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ABSTRACT

Thyroid cancer (TC) represents 3% of all cancer cases globally, and its incidence has
increased significantly in recent decades. Papillary thyroid carcinoma (PTC) is the most
common subtype, accounting for 80%—90% of diagnosed cases. While PTC generally
responds well to treatment, certain subtypes may have a high risk of recurrence and advanced

disease and can ultimately become resistant to radioactive iodine treatment.

Obesity and dyslipidemias (e.g., hypercholesterolemia) have been linked to worse cancer

FV600}£

progression, including TC. Additionally, the BRA mutation in the MAPK signaling
pathway, present in 60% of PTC cases, is associated with more aggressive PTC. The overall
aim of this thesis was to investigate the role of cholesterol in TC and the molecular

mechanisms involved.

The first objective was to examine the association between low-density lipoprotein (LDL)
receptor (LDLR) expression, intratumoral 27-hydroxycholesterol (HC) levels, and the
malignancy of TC tumors. Patients with high-risk PTC, poorly differentiated TC (PDTC),
and anaplastic TC (ATC) showed low levels of LDL-cholesterol (LDL-C) in their serum.
These TC subtypes displayed higher LDLR expression and increased levels of intratumoral
27-HC due to the downregulation of the CYP7B1 enzyme responsible for 27-HC
degradation. I vitro studies showed that LDL promoted cellular proliferation and migration,

and these effects were influenced by the CYP27A1 and CYP7B1 enzymes.

F""E mutation in an environment

The second objective was to explore whether the BRA
rich in LDL could enhance LDLR-mediated oncogenic processes through the
RAS/RAF/MAPK (MEK)/ERK pathway. The results revealed differential regulation of
LDLR expression in PTC cell lines (TPC1 and BCPAP) based on BRAF"*"* mutational
status, which significantly affected LLDL uptake capacity. Treatment with the BRAF"*""
inhibitor, vemurafenib, partially blocked the oncogenic effects of BRAF ™", leading to
downregulated LDLR expression and attenuated LDL-induced proliferation. These findings
suggest a potential synergistic effect between LDL and tumors harboring BRAF"",
Furthermore, LLDL has the ability to act as a coadjutant with BRAF" " accelerating
oncogenic processes by hyperactivating the RAS/RAF/MAPK (MEK)/ERK signaling

cascade in cells with BRAF"*"* mutations compared to wild-type cells.

xii



Opverall, this study demonstrated that LDL and its metabolite, 27-HC, play a role in
promoting malignancy in TC. In the context of BRAF mutant tumors, the exposure to high

LDL levels can lead to hyperactivation of the RAS/RAF/MAPK (MEK)/ERK signaling

cascade, resulting in a worse tumor prognosis.
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RESUMEN

El cancer de tiroides (CT) representa el 3% de todos los casos de cancer a nivel mundial.
Su incidencia ha aumentado significativamente en las dltimas décadas, siendo el carcinoma
papilar de tiroides (CPT) el subtipo mas comun con el 80%-90% de los casos diagnosticados.
Aunque el CPT suele responder bien al tratamiento, existen ciertos subtipos que pueden
presentar un alto riesgo de recurrencia y progresion a etapas avanzadas, volviéndose

resistentes al tratamiento con yodo radiactivo.

La obesidad y las dislipidemias (por ejemplo, la hipercolesterolemia) se han relacionado con

F7E en la via

una peor progresion del cancer, incluido el CT. Ademas, la mutacion de BRA
de sefializacion MAPK, presente en el 60% de los casos de CPT, se asocia con CPT mas
agresivos. El objetivo general de esta tesis fue investigar el papel del colesterol en el CT y los

mecanismos moleculares involucrados.

El primer objetivo fue examinar la asociacion entre la expresion del receptor de
lipoproteinas de baja densidad (LDLR), los niveles intratumorales de 27-hidroxicolesterol
(27-HC) y la malignidad de los tumores de CT. Los pacientes con CPT de alto riesgo, CT
poco diferenciados (PDTC) y CT anaplasicos (ATC) mostraron bajos niveles de colesterol
de lipoproteinas de baja densidad (LDL-C) en su suero. Estos subtipos de CT mostraron una
mayor expresion de LDLR y niveles elevados de 27-HC intratumoral debido a la regulacion
a la baja de la enzima CYP7B1, responsable de la degradacion del 27-HC. Los estudios 7
vitro mostraron que la LDL promovia la proliferaciéon y migracion celular, y estos efectos

estuvieron influenciados por las enzimas CYP27A1 y CYP7B1.

El segundo objetivo fue explorar si la mutaciéon BRAF*" en un ambiente rico en LDL
podria mejorar los procesos oncogénicos mediados por LDLR a través de la via
RAS/RAF/MAPK (MEK)/ERK. Los resultados revelaron una regulacion diferencial de la
expresion de LDLR en lineas celulares de CPT (TPC1 y BCPAP) segin el estado mutacional
de BRAF™" lo que afect6 significativamente a la capacidad de captaciéon de LDL. El
tratamiento con el inhibidor de BRAF"**, vemurafenib, bloque6 parcialmente los efectos
oncogénicos de BRAF"™ lo que condujo a una regulaciéon a la baja de la expresion de
LDLR y una proliferaciéon atenuada. Estos hallazgos sugieren un posible efecto sinérgico

entre la LDL y los tumores que albergan la mutaciéon de BRAF . Ademas, la LDL tiene

