its high expression level correlated with
worse outcomes in prostate cancer patients [234]. The fragment of HSPBAPI preserved in the
DIRC3-HSPBAPI fusion gene was only minimally truncated and thus it retained the heat shock
protein family B member 1 (HSPB1)-binding and the Jumonji C domains. Accordingly, it was
hypothesized that the retained fragment of HSPBAP1 could preserve its native functionality. It
was also suggested that the relocation of first two exons of D/RC3 into the chimeric gene could

play some oncogenic role [78, 234]. Nevertheless, the hypothesis has never been evaluated.

Novel insights into DIRC3 have been provided by GWAS projects. Numerous SNVs in
DIRC3 were shown to associate with human height [85-88, 182-186], body weight [87, 235-
238] and the risk of mitral valve prolapse [89]. Germline variants in DIRC3 were also found to
impact the risk of two malignancies: breast and thyroid cancers. The risk of estrogen receptor-
positive breast cancers was shown to be modulated by the genotypes of rs16857609,
rs11693806, rs16857611 and rs4442975 [16, 90-93, 239, 240]. Moreover, an intergenic breast
cancer risk variant located downstream of DIRC3, rs13387042, was mapped to a putative
regulatory element (PRE) that physically interacted with the genomic loci of /IGFBPS5 and
DIRC3 [94]. Interestingly, two other studies identified a strong gene enhancer in this intergenic
locus (corresponding to the position of a structural variant, esv3594306), which looped to the
IGFBPS5 promoter and regulated its activity [96, 97]. This enhancer was bound by estrogen
receptor (ERa) and forkhead box Al (FOXA1), a master regulator of the estrogen receptor
activity [96, 97]. A strong candidate for the breast cancer causality in this locus, rs4442975,
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was shown to impact binding of FOXA1, regulate chromatin looping, and thus modulate
expression of /GFBP5 [97]. Very recently, another study used fine-mapping analysis from the
Breast Cancer Association Consortium Study to refine three loci in chromosome 2q35
[93, 241]. Two of these loci (colocalizing with rs13387042 in the first locus, and rs138522813
and esv3594306 in the second locus) mapped to intergenic regions in the proximity of DIRC3,
while the third locus (encompassing rs16857609) overlapped ca. 0.5 kb within DIRC3. These
loci were annotated as PRE1, PRE2 and PRE3, respectively. IGFBP5 was designated as a
putative target gene for all of these PREs [241]. Additional association analysis identified 42
credible causal variants in PRE3 (the element located in D/RC3). Two of these variants
(rs12694417, rs12988242) were prioritized based on their overlap with the active chromatin
markers (indicating the open chromatin modifications, active histone markers [H3K27Ac,
H3K4mel], or binding sites for TFs [FOXA1, GATA3, ERa]). Both PRE1 and PRE2 were
found to upregulate the activity of IGFBP5 promoter in a luciferase reporter assay. In contrast,
PRE3 modestly enhanced the activity of /GFBP5 promoter in one breast cancer cell line,
however the upregulation did not reach significance in MCF-7 cell line, and was not observed
in HepG2 (hepatocyte carcinoma), 293T (embryonic kidney) and HCTI116 (colorectal
carcinoma) cells. This outcome implied that the activity of PRE3 was cell-type specific.
Furthermore, single nucleotide modifications of rs12694417 and rs12988242 did not alter
activities of the luciferase reporter constructs, hence dismissing these SNVs located in PRE3 as
putative causal variants [241]. In summary, these recent studies have suggested that some breast
cancer risk variants located in chromosome 2q35 overlap PREs that modulate expression of

IGFBPS.

Numerous germline variants in D/IRC3 have been associated with the risk of DTCs:
18966423 [60], rs6759952 [61], rs12990503 [63], rs16857609 [87, 242], rs11693806 [62] and
1s772695095 [16]. Associations for rs966423 (OR = 1.34 for allele [C]) and rs6759952 (OR =
1.25 for allele [T]), have been successfully reproduced in diverse European, Asian and
American populations [60, 61, 79-82]. Since rs966423 was also shown to influence the
concentration of serum TSH, it was proposed that an insufficient stimulation of thyroid follicles
by TSH could diminish the follicular differentiation and thus contribute to thyroid
tumorigenesis [60]. The rs966423 genotype was also identified as an independent risk factor
for the overall mortality in DTC patients (another study, however, failed to reproduce this
finding) [83, 243]. Interestingly, while rs966423[C] associated with a higher DTC
susceptibility, it was the alternative allele (rs966423[T]) that increased patients’ mortality [83].
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Subsequent GWAS projects identified even stronger DTC risk variants in DIRC3:
rs12990503[G] (OR = 1.34-1.38), rs772695095[T] (OR = 1.46), rs16857609[G] (OR = 0.7) and
rs11693806[C] (OR = 1.43) [62, 63, 84, 87, 242].

Very recently the EPITHYR consortium conducted GWAS and a fine-mapping analysis
of the 2g35 locus in individuals of European and Pacific Islander ancestry. This project
replicated the previously reported DTC risk variants (rs6579952, rs11693806, rs1382435,
1s966423) and identified two novel susceptibility variants in DIRC3: rs57481445 (OR = 1.43)
in Europeans, and rs3821098 (OR = 1.44) in a pooled analysis of all ethnicities [242, 244]. Both
variants were significantly linked together in the trans-ethnic cohort [244]. Rs57481445 also
correlated very strongly with rs11693806 (the variant analyzed in this study) in Europeans
(r? = 0.98). Colocalization analysis that utilized the expression quantitative trait locus (eQTL)
data from the PancanQTL study [245], highlighted additional intronic variants in DIRC3:
rs16857611, rs16857609 and rs12990503 [244, 246]. These three SNVs were found to
constitute eQTLs associated with the downregulation of D/IRC3 and IGFBPS in thyroid tissue.
The strongest effect size was observed for rs12990503, the variant previously associated with
increased risk of thyroid and breast cancers [244]. In conclusion, the EPITHYR study
(published after completion of our project) has been the first to signal a connection between the

DTC susceptibility, DIRC3 genotype and expression of /IGFBPS.

5.3.2. Novel findings on D/RC3 in melanoma

Understanding of the function of D/IRC3 has been very recently enriched by a melanoma study.
Coe et al. investigated the influence of two transcription factors critical in melanomagenesis
(melanocyte inducing transcription factor [MITF] and SRY -related HMG-box 10 [SOX10]) on
the global expression pattern of IncRNAs [247]. The study described 245 candidate melanoma-
associated IncRNAs that were targeted by MITF and SOX10. Among the identified IncRNAs,
DIRC3 was prioritized due to: (i) its impact on the invasive expression signature and patients’
clinical outcomes in TCGA data (patients with melanomas expressing low levels of DIRC3 had
shorter survival), (ii) existence of a gene orthologue in mice, and (iii) genomic proximity to
IGFBP5 and tensin 1 (TNSI), two genes previously implicated in melanomagenesis [247].
Coe et al. demonstrated that MITF and SOX10 colocalized to two PREs in D/IRC3 and thus
suppressed its expression. Accordingly, silencing of MITF or SOX10 upregulated DIRC3. Since
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DIRC3 and IGFBPS5 were located in the same topologically associated domain (TAD) in normal
human epidermal keratinocytes, it was hypothesized that both genes could be transcriptomically
related. In line with this notion, silencing of DIRC3 using ASOs or CRISPR inhibition
(CRISPRi) downregulated /GFBP5 in melanoma cell lines. On the other hand, overexpression
of DIRC3 from a plasmid failed to upregulate /GFBPS5. This observation indicated that DIRC3
produced nuclear transcripts that generated regulatory effects only in cell nuclei. Silencing of
DIRC3 or IGFBPS5 promoted the anchorage-independent growth of melanoma cells, but had no
effect on cell proliferation or migration [248]. Gene ontology enrichment analysis of RNA-seq
data indicated that DEGs shared by DIRC3 and IGFBP5 were enriched in the regulators of cell
migration, proliferation and differentiation. The study also offered a mechanical model in which
recruitment of MITF and SOX10 to regulatory elements colocalizing with DIRC3 repressed the
expression of DIRC3 and IGFBPS5. DIRC3 was thus proposed to be produce melanoma-
suppressive non-coding transcripts that prevented binding of the /GFBP5-repressive proteins
(MITF and SOX10) to PREs located in DIRC3 gene [247]. While results of the melanoma study
are principally in line with some of our findings, it is important to point out several differences

and discrepancies.