X1V



la capacidad de actuar como coadyuvante con BRAF ™ acelerando los procesos
oncogénicos al hiperactivar la cascada de sefializacion RAS/RAF/MAPK (MEK)/ERK en

células con mutaciones de BRAF*"E,

En general, este estudio demostré que la LDL y su metabolito, 27-HC, desempefian un
papel en la promocién de la malignidad en el CT. En el contexto de tumores con mutacion
BRAF, la exposicion a altos niveles de LDL puede promover la hiperactivacion de la cascada
de sefializacién RAS/RAF/MAPK (MEK)/ERK, lo que resulta en un peor prondstico del

tumor.
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RESUM

El cancer de tiroides (CT) representa el 3% de tots els casos de cancer a nivell mundial. La
seva incidencia ha augmentat significativament en les ultimes décades, essent el carcinoma
papil-lar de tiroide (CPT) el subtipus més comd amb el 80%-90% dels casos diagnosticats.
Encara que el CPT sol respondre bé al tractament, hi ha certs subtipus que poden presentar
un alt risc de recurréncia i progressio a etapes avangades, fent-se resistents al tractament amb

iode radioactiu.

L'obesitat i les dislipémies (per exemple, la hipercolesterolemia) s'han relacionat amb una

F%E en la via de

pitjor progressié del cancer, incloent-hi el CT. A més, la mutacié de BRA
senyalitzaci6 MAPK, present en el 60% dels casos de CPT, s'associa amb CPT més agressius.
L'objectiu general d'aquesta tesi va ser investigar el paper del colesterol en el CT i els

mecanismes moleculars involucrats.

El primer objectiu va ser examinar l'associacié entre l'expressié del receptor de
lipoproteines de baixa densitat (LDLR), els nivells intratumorals de 27-hidroxicolesterol (27-
HC) i la malignitat dels tumors de CT. Els pacients amb CPT d'alt risc, CT poc diferenciat
(PDTC) i CT anaplasic (ATC) van mostrar baixos nivells de colesterol de lipoproteines de
baixa densitat (LDL-C) en el seu serum. Aquests subtipus de CT van mostrar una major
expressio de LDLR i nivells elevats de 27-HC intratumoral a causa de la regulacio a la baixa
de l'enzim CYP7B1, responsable de la degradacié del 27-HC. Els estudis zz vitro van mostrar
que la LDL promovia la proliferacié i migracié cel-lular, 1 aquests efectes van estar influits

pels enzims CYP27A1 1 CYP7BI1.

El segon objectiu va ser explorar si la mutacié de BRAF"™" en un ambient ric en LDL
podria millorar els processos oncogenics mitjangant el LDLR a través de la via
RAS/RAF/MAPK (MEK)/ERK. Els resultats van revelar una regulacié diferencial de
l'expressié de LDLR en linies cel'lulars de CPT (TPC1 i BCPAP) segons l'estat mutacional
de BRAF"*" 1a qual cosa va afectar significativament a la capacitat de captacié de LDIL.. El
tractament amb l'inhibidor de BRAF" ™", vemurafenib, va bloquejar parcialment els efectes
oncogenics de BRAF " i conseqiientment, una regulacio a la baixa de I'expressié de LDLR
1 una proliferacié atenuada. Aquests resultats suggereixen un possible efecte sinérgic entre la

LDL i els tumors portadors de la mutacié de BRAF . A més, es proposa la capacitat de
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la LDL d'actuar com a coadjuvant amb BRAF " accelerant els processos oncogenics
mitjancant la hiperactivaci6 de la cascada de senyalitzaci6 RAS/RAF/MAPK (MEK)/ERK

en cél-lules amb la mutacié de BRAF" ",

En general, aquest estudi va demostrar que la LDL i el seu metabolit, 27-HC, juguen un
paper en la promocié de la malignitat en el CT. En el context de tumors amb mutaci6 de
BRAF, l'exposici6 a alts nivells de LDL pot promoure la hiperactivacié de la cascada de

senyalitzaci6 RAS/RAF/MAPK (MEK)/ERK promovent un pitjor pronostic del tumort.
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Chapter I

- INTRODUCTION -







INTRODUCTION

1. Thyroid Gland
1.1 Morphology and Functions

The thyroid is an endocrine gland located in the lower, anterior part of the neck that is
formed as two lobes (right and left) joined by an intermediate structure named the isthmus.
The lobes are 5 x 2.5 x 2.5 cm in dimension, weigh around 25 g, and become bigger in women
during the menstruation and pregnancy. These lobes consist of structural and functional
units called thyroid follicles, which are 0.02—-0.9 mm diameter and spherical, and the wall is
made of cuboidal cells called follicular cells, responsible for the secretion of thyroid
hormone'. Therefore, 70% of this gland is composed of follicular cells, 20% correspond to

endothelial cells, and the rest are fibroblasts and C cells (Figure 1)

The thyroid gland has a key role in the regulation of the body basal metabolic rate (BMR),
together with many other important cellular functions such as: the homeostasis of calcium
metabolism, the stimulation of somatic and physical growth, the regulation of heart rate and
contraction, and so on. The thyroid gland produces three types of iodothyronines, T4, T3
and 1T3, being the thyroglobulin the protein precursor. This is a protein within the colloid
in the follicular lumen originally created within the rough endoplasmic reticulum of follicular
cells and then transported into the follicular lumen. Thyroglobulin contains 123 units of
tyrosine, which reacts with iodine in the follicular lumen. When thyroid hormones are
needed, thyroglobulin is uptake from the colloid into the cells to obtain T4 and T3. Finally,

the thyroid releases the hormones by passing from the cells into the circulation.

T4 is known as thyroxine; it corresponds to 90% of the inactive thyroid hormone and is
the prohormone of triiodothyronine (T3), which belongs to 10% of the active thyroid
hormone. The T4 hormone is converted peripherally to T3 by type 1 deiodinase in tissues
with high blood flow (e.g., kidneys and liver). The third iodothyronine, T3 (reverse T3), is
inactive and is a metabolite from T4 formed by type 3 deiodinase activity'”. It is believed the
body produces T3 when there is a severe illness or when the body enters starvation mode
as a mechanism for saving energy’. However, there are many ideas around rT3 that have not
been consistently proven, and the precise significance of this hormone function is still being

teased out.
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Between follicular cells there are parafollicular cells (also called the small C cells) that secrete
a polypeptide hormone known as calcitonin, which plays a role in calcium homeostasis

lowering serum calcium concentrations'.
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Figure 1. Thyroid gland anatomy and histology. Created with BioRender.com

2. Thyroid Cancer

2.1 Histological Classification (progression and prognosis)

Thyroid cancer (TC) is characterized by a wide spectrum of morphologies and behaviors
including indolent tumors as well as the most aggressive and lethal malignancies. For this
reason, an exact identification, diagnosis, and prognosis of TC are crucial. Figure 2 presents
the 2022 World Health Organization (WHO) classification of thyroid tumors, which are

divided into benign, low-risk, and malignant neoplasms’.

Benign tumors are classified as follicular adenomas as well as variant adenomas that are
clinically significant. The low-risk follicular cell-derived neoplasms include non-invasive
follicular thyroid neoplasms with papillary-like nuclear features (NIFTP), thyroid tumors of
uncertain malignant potential, and hyalinizing trabecular tumors®. Finally, the worst
malignancies are classified as malignant follicular cell-derived neoplasms and are subdivided

based on molecular profiles and aggressiveness, as follows:

- Well-Differentiated Thyroid Carcinomas (WDTC)
o Papillary Thyroid Carcinomas (PTCs): this is the most common subtype,

accounting for about 80%—90% of TC. It is characterized by the presence of



INTRODUCTION

papillary structures, which are finger-like projections. It tends to grow slowly

and has a good prognosis.

o Follicular Thyroid Carcinomas (FTCs): represent the 10%—15% of TC. It
typically forms follicular structures resembling closed sacs. These type of
tumors have a higher tendency to invade blood vessels and spread to distant

organs.

Oncocytic carcinomas (OCAs): also known as Hiirthle cell carcinoma, it is a variant
of FTC characterized by the presence of oncocytic or Hiirthle cells. These cells are
large, granular cells with abundant eosinophilic cytoplasm due to the accumulation
of mitochondria. This type of neoplasm accounts for a small percentage of TC,
around 3%—5% of cases. It is more common in older people and tends to have a

higher recurrence rate and a slightly worse prognosis compared to typical FT'C.

Differentiated high-grade thyroid carcinomas (DHGTCs): this is a term used to
describe a subset of TC that exhibit aggressive behavior and have histological
features indicating a higher grade of malignancy compared to typical differentiated
thyroid carcinomas (DTCs). However, in some cases, certain thyroid tumors may
exhibit features of high-grade malignancy, such as increased cellularity, nuclear atypia,
mitotic activity, and invasion beyond the thyroid capsule. These tumors may have
more aggressive behavior, higher rates of recurrence, and a poorer prognosis

compared to typical DTCs.

Invasive encapsulated follicular variant papillary thyroid carcinomas (IEFV-PTCs):
this is characterized as a thyroid tumor with nuclear features of PTC but with a

follicular growth pattern. This type of tumor is the second most common variant of

PTC, accounting for 7-23% of all PTCs".

Poortly differentiated thyroid carcinomas (PDTCs): this is a subtype of TC that falls
between WDTC and undifferentiated TC in terms of cellular features and behavior,
and it is therefore considered an intermediate stage of TC. Its most common

histological features are cellular atypia, decreased differentiation, solid growth pattern
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and increased mitotic activity. PDTC is associated with a higher risk of aggressive

behavior, local invasion, and distant metastasis compared to WDTC.

- Anaplastic thyroid carcinomas (ATCs): this is a rare type but an aggressive form of

TC, accounting for less than 2% of cases. It can develop from differentiated TC cells

(PTC or FTC) or de novo from undifferentiated cells within the thyroid gland. It is

characterized by undifferentiated, rapidly growing cells. ATC often has a poor

prognosis due to its invasiveness and resistance to treatment with a five-year survival

rate of less than 10%’.
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Figure 2. Overview of the main diagnostic groups of the 2022 World Health Otrganization (WHO)
classification of thyroid tumors. MI, minimally invasive; EAI, encapsulated angioinvasive; W1, widely invasive.
Created with BioRender.com. Modified from>

There are also other thyroid malignancies that are non-follicular cell-derived and have

different histological and molecular features compared to the most common types of TC

that arise from follicular cells:
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- Medullary thyroid carcinomas (MTCs): arises from parafollicular or C cells, and it

accounts for about 5%—10% of TCs.

- Thyroid lymphoma: is a rare type of TC that originates from lymphatic tissue within
the thyroid gland. It can be classified as either Hodgkin’s lymphoma or non-

Hodgkin’s lymphoma.

After someone is diagnosed with a subtype of TC, the next step is to determine the stage
of the malignancy. TC ranges from stages I (less spread) through IV (more cancer spread).
The staging system most often used is the AJCC (American Joint Committee on

Cancer) TNM system, which consists of three key pieces of information:

e The extent (size) of the tumor (T): how large is the cancer? Has it grown into nearby
structures?

e The spread to nearby lymph nodes (N): has the cancer spread to nearby lymph
nodes?

e The spread (metastasis) to distant sites (M): has the cancer spread to distant organs

such as the lungs or liver?