Firstly, while authors of the melanoma study noted that suppression of DIRC3 promoted
the anchorage-independent growth, no phenotypic effects were observed in regards to cell
proliferation and migration [248]. This outcome obviously differs from findings reported in our
study (downregulation of DIRC3 augmented cell migration and invasiveness, repressed MTT
reduction and apoptosis, but did not alter the anchorage-independent growth of PTC cells).
Conflicting results in soft agar assays might be explained by a more transient silencing effect
produced by ASOs (used in our study), while the suppressive effect of CRISPRi (employed in
the melanoma study) could have potentially lasted longer. Nevertheless, since initial steps of
cellular transformation are critical for colony formation, and because GapmeRs efficiently
suppressed DIRC3 and IGFBPS5 for at least several days, it is also possible that our results
faithfully indicated that the anchorage-independent growth was unchanged in thyroid cancer
cells. On the other hand, the unaltered proliferation and migration of melanoma cells is
puzzling. It was previously reported that overexpression of /GFBP5 in melanoma inhibited cell
proliferation, anchorage-independent growth, migration and invasiveness in vitro, and reduced
melanoma growth and pulmonary metastasis in vivo. Conversely, silencing of /GFBPS5 in
melanoma produced opposite, tumor-promoting effects [249, 250]. While these discrepancies

may be potentially explained by different melanoma cell lines used in these studies, it is
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noteworthy that silencing of DIRC3 significantly affected the regulators of cell migration and
proliferation in the GO enrichment analysis performed in the DIRC3 melanoma study [247].

Secondly, the model offered by the melanoma study proposes that D/IRC3 IncRNA
modulates binding of SOX10 and MITF to PREs located in DIRC3 gene. Nevertheless,
inspection of the proteomic and transcriptomic profiles of thyroid tissues (available from The
Protein Atlas [251], GTEx and TCGA projects) indicates that both transcription factors have a
very low mRNA expression and are not detectable on the proteomic level in normal thyroid and
DTCs. Thus, the mechanistic model proposed for melanoma appears to be insufficient to
explain the role of DIRC3 in DTCs. It is, however, plausible that some thyroid-specific TFs
may fit into a similar mechanical scheme. This hypothesis might be verified using the chromatin

immunoprecipitation and/or RNA-protein pull-down experiments.

Thirdly, none of the thyroid cancer risk variants overlaps PREs reported in the
melanoma study. This suggests that these germline variants are very unlikely to impact
functions of SOX10 and MITF. Furthermore, results of our CRISPR-editing experiments
indicated that one of major thyroid cancer risk variants, rs11693806, may be directly involved
in carcinogenesis. The underlying mechanism of this influence remains unknown. It may be,
however, speculated that rs11693806 might influence functions of unrecognized PREs that
regulate IGFBP5. Given that the exon harboring rs11693806 had a very low expression in our
RNA-seq experiments, it is plausible that this SNV imposes its transcriptomic influence by

mechanisms that are not related to the function of DIRC3 transcripts.

Fourthly, the melanoma study did not aim to profile expression of DIRC3 splice
variants. In this study I observed that selective silencing of DIRC3-202 (one of two major splice
variants) did not influence expression of /GFBPS5 (in a marked contrast to the effects produced
when all major splice variants were targeted simultaneously). Interestingly, the GapmeR used
in our study to silence DIRC3-202 (anti-DIRC3-202) was highly similar to one of the GapmeRs
used in the melanoma study. Inspection of designs of both GapmeRs revealed a shift by a single
nucleotide in their sequences (relative to the sequence of target IncRNA). Accordingly, the
GapmeR used by Coe et al. is extremely likely to silence DIRC3-202 selectively. Surprisingly,
this GapmeR did efficiently downregulate /GFBPS5 in melanoma cell lines. Hence,
I hypothesize that this experimental inconsistency might indicate dissimilarities in the
biological functions of DIRC3 splice variants across various malignancies. The exact source of
this discrepancy remains obscure. Nevertheless, it is noteworthy that DIRC3 locus contains an
antisense gene (DIRC3-AS1). The sequence of DIRC3-A4S1 is complementary to the 3’ fragment
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of DIRC3-202, but does not overlap the sequence of another expressed splice variant
(DIRC3-203). Although expression of DIRC3-AS1 has not been profiled in TCGA, and it
appears to be low in normal thyroid tissue in the GTEx project (median TPM of 0.13), it would
be interesting to know whether DIRC3-4S1 might impact functions of DIRC3 splice variants.

In conclusion, in spite of the aforementioned experimental dissimilarities, the general
findings reported in the melanoma study have reinforced discoveries reported in this thesis:

DIRC3 acts as a tumor suppressor with a cis-regulatory activity towards /GFBPS.

5.4. IGF-1 signaling and IGFBPS in cancer
5.4.1. IGF-1: a multifaceted growth factor

Results of this study indicate that DIRC3 orchestrates thyroid carcinogenesis at least partially
via its cis-regulatory effect on /IGFBP5. IGFBPS is known to be a prominent actor in the
IGF-1 signaling pathway. Indeed, I provide evidence that silencing of DIRC3 increases the

susceptibility of thyroid cancer cells to IGF-1 stimulation.

IGF-1 (also known as somatomedin C) is a peptide structurally related to insulin.
IGF-1 is one of most abundant growth factors [95], and it promotes cell proliferation in various
tissues in endocrine, paracrine and autocrine fashions [252]. Besides its pro-mitogenic effect,
IGF-1 modulates cell motility, differentiation and apoptosis [253]. The endocrine production
of IGF-1 is regulated by growth hormone (GH) and it primarily takes place in the liver. The
GH/IGF-1 axis promotes somatic growth and development [254]. IGF-1 also contributes to the
physiology of thyroid gland. For example, IGF-1 induces thyroid transcription factor 2
(TTF-2) in follicular cells, what in turn promotes production of thyroglobulin [255].

The cellular activity of IGF-1 is mediated by IGF-1R, a cell membrane receptor
expressed in almost all cell types. Binding of IGF-1R by the IGF ligands (IGF-1 or IGF-2) leads
to the tyrosine phosphorylation in its intracellular domain. The phosphorylated domain recruits
several adaptor proteins: SHC adaptor protein 1 (SHC), insulin receptor substrate 1 (IRS1) and
insulin receptor substrate 2 (IRS2). These adaptor proteins produce divergent downstream
responses. SHC interacts with growth factor receptor-bound-2 (GRB2) and Son-Of-Sevenless
(SOS) to activate the MEK pathway, while IRS1 activates the AKT cascade. Consequently,

both pathways increase protein synthesis, augment cell proliferation and inhibit apoptosis.
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Additionally, IRS2 activates the FAK pathway, involving RAS homolog family member A
(RHOA), focal adhesion kinase (FAK) and Rho-associated protein kinase (ROCK), to promote
cellular motility via alterations in the expression of integrins [252]. The signaling output from
IGF-1R is modulated by cross-talk with other RTKs, e.g., epidermal growth factor receptor
(EGFR), vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor
receptor (PDGFR), hepatocyte growth factor receptor (MET) and anaplastic lymphoma kinase
(ALK). Additionally, TSH may interact with the IGF-1R signaling cascade. For instance,
IGF-1 alone did not alter expression of sodium/iodide symporter (NIS) in thyroid follicular cells,
but it was capable to inhibit the stimulatory effect of TSH on the expression of NIS [102].
Moreover, the mitogenic effect of TSH on thyroid follicular cells is markedly augmented when
TSH is combined with IGF-1 [106]. One of the mechanisms responsible for this synergistic
effect is related to forkhead box O (FoxO)-1, a transcription factor regulated by the AKT
signaling pathway. Both TSH and IGF-1 promote a rapid exclusion of FoxO-1 from the cell
nucleus, consequently reducing expression of certain tumor suppressors under its

transcriptomic control (e.g., cyclin-dependent kinase inhibitors) [104].