People younger than 45 who are diagnosed with WDTC have a low likelihood of dying. In
this case, the TINM stages for these people are I if they have no distant spread and II if they
have distant spread. Regarding ATC, all these tumors are considered stage IV due to the

poor prognosis for people with this type of cancer (Figure 3)°.
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Stage 1 Stage II
Small tumor (T1) with no spread to lymph nodes (NO) and no Larger, noninvasive tumor (T2) with no spread to lymph nodes
metastasis (M0). (NO) and no metastasis (M0).

Tumor
<2 cm Tumor
2-4 cm
Stage III
@ Tumor larger than 4 cm but still contained in the thyroid (T3) with @ Or, any localized tumor (T1, T2, or T3) with spread to the
no spread to lymph nodes (NO) and no metastasis (MO0). central compartment of lymph nodes (N1a) but no distant spread
(MO).
Cancer in lymph
nodes
Invasive tumor
Lymphatic
vessels
Jugular vein
Carotid artery
Stage IV
@ Spread to nearby structures (T4a), regardless of whether it has @ Spread beyond nearby structures (T4b), regardless of spread to
spread to the lymph nodes (any N), but it has not spread to lymph nodes (any N), but no distant spread (MO).

distant places (MO0). Or, this describes a localized tumor (T1, T2,
or T3) with lymph node spread beyond the central compartment
(N1b) but no distant spread (MO0).

@ All tumors (any T, any N) when there is evidence of metastasis (M1).

Cancer in lymph B
nodes

Lymphatic
vessels

Figure 3. TNM staging classification for papillary thyroid carcinoma (PTC) in a 55-year-old person and older.
Created with BioRender.com

2.2 Epidemiology Data of Thyroid Cancer

TC represents 3% of the global incidence of all cancers and its incidence has risen
dramatically over the past decades. Although it is characterized as a rare disease, currently it

is the 13™ most common cancer diagnosis overall, the 6™ most common in women, and the
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most common form of endocrine tumor. Its incidence is about three-fold higher in women
than in men, peaking around 55 years in women and 65 years in men and declining with older
age. As such, women may have more opportunities for an incidental detection of thyroid

nodules during the reproductive years and around menopause’.

Nevertheless, these higher incidence trends have been mostly attributed to a widespread
use of diagnostic imaging and better diagnostic tools available in higher-income countries.
Because of this, TC incidence varies by geographic location in relation to care access and
diagnostic practices, although environmental exposures could also play a role. In contrast
with the increased incidence in certain places, mortality rates tend to be much lower or
remained stable and vary much less geographically, along with less evidence of a sex

disparity’.

2.3 Risk Factots

2.3.1 Modifiable Risk Factors

- Tonizing radiation

Nowadays, the most well-established modifiable risk factor for TC is childhood exposure
to ionizing radiation. Radiation exposure among the general population has increased in
recent decades due to a dramatic increase in the use of diagnostic imaging, specifically
computed tomography (CT)’. Thyroid tissue is very sensitive during the eatly years of life,
and for that reason, ionizing radiation is especially harmful in children'. Around 5%—15%
of the 63% total radiation exposure from CT in the United States impacted children.
Additionally, repeated CT scans are common, and each scan promotes a greater cumulative
thyroid dose and a greater risk of TC. For instance, a single head CT scan before age 20 has
been associated with a 33-53% increased risk of TC’. Tonizing radiation causes DNA strand
breaks and somatic mutations, inducing carcinogenesis. It has been demonstrated that
exposure of thyroid cells to ionizing radiation can induce RET/PTC rearrangements. Aside
from this, the most common point mutations (BRAF and RAS genes) found in the

population do not seem to be associated with radiation-related tumors.
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- Benign thyroid conditions

Some epidemiologic evidence suggests that TC is often preceded by benign thyroid disease
such as thyroid nodules, goiter, hyperthyroidism, hypothyroidism, and thyroiditis. However,
it remains unclear if thyroid diseases are the real cause of progression and development of
TC. It is thought that diagnostic work-up of benign thyroid diseases may lead to an incidental
detection of TC, though it is difficult to disentangle whether an association for a particular

benign condition is because of the disease itself or its treatment’.

- Dietary factors (iodine)

Iodine is a crucial element in the formation of thyroid hormones. lodine deficiency is a risk
factor for benign thyroid diseases like goiter and hypothyroidism, while iodine excess can
induce thyroid dysfunction. However, it is difficult to establish whether iodine insufficiency
or excess causes TC. A meta-analysis about the radioiodine treatment with iodine""
concluded that using radioiodine for hyperthyroidism increased the risk of TC''. However,
further investigation is needed because the included studies had low quality scores and lacked

rigorous data analysis to establish a strong association’.

- Metabolic factors

The global prevalence of excess weight and obesity has drastically increased in the recent
decades. The excess of body fat promotes adverse metabolic conditions such as insulin
resistance, hormonal fluctuation, and inflammation, leading to diseases such as diabetes,
cardiovascular disease, and different types of cancer. In terms of TC, a positive association
has been observed for all major histologic types. Moreover, a recent case-control study
carried out in Australia demonstrated that body mass index (BMI) was positively associated
with BRAF " -mutated PTC, while no association was observed for BRAF-negative

PTC™.

- Reproductive factors/sex steroid hormones

Finally, reproductive factors such as the use of exogenous hormones (thyroid-stimulating
hormone [TSH]), age at menopause, and age at menarche, as well as other factors related to
perinatal and 7# utero exposures or environmental pollutants, could be associated with TC
risk. However, several of these findings are novel, and they require further investigation to

reach strong conclusions’.

10
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2.3.2 Non-modifiable Risk Factors

Two types of evidence support that TC could also be promoted by genetic factors. Firstly,
studies carried out using United States cancer registry data reveal an important familial risk.
Three first-degree relatives with TC indicates that a genetic factor is causing a particular
family cluster. Secondly, different studies have identified germline polymorphisms that can
contribute to the development of TC. For instance, several polymorphisms in the gene
FOXET have been identified as a risk factor in thyroid carcinogenesis’. Hence, more than
90% of TCs are sporadic because of somatic genetic alterations, while approximately 3%—

9% is due to hereditary conditions'’.

2.4 Molecular Pathogenesis and Mechanisms of Thyroid Cancer

A wide range of genetic abnormalities are implicated in the development of thyroid
neoplasms. The most relevant alterations are specific mutations or rearrangements related to
processes such as proliferation, survival, and differentiation through different signaling
pathways. Approximately 90% of mutations are considered mutually exclusive, activating
mutation in oncogenes such as BRAF ™" (around 60%) and RAS (around 13%) as well as
rearrangements involving RET, ALK, and NTRK genes (around 5%). The remaining 10%
belongs to the loss-of-function mutations affecting tumor suppressor genes like PTEN,
PPARy and TP53. Additionally, these somatic point mutations promote the activation of
MAPK and PI3K/AKT/mTOR signaling pathways. The most common oncogenic drivers
of these pathways are BRAF and RAS point mutations signaling pathways, which are

relevant in tumoral processes (Figure 4)">'.

11
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Figure 4. Schematic representation of multistep carcinogenesis in thyroid cancer (TC). This model suggests a
stepwise dedifferentiation process from mature thyroid cells to well-differentiated TC (WDTC) up to pootly
differentiated TC (PDTC) and anaplastic TC (ATC) as a result of progressive accumulation of somatic genetic
alterations and driven by the MAPK and PI3K/AKT/mTOR pathways (H&E stain, original magnification:
200X) Modified from!415. Created with BioRender.com

The MAPK and PI3K/AKT/mTOR signaling pathways depend on the mutually exclusive
RAS, BRAF and RET/PTC point mutations and rearrangements (RET/PTCand TRK). This
prevalence of these genetic aberrations differs for the different TC subtypes, with a 62%
prevalence related to BRAF"™ in PTC. These BRAF mutations are most common in
infiltrative PTC with aggressive behavior, whereas less fatal R4S mutations are generally
found in encapsulated PTC and adenomas.

The Wnt signaling pathway also plays a crucial role in TC progression. This pathway
includes genes such as CINNB7(B-catenin), AXINT, and APC, which play a role in cell
adhesion and transcription. In non-disease situations, 3-catenin is linked to APC and recruits
CK1 and GSK3, which phosphorylate 3-catenin followed by ubiquitination and degradation
by the proteasome. When the Wnt pathway is overactivated or there is a defect in the GSK3-
B-axin-APC-mediated degradation of B-catenin (due to mutations in APC or CINNBT
genes), B-catenin degradation is inhibited, and is translocated to the nucleus, acting as a
transcription factor (Figure 5). These aberrations are present in 25% of PDTCs and 65% of

ATCs, being more infrequent in DTCs".

12
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Figure 5. Commonly dysregulated cell signaling MAPK, PI3K/AKT/mTOR and Wnt pathways in TC.
Created with BioRender.com

2.4.1 Point mutations

- BRAF"™" mutation
BRAF serine-threonine kinase belongs to the family of RAF proteins that are
intracellular effectors of the MAPK signaling pathway. Protein recruitment to the
cell membrane activates BRAF, which in turn phosphorylates and activates MEK

16

and consequent effectors of the MAPK cascade

BRAF gene are found in about 60% of patients with PTC. It has been identified

(Figure 5). Point mutations in the

more than 40 mutations in BRAF gene, but the most frequent hot spot event
accounting for over 95% of all BRAF mutations is the T1799A BRAF transversion
nucleotide, originating a V60OE mutant protein. Several studies have demonstrated

a correlation between BRAF" """

with more aggressive PTC and the dysregulation
of sodium iodide symporter (NIS) functioning, which decreases the ability of tumors
to trap radioiodine and leads to treatment failure. Moreover, tumors harboring BRAF
and TERT promoter mutations usually demonstrate extrathyroidal extension
together with lymph node and distant metastases. Although BRAF activation

promotes TSH-dependent cell growth, the resultant balance is no net growth due to

the acquisition of secondary genetic events that decrease the expression of TSH

13
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receptors. In clinical settings, the use of MEK inhibitors in addition to BRAF
inhibitors are highly recommended to inhibit MAPK pathway-driven growth. For
these reasons, BRAF" " mutation has been included as a factor to be consider in

stratification for the risk of poor prognosis in stages I1I and AVARRE

- RAS mutation

RAS genes (H-RAS, N-RAS and K-RAS) are the responsible for encoding highly
related G-proteins located at the inner surface of the cell membrane. When RAS protein
is inactive, it is bound to guanosine diphosphate (GDP); upon activation, GDP is
released, and RAS binds to guanosine triphosphate (GTP), inducing different signaling
pathways such as MAPK and PI3K/AKT/mTOR (Figure 5). Point mutations occut in
the R4S gene domains and result in either an increased affinity for GTP or inactivation
of the autocatalytic GTPase function, causing a permanent switch in the active position
and a constitutive activation of its downstream signaling pathways'®. These RAS point
mutations are found in FTC (40%—53%), PTC (20%), PDTC and ATC (20%—60%). N-
RAS has been identified four times more frequently in follicular tumors than in papillary
malignancies, and tumors with RAS mutations together with TERT promoter mutations
ate more aggressive, especially in PTC". Selpercatinib is a highly selective RET kinase
inhibitor used in PTC patients with RET fusions and MTC patients with RET