Given the pro-mitogenic, pro-invasive and anti-apoptotic effect of IGF-1 signaling, it is
not surprising that the pathway is heavily involved in carcinogenesis. An interesting example
is Laron syndrome, a very rare type of dwarfism linked to mutations in growth hormone
receptor (GHR) and the resultant congenital IGF-1 deficiency. No cases of malignancies were
reported in a cohort of few hundred patients affected by the Laron syndrome (up to the age of
85), thus implying that the IGF-1 deficiency confers protection against cancer [254, 256].
Increased expression of IGF-1 and IGF-1R was described in various types of malignancies, e.g.,
in carcinomas of the lung, breast, prostate, ovary, pancreas, colorectum, and in sarcomas of the
bones and soft-tissues. Additionally, elevated expression of IGF-1 and IGF-1R was associated

with a higher incidence of distant metastases and inferior prognosis in many cancer types [106].

Expression of IGF-1 and IGF-1R is increased in PTCs and FTCs as compared to the
histologically normal thyroid tissue, thyroid adenomas or nodular goiter [20, 103, 108, 257,
258]. Similar observations were made for IGF-2, which was overexpressed by malignant
thyrocytes (especially in poorly differentiated tumors) [259]. A recent report indicated that
IGF-1R signaling is promoted in some thyroid cancers by the overexpression of insulin-like
growth factor 2 mRNA-binding protein 3 (IGF2BP3), a positive posttranscriptional regulator of
IGF-2. Elevated expression of /IGF2BP3 was observed in ca. 5% of PTCs, particularly in the

tumors without known driver mutations [260]. These PTCs were found to harbor a
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chromosomal rearrangement between thyroid adenoma associated (THADA) in chromosome 2
and LOC389473 in chromosome 7 (located 12 kb upstream of /GF2BP3). It has been proposed
that juxtaposition of /GF2BP3 to THADA, a gene actively transcribed in thyroid tissue, could
contribute to the overexpression of IGF2BP3. This consequently upregulated IGF-2,
potentiated IGF-1R signaling, and stimulated cell proliferation, invasiveness and anchorage-
independent growth [260]. Another possible mechanism of amplified IGF-1R signaling in
thyroid cancers is overexpression of Linc00210. Linc00210 is a IncRNA that serves as a sponge
for miR-195-5p, thereby defusing its ability to downregulate /GF-/R [261]. Activation of the
IGF-1R/AKT pathway by Linc00210 was shown to increase the proliferation, migration and

invasiveness of thyroid cancer cells [261].

Remarkable findings have been recently delivered by the UK Biobank study, which
prospectively evaluated associations between incidence of 30 cancer types and the serum
concentration of IGF-1. Follow-up of ~500,000 participants with a mean duration of 7.2 years
revealed that the serum concentration of IGF-1 was positively associated with the overall cancer
risk. Importantly, the relationships were highly diverse for specific cancer types. Out of all
analyzed tumor types, the association was strongest for thyroid cancers (HR = 1.22 per 5 nmol/I
increment of IGF-1; 95% CI, 1.05-1.42) [107, 109]. Interestingly, this finding is highly
compatible with previous reports that described positive associations between the risk of DTC
and the individual’s tallness or acromegaly (both of which are related to the excessive levels of

IGF-1) [20, 23-26, 262-265].

Several DIRC3 germline variants were found to associate with human height [85, 86].
Given the positive relationship between body height and thyroid cancer risk, and considering
the impact of IGF-1 on somatic growth and thyroid oncogenesis, a common molecular
mechanism driving both conditions may be assumed. Accordingly, I hypothesize that
epidemiological data associating human height with the increased incidence of thyroid cancers
can be at least partially explained by shared hereditary variants in D/RC3. This link is likely
related to the common transcriptomic influence on /GFBP5. Consequently, germline variants
in DIRC3 could impact the cellular responses to IGF-1. This hypothesis is partially supported
by results presented in our study since the DTC susceptibility variant, rs11693806, impacted
expression of /IGFBPS5. Moreover, | showed that downregulation of either DIRC3 or IGFBPS

provoked overactivity in the AKT signaling cascade in response to IGF-1 stimulation.
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5.4.2. IGFBPS5: the modulator of IGF-1/IGF-1R axis

IGFBPS is the most evolutionarily conserved protein out of six known IGF binding proteins
(IGFBPs). IGFBPS is also the second most abundant member of the family in humans (only
after IGFBP3) [253, 266]. IGFBPs are key regulators of the IGF-1/IGF-1R axis and contribute
to the fine-tuning of IGF-1 bioavailability. Less than 1% of circulating IGF-1 is free, while the
rest is complexed with IGFBPs, or forms ternary complexes consisting of IGF-1, IGFBPs and
the acid labile subunit (ALS) glycoprotein. These structures significantly increase the half-life
of IGF-1 (10 minutes for monomeric IGF-1, 30 minutes for the binary complexes, and 20 hours
for the ternary structures) [95, 253]. Complexing of IGF-1 with IGFBPs increases delivery of
IGF-1 to distant tissues. At the same time, however, IGF-1 needs to disembark from the

complexes to engage and stimulate IGF-1R.

IGFBP5 has three domains: a conserved N-terminal domain containing the IGF-binding
site, an unstructured linker (L-) domain, and a C-terminal domain that includes the
thyroglobulin type-I repeat and the nuclear localization sequence (NLS) motifs [266]. N-
domain has a high affinity to IGF-1, while the C-domain has much weaker affinity to IGF-1,
but potently interacts with the components of ECM (collagens of type 3 and 4, vitronectin,
laminin, fibronectin, thrombospondin, osteopontin, hydroxyapatite) [253]. Meanwhile, the
central L-domain contains several proteolytic cleavage sites [95, 253]. The functional domains
of IGFBPS5 have discrete biological roles. For example, the N-terminal fragment exerted anti-
proliferative and anti-apoptotic effects, while the C-terminal domain had an anti-migratory role
in osteosarcoma cells [267]. Expression of /GFBP5 is regulated by hormones and growth
factors, e.g. prolactin inhibits its production in mammary tissue, while parathyroid hormone
induces IGFBP5 expression in the bones [253]. /IGFBPS is also influenced by androgens and
estrogens in the prostate, ovarian and breast cancers [268-273]. Importantly, expression of
IGFBPS is stimulated by IGF-1 in many normal and malignant cell types [187-190]. In this
instance, the IGF-1/IGF-1R/AKT signaling pathway promotes synthesis of HIF-1, the TF which
directly stimulates the hypoxia response element located within the /GFBP5 promoter [152,
188-190].

In the orthodox paradigm, IGFBP5 counteracts IGF-1 signaling by preventing binding
of IGF-1 to IGF-1R. This inhibitory effect is observed on the organismal level, since mice
overexpressing IGFBP5 exhibited a severe reduction in body growth and had an increased

perinatal mortality [274]. On the other hand, knockout of /GFBP5 did not cause substantial
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phenotypic alterations in mice, most likely due to the compensatory roles of other IGFBPs
[253]. The inhibitory effect of IGFBPS5 has been also observed on the cellular level. IGFBPS,
either overexpressed endogenously or added exogenously, inhibited the IGF-1-induced cell
growth in osteosarcoma cells and abrogated differentiation of osteoblasts [253]. Upregulation
of IGFBP5 also prevented the pro-survival IGF-1 signaling and had a pro-apoptotic influence

on neurons, cardiomyocytes and mammary epithelial cells [253, 275, 276].

However, this conventional model is perplexed by data indicating that IGFBPS may, in
fact, promote IGF-1 signaling in specific contexts. For example, IGFBP5 augmented the
stimulatory effects of IGF-1 on cell migration and DNA synthesis in vascular smooth muscle
cells [187,277]. Castration led to the upregulation of /GFBP5 in murine prostate cancer models.
This in turn potentiated IGF-1 signaling, elicited androgen-independence and led to cancer
progression [278]. Silencing of /GFBP5 in human colon carcinoma cells reduced mitogenic
effect of IGF-1 [279]. Similarly, proliferation of ionocytes in zebrafish could be abrogated by
knockout of either IGF-IR or IGFBPS5 [280, 281]. Expression of human /GFBP5 increased
ionocyte proliferation in the low calcium environment, while IGFBPS5 mutant proteins that were
unable to bind IGF-1 did not produce this effect [279]. However, this influence on inonocyte
proliferation was context dependent, since IGFBPS inhibited IGF-1 signaling under the normal
calcium conditions [253, 279]. It has been recently shown that this divergent response is likely
related to changes in the expression of stanniocalcin 1, level of which is tightly controlled by
the calcium level. As discussed above, stanniocalcin 1 is a PAPP-A inhibitor, while PAPP-A

functions as a metalloproteinase degrading IGFBPS [281].