mutations™,

EIF1AX mutation

EIF1AX encodes an essential eukaryotic translation initiation factor for change-of-
function or gain-of-function mutations. The EIF7.4X gene was recently described as a
new TC-related gene and occurs in both benign and malignant T'C. These mutations
were mainly reported in PDTC (11%) and ATC (9-30%), but also occur in WDTC
(FTC [17%], OCA [11%] and PTC [1%-2%]) and benign thyroid lesions'. Usually,
there is co-expression between EIF7.4X and R4S mutations in advanced tumors. Using
inhibitors of EIF1AX such as BRD4, in combination with mTOR and MEK inhibitots
result in a reduction in tumor size. However, iz vivo studies are required to further

elucidate the use of these inhibitors in humans',

14
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242 Vascular Endothelial Growth Factor (VEGF)

The Vascular Endothelial Growth Factor (VEGF) and the Notch signaling axis are
related to angiogenesis and lymphangiogenesis, which are crucial for tumor progression
and tumor dissemination. These processes are initiated and regulated by the matrix
metalloproteinases (MMP) that participate in the disruption of the basement membrane,
followed by the action of the VEGF receptor, which is a TK receptor expressed by
endothelial cells; and the VEGF-A produced by tumoral and immune cells in tumor
microenvironment (TME)"® (Figure 6). TC is related to increased angiogenesis, and the
overexpression of VEGF has been associated with local and distant metastasis in 50%

of PTC, 39% of FTC, and 12% of PDTC"*,

15
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Figure 6. Schematic representation of vascular angiogenic and lymphangiogenic growth factors and their
receptors expressed by endothelium. MMP: Matrix Metalloproteinases. Created with BioRender.com

2.4.3 Tumor suppressor genes

Mutations in tumor suppressor genes such as TXNIP, TP53, RASALT, and PTEN,
promote the loss of their expression, impairing the control of cell growth and apoptosis".
For instance, mutations in PTEN promote a constitutive activation of the
PIBK/AKT/mTOR pathway that leads to the development of many carcinomas.
Inhibitors of specific PI3K/AKT/mTOR pathway effectors have been found to be
suitable for use in combination with chemotherapeutic agents'*. Inactivating point
mutations of TP53 are common in PDTC and ATC, with a prevalence of 8-35% and
73%, respectively. Otherwise, they are infrequent in metastatic PTC (13%) or FT'C (8%).

16



INTRODUCTION

Therefore, p53 inactivation in combination with other oncogenes, such as BRAF *"")

promotes a malignant phenotype'*.

2.4.4 TERT promoter mutations

TERT is the catalytic subunit of the telomerase enzyme, which is essential for
telomerase activity. The TERT promoter mutation, which is mutually exclusive with
TERT rearrangements, is present in approximately 90% of malignancies. This mutation
can consist of CpG promoter methylations, histone tail modifications, copy number
amplifications, alternative splicing, and others, resulting in an unregulated proliferation
due to an upregulation of TERT expression™. TERT mutations co-exists with BRAF" "
or RAS mutations and are associated with aggressive behavior, including higher invasive
and metastatic ability, treatment resistance, and poor prognosis. So, TERT prevalence is
around 60% in metastatic PTC and around 10% in non-metastatic PTC. In terms of
PDTC, the prevalence of TERT mutations is around 40% and 60-70% in ATC.
Therefore, a well-established implementation of molecular diagnosis assessment of these

mutations could help in the identification of high-risk patients“.

2.4.5 Gene fusions

- RET Gene Rearrangements (RET/PTC)

The RET gene encodes a transmembrane receptor with tyrosine kinase activity, and it is
stimulated by ligands of the glial cell line-derived neurotrophic growth factor (GDNF) family
belonging to the TGFB superfamily. In PTC, RET rearrangements (RET-PTC) are an early
event in carcinogenesis, and 10%—20% of PTC patients are detected with RET fusions and
consequently characterized with stage III/IV disease and recurrence. However, somatic RET
mutations are more frequent in sporadic MTC (40%—-50%) and are linked to a poor

prognosis for patientszz.

- Rearrangements of PAXS-PPARy, ALK and NTRK
The PAXS-PPARy fusion protein is the consequence of a chromosomal translocation

(t(2;3) (q13;p25)) that fuses the PAXS gene to the PPARy gene. Tumors harboring these
translocations present higher vascular and capsular invasion in comparison to RAS-positive

tumors. Rearrangements of PAXE-PPARy are present in 4%—33% of follicular adenomas,

17
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30%-58% of FTC, and 37.5% of PTC'"?. ALK rearrangements are common in PDTC
(16%), and NTRK rearrangements are recognized in up to 26% of PTC'".

24.6  Others

Apart from the main oncogenic events described above, other modifications can also be
found in TC development, such as epigenetic modifications (including DNA methylation
and histone deacetylation), copy number variations and mismatch repair gene

deficiencies'"’.