Henceforth, IGFBPS5 acts as a molecular switch that either inhibits or promotes IGF-1
signaling in diverse cell and tissue contexts. This diversity can be principally attributed to two
mechanisms. Firstly, the aforementioned proteolysis of IGFBPS5 causes a large release of stored
IGFs and consequently promotes oncogenic effects. Among protease that cleave IGFBPS are
PAPP-A, PAPP-A2, thrombin, elastase, cathepsin G, complement Cls, a disintegrin and a
metalloprotease 9 (ADAM 9), ADAM 125, MMP-1, MMP-2 and prostate serum antigen (PSA)
[253, 282]. Notably, it was shown that a protease-resistant form of IGFBPS5 was a significantly
more potent inhibitor of IGF-1 than the native protein [283]. Accordingly, abundant IGFBP5
may initially inhibit IGF-1 signaling by sequestrating IGFs. However, boosted production of
IGFBPS5 may promote IGF-1 signaling later on by creating a local reservoir of IGF-1/IGFBP5
complexes. Once the reservoir is degraded, a large amount of IGF-1 is released and robustly

stimulates nearby cells. Interestingly, our transcriptome profiling experiment indicated that two
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genes implicated into the degradation of IGFBPS5 were differentially expressed upon silencing
of DIRC3 or IGFBP5: MMP-1 and STCI. This may suggest that these genes participate in

feedback mechanisms instigated by alterations in IGF-1 signaling.

Furthermore, the activity of IGFBPS5 is modulated by its biding to the components of
ECM. Attachment of IGFBPS5 to heparin-like glycosaminoglycans protects IGFBPS5 from
proteolytic degradation [253]. Furthermore, physical interactions of IGFBP5 with certain ECM
components (e.g. vitronectin in smooth muscle cells, or hydroxyapatite in the bones) may
locally potentiate IGF-1 signaling [253, 284, 285]. On the other hand, interactions of IGFBP5
with fibronectin may inhibit the pathway [286]. The components of ECM may also reciprocally
modulate production of IGFBPS, e.g., laminin and type IV collagen reduces, while vitronectin

elevates the level of IGFBPS in the porcine smooth muscle cells [284].

IGFBP5 also appears to function in an IGF-independent way. It was shown that IGFBP5
mutants with a negligible affinity to IGFs abrogated somatic growth in mice [287]. A direct
interaction of IGFBP5 with a2p1 integrins was shown to promote attachment of MCF-7 breast
cancer cells to vitronectin. This effect was evident for both the native IGFBP5 protein, as well
as for the truncated mutant protein devoid of the IGF-biding capability [288]. A non-IGF
binding mutant of IGFBP5 promoted migration of vascular smooth muscle cells by interacting
with the cell-surface heparan sulfate proteoglycans [277]. Moreover, IGFBP5 is not only
secreted extracellularly, but it also localizes to cell nuclei. Its intranuclear transport is driven by
the nuclear localization sequence (NLS) motif present in its C-terminal domain. Subsequently,
IGFBPS5 may interact in the nucleus with certain nuclear receptors: retinoic acid receptor (RAR)
and vitamin D receptor (VDR) [95]. While the exact role of these intranuclear interactions
remains to be elucidated, it was shown that complexing of IGFBP5 with VDR may reduce
responses to 1,25-dihydroxyvitamin D3 in the osteoblast-like cells. This effect was, however,

produced only by IGFBPS that was produced endogenously [253].

In summary, IGFBP5 plays a highly complex role. It primarily acts as a molecular
switch regulating the IGF-1 signaling pathway. The ultimate influence of IGFBPS5 is dependent
on the bioavailability of IGF-1, abundance of IGFBP-degrading proteases and the composition
of ECM. Furthermore, IGFBP5 may exert distinct actions when produced endogenously or
delivered externally. The protein also has a poorly characterized IGF-independent functions,
exerted both extracellularly and in the cell nucleus. Thus, it is hardly surprising that IGFBP5

may produces various, often conflicting, phenotypic effects in different biological models.
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5.4.3. DIRC3 and IGFBP5 in cancer — a functional dichotomy

Results of this study designate DIRC3 as a thyroid cancer suppressor with a prominent anti-
invasive function. This conclusion is advocated by the pro-invasive phenotype and
transcriptomic signature elicited by the suppression of DIRC3 in thyroid cancer cells. The pro-
migratory effect is, however, reversed by overexpression of /GFBPS5. This indicates that
IGFBPS5 governs alterations in the migratory potential produced by DIRC3. I also observed that
silencing of DIRC3 protected thyroid cancer cells against the starvation-induced apoptosis,
what appears to be consistent with the pro-survival function of IGF-1 signaling [95]. On the
other hand, silencing of D/RC3 limited the MTT reduction rate in cancer cells. This influence

appeared to be at least partially independent from /GFBPS.

This seemingly paradoxical outcome implies a functional dichotomy of DIRCS3.
Noteworthy, this functional divergence resembles discrepancies in the clinical impact of certain
DIRC3 germline variants. In particular, rs966423[C] constitutes a risk allele for the
development of DTCs, however it is the alternative allele, rs966423[T], that associates with
augmented patients’ mortality [83]. It has been proposed that the former allele may contribute
to early steps of tumorigenesis (the cancer initiation), while the latter allele promotes cancer
progression and metastases [83]. In light of these findings, it may be hypothesized that DIRC3
acts as a reversible transcriptomic switch between the pro-proliferative and pro-invasive
phenotypes in thyroid cancer cells. This form of functional plasticity is known to be vital in the
regulation of tumor progression in various malignancies. It may be also proposed that the
dichotomous role of DIRC3 reflects the functional heterogeneity of /IGFBPS5. Additionally,
putative /GFBPS5 - independent mechanisms may further complement the overall biological

complexity.

A small study reported that /GFBP5 was upregulated in PTCs in comparison to
unmatched normal thyroid and goiter samples [98]. Our study does not support this observation
as neither clinical specimens of DTCs, nor TCGA samples presented significant alterations in
expression of IGFBP5. Two studies provided indirect evidence on the plausible oncogenic role
of IGFBP5 in PTCs. Liu et al. reported that IGFBP5 was silenced by a tumor-suppressive
miR-204-5p, a microRNA found to be frequently downregulated in PTCs. Overexpression of
miR-204-5p in PTC cell lines (BCPAP and TPC-1) suppressed their proliferation and induced
a cell-cycle arrest. This antioncogenic effect was, however, partially reversed by overexpression

of IGFBP5 [99]. Another study also reported that /GFBPS transcripts are targeted by miR-204
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[289]. Urothelial cancer associated 1 (UCAI), a IncRNA gene upregulated in PTCs, increased
the proliferation, migration and invasiveness of TPC-1 cells. Mechanistically, UCA ! transcripts
sponged miR-204 and consequently upregulated /GFBP5 [289]. Of note, UCA ] was a gene that
was significantly downregulated in our study in both rs11693806-edited clones of MDA-T32
cell line. This finding could indicate yet another level of interaction between the genotype of

DIRC3 and expression of IGFBPS.

A wealth of studies has denoted /GFBPS5 to be either oncogene or tumor suppressor.
Overexpression of IGFBPS5 was shown to associate with a poor histological differentiation and
dismal prognosis in the ovarian, breast, renal and bladder cancers, and in gliomas [95, 290-
298]. Expression of IGFBP5 was higher in invasive breast carcinomas (particularly in the
estrogen receptor-positive tumors) when compared to the histologically normal mammary
tissue [269, 294, 295]. Significant overexpression of /GFBPS5 was observed in primary breast
cancers that metastasized to axillary lymph nodes [292, 299, 300]. Upregulation of IGFBPS5 in
breast cancers was also linked to the acquired resistance to PI3K inhibitors [301]. On the other
hand, /GFBPS5 inhibited the estradiol-induced growth in MCF-7 cell line [302]. Upregulation
of IGFBP)5 inhibited the proliferation, viability and motility in breast cancer cell lines and in
murine xenografts [303, 304]. No such influence was observed when the recombinant IGFBP5
protein was applied, hence suggesting that intracrine mechanisms are vital in these activities
[303]. It was also shown that upregulation of /GFBPS5 is mandatory to trigger the involution of
mammary gland in weaning mammals, or to induce regression of breast cancers treated with
Whnt inhibitors [150, 276, 305]. IGFBP5 was downregulated in the tamoxifen-resistant breast
cancer cell lines, cancer xenografts and in the clinical carcinoma specimens [306, 307].
Preoperative treatment with tamoxifen and exemestane (an antiestrogen) upregulated /GFBP5
in breast cancers, and the magnitude of this increase correlated positively with the reduction in
tumor size during anti-estrogen therapy [271, 308]. In fact, knockdown of /GFBP5 elicited
resistance to tamoxifen and downregulated ERa in vitro and in vivo. The tamoxifen sensitivity
was, however, restored with the recombinant IGFBPS protein [309]. Downregulation of
IGFBP5 was also associated with a shorter survival in breast cancer patients that were treated

with tamoxifen [309].

In serous ovarian cancers /GFBPJ5 was reported to be either down- or up-regulated, and
its overexpression was associated with worse prognosis in patients [291, 298]. Moreover,
IGFBP5 was downregulated in ovarian cancers obtained from patients demonstrating responses

or stabilizations during hormonal therapy [272]. Since /GFBP5 was downregulated by

143



17B-estradiol in ovarian cancer cells, it has been suggested that the expression of /GFBP5 may
serve as a marker of tumor response during endocrine therapy [272]. Moreover, IGFBPS5 protein
inhibited the ovarian cancer angiogenesis in vitro and in vivo. This antiangiogenic influence
was related to the inhibition of VEGF-4A and MMP-9, reduced phosphorylation of AKT and
ERK, and upregulation of NF-«kB in ovarian cancer cells [310, 311].

IGFBP5 was reported to be upregulated in prostate cancers in comparison to benign
prostatic hyperplasia [273]. Castration of mice bearing prostate cancers was described to
produce conflicting effects: overexpression or downregulation of /GFBPS5 [273, 278]. It has
been proposed that upregulation of /GFBPS5 after castration could potentiate the antiapoptotic
and mitogenic effects of IGF-1 in prostate cancers. /GFBP5 also promoted growth and
radiosensitivity of prostate cancers, while its silencing decreased the activity of MAPK

signaling pathway and induced a cell-cycle arrest [278, 312].

IGFBP5 was upregulated approximately 20-fold in pancreatic cancers in comparison to
nonmalignant pancreatic duct specimens. Immunohistochemistry staining of pancreatic cancers
revealed a strong focal staining of /GFBPS in cancer islets located at the tumor edges [313].
Overexpression of /GFBPS in pancreatic cancer cells that were present at the epithelial-stromal
boundary was also reported in another study [314]. Similar observations were made for the
circulating pancreatic cancer cells. Hence, it has been hypothesized that alterations in /GFBPS5
expression could influence the plasticity of cancer cells — promote a shift from the proliferative
to metastatic phenotype [314]. In vitro experiments indicated that overexpression of /GFBPS
downregulated AKT signaling and reduced growth of serum-starved PANC-1 pancreatic cancer
cells (KRAS mutant, PTEN wild-type). In contrast, /GFBPS5 overexpression in serum-starved
BxPC-3 cells (KRAS wild-type, PTEN mutant) promoted cell proliferation by activating AKT
and MAPK signaling pathways [315]. Augmented growth of /GFBP5-overexpressing BxPC-3
cells was partially linked to the reduced level of p21 [315]. Interestingly, this cyclin-dependent
kinase inhibitor was upregulated in our study by silencing of either DIRC3 or IGFBPS in
MDA-T32 cells.

Upregulation of /IGFBPS increased the migratory potential of bladder cancer cell lines
[316]. Similarly, IGFBP5 was shown to promote invasiveness of glioblastoma cells, but at the
same time /GFBP5 inhibited their proliferation [317]. Overexpression of /GFBPS5 reduced
growth of murine osteosarcoma xenografts, reduced incidence of pulmonary metastases, while
silencing of IGFBP5 promoted osteosarcoma progression [318]. Opposite effects were
observed in some in vitro studies, in which knockdown of IGFBPS5 in osteosarcoma cell lines
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inhibited cell proliferation, migration, invasiveness, anchorage-independent growth, and
promoted apoptosis [267, 318, 319]. IGFBP5 was downregulated in cervical cancers, and in
head and neck squamous cell carcinomas (HNSCC) [320-322]. Recombinant IGFBP5 blocked
IGF-1 signaling in HNSCC cells, and consequently reduced their proliferation and migration.
Similar phenotypes were produced by endogenous overexpression of IGFBP5, while
knockdown of /IGFBP5 augmented growth of murine HNSCC xenografts [320]. In gastric
cancers /GFBP5 was shown to coordinate up-regulation of p53 and inhibit cell viability and
colony formation [323]. Moreover, /IGFBP5 was shown to attenuate proliferation and migration
in hepatocellular carcinoma (HCC) due to its inhibitory influence on the IGF-1-AKT signaling
pathway [324]. However, another study showed opposite effects, since proliferation of HCC
cells was inhibited by the knockdown of /GFBP5 [325]. In melanoma, overexpression of
IGFBP5 inhibited cell proliferation, anchorage-independent growth, EMT, migration and
invasiveness in vitro, and reduced tumor growth and metastasis in vivo [249]. These effects
were attributed to the inhibition of IGF-1R-MEK-ERK signaling pathway and a subsequent
downregulation of HIF-la. Opposite, melanoma-promoting effects were observed once

IGFBP5 was knocked down [326].

In conclusion, roles of /GFBP5 in malignancies are very diverse. A large share of this
heterogeneity can be attributed to the complexity of molecular mechanisms in which IGFBP5
takes part: the IGF-dependent and IGF-independent functions, the modulating effect of
extracellular milieu, and the cross-talk with other signaling pathway. Moreover, some studies
suggest that functional dichotomy of /GFBP5 may contribute to the phenotypic plasticity of
cancer cells. Accordingly, this concept may also apply to DIRC3, the modulator of /GFBPS5
expression. This IncRNA gene may potentially act as a transcriptomic switch: promote tumor
growth, but also prevent distant spread of cancer cells. The hypothesis, however, needs to be
corroborated in future studies. Furthermore, the prospect of the /GFBP5-independent activities

should be also explored.

145



5.5. Mechanistic model of the interplay between DIRC3 and IGF-1 signaling

Using literature data and the results of this study, I propose a mechanistic model presented in
Figure 41. In this paradigm, DIRC3 produces a cis-regulatory transcript that upregulates
IGFBP5 (the exact molecular mechanism of this influence remains to be elucidated). The
resulting upregulation IGFBPS5 promotes sequestration of IGF-1 in the extracellular space. This
limits accessibility of IGF-1 to IGF-1R. Consequently, the flux from the oncogenic IGF-
IR/AKT/mTOR signaling cascade is reduced. Among downstream effectors of mTOR are
eukaryotic translation initiation factor 4E binding protein (4E-BP1) and p70 S6 kinase (S6K).
Phosphorylation of 4E-BP1 by mTOR complex 1 (mTORC1) decouples 4E-BP1 from
eukaryotic translation initiation factor 4E (elF4E). Hence, the cap-dependent translation of
multiple proteins is derepressed. One of the upregulated proteins is HIF-1a. Moreover, the
phosphorylation of S6K activates ribosomal protein S6 and promotes protein translation [327].
The upregulated HIF-1 (a heterodimer composed of alpha and beta subunits) binds to DNA
sequences termed hypoxia response elements (HREs). HREs are enhancers located within
promoters of numerous genes, many of which are critical in oncogenesis. HREs are also present
in the promoters of /IGFBP genes [327]. Hence, HIF-1 directly induces expression of /IGFBP5
[152, 188-190]. Consequently, a negative feedback loop involving IGF-1, IGF-1R/AKT/mTOR
cascade, HIF-1 and IGFBPS is created. Importantly, when expression of DIRC3 is reduced,
IGFBPS is also downregulated, and the regulatory loop is disrupted. Consequently, thyroid
cancer cells become more sensitive to IGF-1 and experience a stronger activation of the

oncogenic AKT signaling.
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Figure 41. Model of the putative role of DIRC3 in the IGF-1 signaling pathway in thyroid cancer
cells.