2.5  Treatment Strategies for Thyroid Cancer

2.5.1 Surgical intervention

Radiographic and cytologic features together with family history and symptomatology help
to determine the risk of malignancy in a thyroid nodule. Additionally, nodules with a specific
size and with certain features obtained by ultrasound undergo fine needle aspiration (FINA)
and cytologic evaluation. Following the FNA results, the nodule is stratified following the
Bethesda System, which places the lesion into one of six categories of increasing likelihood
of malignancy. Based on Bethesda results, the grade of thyroidectomy is established. A total
thyroidectomy (I'T) is the procedure that provides the most favorable outcomes. TT are
carried out in patients with a diagnosis of high suspicion of malignancy in tumors greater
than 1 cm (Bethesda V and VI). Nevertheless, some data report that an ipsilateral thyroid
lobectomy (TL) has equivalent long-term outcomes to T'T in patients with PTC and without
node dissemination. For Bethesda III and IV lesions and without a malignant diagnostic, TL
is performed to avoid the thyroid hormone replacement treatment. Asymptomatic lesions
categorized as Bethesda II (benign category), do not usually undergo surgery. Finally, lesions
that fall into Bethesda I are characterized as non-diagnostic, and repeated FNA is usually
indicated. Given that radioactive iodine (RAI) treatment is an effect therapy, the primary
tumors as well as the remainder of the thyroid gland need to be removed to facilitate the use
of this treatment. The decision-making process regarding undergoing surgery in patients with
ATC is significantly more complex due to the poor survival rate and the involvement of

surrounding neck structures?*.
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2.5.2  Thyroid hormone suppression therapy

Hormone therapy consists of adding, blocking, or removing hormones to decrease or
inhibit the growth of cancer cells that need hormones to grow. In that case, hormone levels
can be modified or blocked by drugs, surgery, or radiation therapy. In terms of TC, when a
TT takes place, hormone therapy is needed to replace thyroxine (T4). TSH is obtained from
the pituitary gland, and it controls the thyroid functions and growth as well as the growth of
cancer cells. For this reason, hormone therapy is used to control TSH levels, which in turn
helps to prevent cancer cells from growing and reduces the risk of TC recurrence.
Levothyroxine is the standard hormone therapy used for these patients and is usually given
as a pill once a day for the rest of one’s life”. However, this therapy is not free from side
effects. Levothyroxine may cause a fast or irregular heartbeat, skin rash, hair loss, weight loss,
nervousness, shakiness or tremors, sleep problems such as insomnia, or osteoporosis (with

the likelihood of this developing increasing the longer one takes the drug)™.

Nevertheless, over recent decades different opinions have emerged regarding the need for
long-term thyroid hormone suppression as a therapeutic strategy to reduce TSH levels, with
the aim of improving outcomes. Nowadays, recent findings establish that the TSH target
therapy should be based on the severity of the disease and the response to therapy weighted
against the individual's risk factors for taking excess thyroid hormone therapy. Consequently,
there would be no reason to maintain a low TSH level in these patients. For patients with
more advanced TCs, there is evidence that TSH therapy might result in improved results. In
this respect, the most recent arguments maintain that TSH suppression therapy is not

necessaty for the average person with TC*™.

2.5.3 Radioactive Iodine Therapy

WDTC could receive RAI ablation therapy thanks to cells’ capacity to uptake iodine. RAI
treatment is recommended as an adjuvant in patients with an incomplete resection, locally
advanced disease, or distant metastasis. RAI therapy consists of the uptake of iodine-131
(I"" radioisotope by thyroid follicular cells via the NIS in the same process of uptake natural
iodine (precursor of thyroglobulin and thyroid hormone). In this therapy, targeted iodine is
absorbed by thyroid glandular tissue and DTC cells in order to cause radiation-induced
cytotoxicity in all residual thyroid tissue and TC cells to reduce tumor recurrence. Moreover,
this treatment is more effective for the RAS-mutated PTC than BRAF-mutated tumors,

possibly because BRAF mutation decreases the expression of the genes required for iodine
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transport (e.g. ABC transporters) and metabolism, thereby reducing the radioiodine uptake™.
However, only one third of patients have a complete response to RAI therapy; the remaining
two thirds become RAI-refractory (RAIR)-DTC, and have a poor overall prognosis, which

is an inevitable challenge in the current medical management of the disease?.

2.5.4 Chemotherapy

Currently, there are more than 50 clinical trials in TC that combine chemotherapy drugs
with targeted or immunotherapy drugs; this is because cytotoxic chemotherapy alone is rarely
indicated for WDTC. Nevertheless, despite their limited efficacy, paclitaxel and docetaxel,
anthracyclines (doxorubicin), and platins such as cisplatin and carboplatin are often used in
BRAF wild-type ATC in combination with external radiotherapy. However, the lack of
durable anti-tumor efficacy of the cytotoxic chemotherapy for BRAF wild-type ATC

demonstrates a critical need to identify novel effective treatments™.

2.6 Targeted Therapies in Thyroid Cancer

Understanding the dysregulated signaling pathways in TC is crucial for identifying effective
treatment approaches, tailoring treatments based on molecular profiles, and stratifying
patients based on disease risk. Recent advancements related to the molecular mechanisms
underlying TC progression have led to the development of a new generation of drugs
targeting these dysregulated pathways. Several targeted anticancer agents, such as tyrosine
kinase inhibitors (TKI), immune checkpoint inhibitors (PD-L1), NOTCHI1 inhibitors, and
mTOR pathway inhibitors, have emerged as promising monotherapy options. These
therapies demonstrate potential for blocking the functions of molecules involved in the
transformation of indolent tumors into aggressive tumors. The following sub-sections

provide an overview of the major groups of targeted therapies in TC.