The model is based on literature data and the results of this study. (A). IGF-1R is stimulated by IGF-1,
what promotes a signaling cascade involving insulin receptor substrate 1 (IRS1), PI3K, AKT and
mTORCI1. Augmented flux in the AKT signaling pathway drives cancer progression. Additionally,
mTORCI1 upregulates protein synthesis. Among the upregulated proteins are components of
hypoxia-inducible factor 1 (HIF-1), a transcription factor promoting expression of many oncogenes.
Among transcriptomic targets of HIF-1 is IGFBPS, which is consequently upregulated. In thyroid cells
that retain an adequate expression of DIRC3, this IncRNA further promotes expression of /GFBP5.
Production and extracellular release of IGFBPS5 limits the bioavailability of IGF-1, and thus prevents its
excessive stimulatory effect. Accordingly, a negative feedback loop is formed. (B). Expression of
IGFBP5 is downregulated in thyroid cancers with low expression of DIRC3. Accordingly, the
bioavailability of IGF-1 is higher and the oncogenic AKT signaling is augmented. The negative
feedback loop is impaired.

Arrow thickness in the schemes indicates the magnitude of signaling flow.
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5.6. Study limitations

The strength of this study lies in a wealth of clinical, bioinformatic and experimental data that
have equivocally implicated DIRC3 into thyroid carcinogenesis. Nevertheless, the study has

some limitations.

Firstly, the number of DTCs analyzed in the clinical part of this study was rather small,
especially in regards to the number of metastatic cancers. Accordingly, the observed clinical
associations must be interpreted with a great caution and should be confirmed in large patients’
cohorts. Moreover, PTCs constituted ca. 80% of all analyzed cancer cases. While our results
were generalized for all DTCs, it also possible that the reported discoveries may hold true only

for specific histological cancer types.

Secondly, I observed a possible differential biological role of DIRC3 splice variants. In
particular, silencing of DIRC3-202 did not change expression of /GFBPS5, and had no influence
on the results of MTT assays. On the other hand, a GapmeR very likely to selectively target
DIRC3-202 was reported to have a phenotypic and transcriptomic influence on melanoma cells
[247]. These observations could imply that DIRC3 splice variants have diverse functions in
various tumor types. While I was unable to further address this hypothesis within the scope of

this study, future studies may refine this concept.

Thirdly, Western blot experiments have revealed that knockdown of DIRC3 sensitizes
thyroid cancer cells to the stimulatory effect of IGF-1. This outcome strongly mirrored the
impact of /GFBPS silencing, and was completely reversed by the addition of exogenous
recombinant IGFBP5 protein. Accordingly, the IGF-1-sensitizing phenomenon has been
attributed to the diminished production of IGFBP5. At this moment, however, I cannot provide
direct evidence regarding the level of IGFBPS5 protein. Despite my best efforts the enzyme-
linked immunosorbent assay (Human IGFBP-5 DuoSet ELISA DY875, R&D Systems) failed
to detect IGFBPS in biological samples (cell lysates and supernatants obtained from various
cell lines). I attribute this failure to technical problems with the assay since even high
concentrations of the recombinant human IGFBP5 protein produced very faint signals in
ELISA. Instead, protein immunoblotting experiments utilizing alternative anti-IGFBP5

antibodies are in progress.

Fourthly, I used Cas9/CRISPR to edit rs11693806, the DIRC3 germline variant.

Phenotypic and transcriptomic alterations generated by genomic editing of rs11693806 were
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attributed to the on-target activity of the utilized sgRNA. Successful genomic modification of
the variant was documented using the T7EI assay, rhAmp genotyping PCR assay and Sanger
sequencing. Moreover, no off-target editing in the protein-coding sequences was detected using
WES. However, a full confidence on the editing specificity can be only provided by whole

genome sequencing.

Next, CRISPRa produced a robust upregulation of D/RC3 in thyroid cancer cell lines.
Nevertheless, this overexpression had no influence on the level of /GFBPS transcripts. This
outcome was unexpected given the consistent transcriptomic reciprocity between D/IRC3 and
IGFBPS5 observed in the gene silencing and IGFBP5 overexpression experiments. This
perplexing observation has not been elucidated so far. While CRISPRa was expected to
recapitulate the endogenous expression of DIRC3 more faithfully than the plasmid-mediated
overexpression (which failed to produce any transcriptomic or functional effects in the
melanoma study) [247], it is plausible that CRISPRa was still insufficient to reproduce all

aspect of the transcriptomic regulation of /GFBPS5. More research on this issue should ensue.

Furthermore, I did not plan to provide a definitive mechanism by which DIRC3
transcripts generate their transcriptomic impact. While our study indicates that D/IRC3 has a
cis-regulatory role, more molecular details are anticipated. Functions of IncRNAs are typically
related to their interactions with chromatin, proteins and other RNA species. Accordingly,
upcoming projects may employ methods such as chromatin immunoprecipitation (ChIP), RNA
immunoprecipitation (RIP) or the chromatin conformation profiling techniques. In the light of
results of the melanoma and breast cancer studies, it is possible that some functions of DIRC3
are related to the presence of PREs within its locus. These elements may recruit proteins that
are either repressive (as MITF and SOX10 in melanoma) or permissive (as FOXA1 and ERa in
breast cancer) in regards to the expression of /GFBPS. Since TFs evaluated in the melanoma
and breast cancer studies are not functionally relevant in thyroid tissue, and because the defined
PREs do not overlap the DTC risk variants, I presume that these particular TFs and PREs are
not involved in thyroid oncogenesis. It is, however, plausible that DIRC3 may control activity
of some thyroid-relevant TFs in unrecognized PREs that harbor the DTC risk variants. To
elucidate this hypothesis, it is desirable to identify putative biding sites for the thyroid-relevant
TFs, assess TF occupancy (e.g., by employing ChIP), and/or evaluate chromatin accessibility
with techniques such as DNase-seq or ATAC-seq (Assay for Transposase-Accessible

Chromatin sequencing).

149



Finally, the experimental part of this study employed several validated thyroid cancer
cell lines. Nevertheless, future studies should also include in vivo experimentations, and ideally
shall employ patient-derived xenografts (PDx). These cancer models permit a more accurate
recapitulation of the tumor complexity, principally in regards to the interplay between cancer
cells and the tumor stroma. This is especially relevant for IGFBPS, since the function of this
protein is modulated by ECM. Additionally, experiments in animals could partially reproduce
endocrine mechanisms, particularly the effects related to IGF-1. In fact, both mouse and human
IGF-1 are structural orthologues and murine IGF-1 is capable to efficiently stimulate human

IGF-1R [328, 329].

5.7. Clinical outlook

Results of this study are clinically relevant in multiple ways. Firstly, past studies indicated that
germline variants in D/RC3 impact the risk of developing DTCs. Nevertheless, associations
identified for those particular SNVs are modest only (allelic OR ~1.43-1.44) [242, 244].
Accordingly, their clinical usefulness is questionable. Results of this study have linked DIRC3
and its germline variant (rs11693806) with expression of /GFBP5, a gene known to modulate
the bioavailability of IGF-1. Recent studies have also indicated that the concentration of
circulating IGF-1 has a significant impact on DTC susceptibility (HR = 1.22 per 5 nmol/l
increase of IGF-1) [107, 109]. The molecular element connecting these risk factors is IGFBPS.
Hence, I predict that genotyping of DIRC3 performed simultaneously with the measurement of
circulating IGF-1 could expose a synergistic impact on the DTC risk assessment. I propose that
future epidemiological studies should concurrently assess DIRC3 genotype and the

concentration of IGF-1 in the blood to more accurately predict patients’ susceptibility to DTC.

Secondly, this study indicates that expression of D/RC3 in thyroid carcinomas may
influence cancer invasiveness. Accordingly, DIRC3 expression in DTCs may have a prognostic
value. To date the only widely recognized molecular prognostic factors in DTCs are somatic
mutations in BRAF and the TERT promoter [30, 33, 330, 331]. A risk-stratification strategy
utilizing the measurement of DIRC3 expression in thyroid cancers may potentially help to
further personalize therapy. I foresee that once the reported associations are validated, they may
be beneficial to guide clinical decisions: to intensify treatment in the high-risk/DIRC3-low

cancer patients, or deescalate management of the low-risk/DIRC3-high cancers.
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Thirdly, I demonstrated that downregulation of D/IRC3 increases the cellular response
to IGF-1. Therapeutic inhibition of IGF-1 signaling has been long pursued in clinical oncology,
with drugs such as IGF-1R TKIs (AXL1717) and monoclonal antibodies targeting IGF-1R or
IGF-1 (figitumumab, teprotumumab, ganitumab, xentuzumab) being tested in a number of
preclinical and clinical trials (also recruiting patients diagnosed with advanced DTCs) [106,
252, 332]. While early studies were promising, subsequent phase II and III clinical trials have
been largely disappointing. Still, exceptional responders with a long-lasting benefit derived
from anti-IGF-1R drugs have been noticed across many trials. It has been proposed that novel
predictive factors are necessary to identify patients who could respond to IGF-1R inhibitors
[252, 332]. Remarkably, one of such predictors could be the expression of /GFBPS in tumors.
It has been demonstrated that the level of IGFBPS5 corelated inversely with the resistance to
IGF-1R-targeting antibodies and TKIs in breast and urinary bladder carcinomas. Similar
observations were made elsewhere in a large panel of cancer cell lines (particularly in colon
cancer cell lines) [294, 333, 334]. Accordingly, results of our study may provide a rationale for
utilizing IGF-1R inhibitors in the RAlI-refractory DTCs that downregulate D/RC3. In such
preclinical or clinical trials, IGF-1R inhibitors might be combined with clinically approved
TKIs (such as sorafenib, lenvatinib) to prevent resistance mechanisms mediated by cross-talk

with other oncogenic signaling pathways [252].

In summary, results of this study indicate that DIRC3 has a prominent anti-invasive
function in thyroid cancers. The expression of DIRC3 in DTCs may emerge as a clinically
relevant prognostic factor, and may also constitute a predictive marker for novel therapeutic

strategies.
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CHAPTER VI: CONCLUSIONS

l. DIRC3 emerges a thyroid cancer suppressor that is frequently downregulated in

DTCs. Expression of DIRC3 may impact the risk of DTC recurrence.

2. DIRC3 produces nuclear-enriched transcripts that induce expression of /IGFBPS,
a master regulator of the IGF-1 signaling pathway.

3. DIRC3 silencing increases migration and invasiveness of thyroid cancer cells in

vitro, but decelerates the increase in number of viable cells in MTT assay.

4. Knock-down of DIRC3 sensitizes thyroid cancer cells to IGF-1 and promotes
AKT signaling pathway.
5. A relatively strong thyroid cancer risk variant, rs11693806, modulates expression

of DIRC3 and IGFBPS5, and changes the phenotype of thyroid cancer cells.

6. Expression of DIRC3 may constitute a clinically relevant prognostic factor in
DTCs. Thyroid cancers with low expression of D/IRC3 may be more sensitive to
IGF-1 stimulation, what consequently indicates a potential new therapeutic

avenue.
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APPENDIX TABLE.

List of DEGs shared by DIRC3 and /GFBP5 in the gene silencing experiment in MDA-T32 cell line. Literature evidence on the gene role in thyroid cancers is
described. References to the Table are provided above.

190

POSSIBLE EXPRESSION
GENE FULL NAME EVIDENCE FOR ROLE IN THYROID CANCERS ROLE UPON DIRC3
SILENCING
NRXN3 Neurexin 3-alpha l
COL17A1 Collagen Type XVII Alpha 1 | Downregulated in PTCs and anaplastic thyroid cancers as compared 1
Chain to normal thyroid tissue [335, 336].
WNTI11 Wnt Family Member 11 l
Upregulation of FERIL4 correlated positively with the lymph node
Fer-1 Like Family Member metastasis, extrathyroidal extension and advanced TNM stages in
FERIL4 . PTCs. Knockdown of FERIL4 suppressed cell proliferation, Oncogene !
4, Pseudogene (Functional) . . . . )
migration and invasion in PTCs, whereas ectopic expression of
FERI1L4 promoted these processes [337].
Expression of ANGPT?2 gradually increased from non-neoplastic
thyroid tissue to high-risk thyroid cancers.
ANGPT? Siitepeland ANGET 2 expression was useful to distinguish cancers from benign Possible 1
thyroid neoplasms. oncogene
Expression of ANGPT?2 was predictive of the lenvatinib sensitivity in
radioiodine-refractory PTCs [338-341].
DBP D-box b.in’ding PAR bZIP |
transcription factor
TNFSFS8 ngzg?;;:;a%ior The proportion of CD30L+ cells correlated inversely with the PTC 1
Member 8, CD30L aggressiveness [342].
Overexpressed in PTCs. Possible
AREG Amphiregulin Upregulation of AREG associated with worse prognosis and 1
increased risk of cervical node metastasis in PTCs [343-345]. oncogene
MGP Matrix Gla Protein l
ILIRLI gnterleukin 1 Receptor Like )




ACTLS Actin Like 8
HSD11BI Hydroxysteroid 11-Beta
Dehydrogenase 1
Inhibits proliferation and arrests the cell cycle.
CDKNIA deletion is involved in thyroid carcinogenesis.
The expression level of CDKNIA was useful to distinguish adenomas
from PTCs. Possibl
CDKNIA Cyclin Dependent Kinase Progressive loss of p21 expression was observed with advancing tumor y
Inhibitor 14, p21 clinical stage of DTCs. Expression of p21 was higher in large PTCs SUDDICSSOT
and in tumors extending beyond the thyroid capsule. pp
No correlation between the p21 expression, clinical parameters and
patients’ prognosis could be established in one study [217, 219, 346-
352].
BEX1 Brain Expressed X-Linked 1 | Downregulated in thyroid cancers [353, 354]
FST serum level was increased in thyroid cancer patients. Its level
FST Follistatin correlated positively with the cancer aggressiveness (metastasis,
vascular invasion, TNM) [355].
DGKB Diacylglycerol Kinase Beta
Cotinene 12450 ey | Expres51.0n of CYPIBI was elevated in PTCs, but'was lower in
CYPIBI1 . anaplastic cancer as compared to normal thyroid tissue [354, 356,
Subfamily B Member 1 357]
FBLN7 Fibulin 7 ?Sogvilnregulated in PTCs as compared to normal thyroid tissue [357-
Downregulated in FTCs. ST8SI46 inhibited cell proliferation, Tumor
ST8S146 Alpha-2,8-sialyltransferase | migration and invasion in FTCs, while its upregulation decreased the
. . suppressor
cancer invasiveness [360].
Family With Sequence
FAMI3C Similarity 13 Member C
Leucine Rich Melanocyte
LRMDA Differentiation Associated
Roundabout euidance Overexpressed in PTCs.
ROBO4 receptor 4 g Iodine therapy might exert therapeutic effects by targeting ROBO4 in

thyroid cancer cells [361, 362].
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Protein Phosphatase 2

PPP2R2B Rssplletony St bt Downregulated in malignant thyroid nodules [363, 364]
Silencing of STC1 inhibited the thyroid cancer cell proliferation,
whereas the recombinant human STC1 enhanced cell proliferation.
STC1 Stanniocalcin 1 Altered expression in thyroid tumor cell lines and thyroid tumor Oncogene
tissues. Overexpression was a negative prognostic biomarker in the
thyroid cancer patients [222-224, 365, 366].
Lymphocyte Antigen 6
2L Family Member K
Leucine Rich Repeat
LRRC38 Containing 38
Involved in the cell cycle regulation and immune suppression.
. Expression induced by RET/PTC oncogene in PTCs. Possibly
) NEER D 28 Induction of IL24 by oncogenes may support cell proliferation and oncogene
tumor growth at the early stages of thyroid carcinogenesis [367, 368].
FAMI198B Golgi Associated Kinase 1B
Expression elevated in the radiation-induced PTCs as compared to
sporadic PTCs [369].
Balottiaitet) O et Expression of ESMI was 1npreased in FTCs harborlng PAX8-PRARy1
ESM1 rearrangement. ESM] may impact cell adhesion and angiogenesis
Molecule 1 [370]
ESM1 was differentially expressed in papillary thyroid
microcarcinoma and PTCs [371].
Expression of MYO5B was induced by the thyroid transcription factor
. PAX8. MYO5B may regulate the follicular polarity in thyroid cells
MYOsB Myosin VB [372].MYO5B was downregulated in anaplastic thyroid cancers
[373].
ACTBL2 Actin Beta Like 2 Expressmg of ACTBL?2 was lower in the follicular variant PTCs than
in convention PTCs [374].
ADRB? Adrenoceptor Beta 2 Expressmn of ADRB?2 was higher in DTCs than in normal thyroid
tissue [375].
Scavenger Receptor
SSC5D Cysteine Rich Family

Member With 5 Domains




TNF Superfamily Member

Downregulated by EPB4114A (a validated PTC tumor suppressor).

TNFSF15 15, Vascular Endothelial TNFSF15 was involved in the proliferation and differentiation of
Cell Growth Inhibitor thyroid cancer cells [376].
BGN Esiyea ][E3X7p7r]ession of BGN was higher in PTCs than in oncocytic carcinomas
EFHC? EF. -Ha.nfl Domain
Containing 2
OLFML2A | Olfactomedin Like 24 Expression of OLFML2A4 was lower in FTCs than in thyroid
adenomas [378].
WDR86 WD Repeat Domain 86
SAMDI1 Steril? qlpha mot.if domain-
containing protein 11
Inscuteable Spindle
INSC Orientation Adaptor Protein
VSTMI V-Set And Transmembrane VSTM1 expression impacts the radiation sensitivity of anaplastic and
Domain Containing 1 poorly differentiated thyroid cancers [379].
High MMP-1 expression was observed in undifferentiated thyroid
cancer cell lines.
MMP-1 level was significantly higher in follicular thyroid
carcinomas than in adenomas. High expression of MMP-1 in DTCs
correlated positively with the cancer aggressiveness (laryngotracheal
MMPI Matrix Metallopeptidase 1 invasion, multifocality, regional and distant metastases). Oncogene
Elevated expression of MMP-1 in DTCs was a risk factor for cervical
metastases.
No relationship between the MMP-1 expression in DTCs and the
cancer invasiveness, metastasis, or recurrence was detected in
another study [206-212, 380].
Serpin Family B Member 2;
SERPINB2 | Plasminogen Activator SERPINB? inhibited apoptosis in anaplastic thyroid cancer [381].
Inhibitor 2
TRIM15 f gipartite motif-containing
AL162231.2 | -
AL512488.1
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ACI21764.1 | - l
AC091173.1 | - 1
MALATI promoted cell proliferation, migration, invasiveness and
angiogenesis in thyroid cancers.
Knockdown of MALATI reduced cell migration and invasiveness in
B-CPAP and K1 thyroid cancer cell lines.
MALATI upregulated /IGF2BP2 and enhanced expression of MYC,
conferring a stimulatory effect on the proliferation, migration and
invasiveness of thyroid cancer cells.
Metastasis Associated Lung | MALATI was highly expressed in normal thyroid tissues and in Oncogene
MALATI Adenocarcinoma Transcript | thyroid tumors. Expression of MALATI was higher in PTCs and 1
1 Hiirthle cell thyroid neoplasms than in normal thyroid tissue. Its
expression correlated positively with the tumor size, lymph node
metastases and disease stage in PTCs.
MALATI was, however, downregulated in poorly differentiated
thyroid cancers and anaplastic thyroid carcinomas [192, 193, 195,
197, 199, 382-384].
TLR4 Interactor With
TRIL Leucine Rich Repeats l
LINC02407 | - 1
LINC00052 | - !
AC107398.3 | - J
AP000894.2 | - !
AC004585.1 | Immune related IncRNA 1
Dachshund Family Indirect evidence for an anti-proliferative role of DACHI in PTCs
DACHI - l
Transcription Factor 1 [385].
FO681492.1 | - !
AC002384.1 | - !
AL662907.1 J
BCL2A1 BCL2 Related Protein A BCL%A] increased the apoptosis resistance in poorly differentiated ]
thyroid cancers [386].
KNOPIPS Lysine Rich Nucleolar !

Protein 1 Pseudogene 5




STARD4-

AST STARD4 Antisense RNA 1 1

CYPIBI- . Upregulated in PTCs. Expression of CYP1B1-AS1 may have a

AS1 CURE CORERS L prognostic value [387, 388]. l
MAF BZIP Transcription

MAF Factor; V-Maf szqn )
Musculoaponeurotic
Fibrosarcoma Oncogene
Solute Carrier Family 26

SLC26A49 Member 9 l

MYO7B Myosin VIIB 1
Natriuretic Peptide Receptor | Low expression of NPRI was associated with increased risk of PTC

NPRI l
1 recurrence [389].

CSF?2 Colony Stimulating Factor 2 | Upregulated in PTCs. Expression of CSF2 was induced by the 1
(GM-CSF) RET/PTC3 oncogene [390-395].
Multiple epidermal growth

MEGF6 factor-like domains protein l
6
Prostate Androgen-

PARTI Regulated Transcript 1 l

LRRCAC Leucine Rich Repeat Upregulated in widely-invasive Hiirthle cell carcinomas as compared 1
Containing 4C to normal thyroid tissue [37].

WDR31 WD Repeat Domain 31 l
Family With Sequence

. Similarity 83 Member A 1

N4BP3 NEDD4 Binding Protein 3 Downregulated in Wldely—.mv.aswe Hiirthle cell carcinomas as 1

compared to normal thyroid tissue [37].

ALPK3 Alpha Kinase 3 l

PTGER?2 Prostaglandin E Receptor 2 l
Regulating Synaptic

——— Membrane Exocytosis 3 l

CCL26 C-C Motif Chemokine 1

Ligand 26
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Dr med. Krystian Jagdzewski , Katedra i Zaklad Medycyny Rodzinnej
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dotyczaeym: wyrazenia opinii w sprawie badania pt.; ™ W poszukiwaniu nowych
microRMA-gleboka analiza sekweneji transkryptomu w raku brodawkowatym tarczyey.™

Uwagi Komisji-verte

wyraia nastepujacs
opinieg

- stwierdza, 7e 54 one dopuszczalne i zgodne z zasadami naukowo-etycznymi®,
- —shwierdza, ze-sy one niedopussezalng i niczeodne 7 zasadami naukowo-
etyermymi.*

Pouczenie-w ciggu 14 dni od otreyvmania decyzji wnioskodawcey przyshuguje Prawo odwolania do
Komisji Odwolawezej za posredniciwem Komisji Bioetycanej prey Warszawskim Uniwersytecie
Medyeznym.

Komisja dziala na podstawie art.2% ustawy z duia 5.12.1996r. o zawodzie lekarza /DU, nr 2897 poz.152

wraz z pain.zm./, zarzgdzenia MZiOS z dn.1 L05.1999r. w sprawie szczegdlowych zasad powolywania i
finansowanis oraz trybu deislania komisji bioetycznyceh Dz Unr 47 pozA80, Ustwwy prawo

farmaceutyezne z dnia 6 wrzednia 2001 r. (D2UNr 126, poz. 1381 z péén. zm.) Zarzgdeenie nr 56/2007

z dnia 15 paddriernika 2007 r.w sprawie dzialania Komisji Bioetvernej przy Warszawskim LUniwersy tecie
Medyeznym /Regulamin Komisji Bioetyeznej pray Warszawskim Uniwersyiecie Medyeznymi.

Komisja dziala zgodnie z zasadami GCP.
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