2.6.1 Tyrosine Kinase Inhibitors

TKIs are a crucial type of small molecule inhibitor and have been extensively studied in
TC. Receptor tyrosine kinases (RTKSs) play an important role in several regulatory processes
in normal and cancer cells as they participate in transmembrane signaling. Upon ligand
binding, RTKs undergo dimerization and autophosphorylation, and they activate
downstream signaling cascades, thus promoting cancer initiation and progression. These

TKIs competitively inhibit the ATP-binding site within the tyrosine kinase domain, impeding
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its functioning and subsequently blocking downstream signaling pathways. TC with
BRAF"™" and P53 mutations led to activation of the MAPK pathway. Multiple-targeted
TKIs can be found, such as anti-angiogenic, BRAF-targeting, MEK-targeting, and mTOR-
targeting, which can suppress the progression of these tyrosine kinase-driven oncogenic
pathways, leading to tumor regression™. Figure 7 depicts several TKIs that have been

investigated in TC*.
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Figure 7. Some of the tyrosine kinase inhibitors (TKI) used clinically for treatment of radioactive iodine-
refractory (RAI-R) T'C with the goal of arresting uncontrolled proliferation. Created with BioRender.com
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Although the TKIs sorafenib and lenvatinib are standard treatments for patients with RAI-
R TC, alimitation of these therapies is the need for continuous dosing and the accompanying
drug toxicities’”>. Vemurafenib is a kinase inhibitor specific to mutated BRAF, and it has
been approved for the management of BRAF"* -positive melanoma®. Data from
FV60()E

preliminary studies suggest that vemurafenib might be effective in BRA
PTC*»,

-positive
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2.6.2  Vascular Disrupting Agents

TC, like many other endocrine cancers, is highly dependent on its blood supply for
nutrients and oxygen. Vascular disrupting agents (VD As) are a class of drugs that target and
disrupt the blood vessels supplying tumors. These agents are designed to cut off or reduce
the blood supply to tumors, leading to a decrease in nutrients and oxygen delivery. By
disrupting the tumor's blood vessels, VDAs can inhibit tumor growth and induce tumor cell
death. VDAs work by targeting the endothelial cells that line the blood vessels, as well as the
structure and function of the blood vessels themselves. They can cause vascular shutdown,
leading to ischemia (lack of blood flow) and subsequent tumor cell death. Some examples of
VDA include CA4P, efatutazone, and crolibulin that act by depolymerizing microtubules,
which are important for maintaining the structure and function of blood vessels. By
disrupting microtubules, VDAs can cause the collapse and destruction of tumor blood

vessels?.

2.6.3 Immunotherapy

Immunotherapy uses the body's immune system to fight against diseases, particulatly
cancer. It involves using substances or treatments that stimulate, enhance, or suppress the
immune system's response to recognize and attack cancer cells more effectively. However,
cancer can sometimes evade or suppress the immune system's response; for that reason,
immunotherapy aims to overcome these barriers and activate the immune system to target
and eliminate cancer cells. There are various approaches to immunotherapy, including the
use of immune checkpoint inhibitors, adoptive cell transfer, cancer vaccines, and cytokines.
Immune checkpoint inhibitors work by blocking proteins on immune cells or cancer cells
that inhibit the immune response, allowing the immune system to attack cancer cells more
effectively. Adoptive cell transfer involves modifying a patient's own immune cells, such as
T cells, to enhance their ability to recognize and destroy cancer cells. Immunotherapy can
lead to durable responses, fewer side effects compared to traditional treatments, and
improved overall survival rates for some patients.

An increasing number of studies have focused on the role of PD-L1 as a crucial regulator
of T cell function following antigen stimulation. Notable immune checkpoint inhibitors
include pembrolizumab, nivolumab, cemiplimab, avelumab, atezolizumab, and durvalumab.

In recent studies, high expression of PD-L1 has been observed in WDTC and ATC.
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Additionally, CTLA-4, another immunosuppressive marker, has been identified as an
important target due to its negative correlation with thyroid differentiation and
immunosuppressive markers. Notably, the expression of PD-L1 in TC subtypes has been
found to be heterogeneous, and its expression is associated with clinicopathological features
such as mutations in the TERT promoter and BRAF, which indicate disease progression in

ATC™.

2.6.4 Nanomedicine-mediated Targeted Therapy

Nanomedicine is a term that emerged from nanotechnology, and it is defined as the creation
and use of materials at the level of molecules and atoms (generally less than 100 nm).
Nanoparticles (NPs) serve as valuable tools for establishing an accurate diagnosis or
treatment for TC, and they can be classified depending on their size, shape, and surface
characteristics. The most used NPs in cancer are organic (liposomes, polymer-based...),
inorganic (gold, carbon-based...), and hybrid (liposome-silica, chitosan-carbon, and cell

membrane-coated) particles.

In terms of diagnostic tools, gold NPs are useful to detect biomarkers (such as circulating
tumor cells) in liquid biopsies using contrast agents and analyze them using fluorescence, or
colorimetry detection. In TC, gold NP-bases assays have been established to detect BRAF
mutation. For TC treatment, NPs not only improve the delivery of chemostatic treatments
with poor solubility or rapid metabolization/exctetion, such as doxorubicin, paclitaxel, or
cisplatin, they also decrease the adverse effects on patients. Moreover, decorating NPs with
monoclonal antibodies against highly expressed tumor proteins such as EGFR, can increase
the efficacy of chemotherapeutic drugs by triggering their release from nanocarriers
specifically in the tumor. However, the translation of engineered particles to clinical settings
is slow. The approval of NPs is 1-7 NPs/yeat, and the submissions of the Food and Drug
Agency (FDA) represent liposomes (33%), nanocrystals (23%), emulsions (14%), iron-
polymer complexes (9%), and micelles (6%), with 35% of submissions focused on cancer
treatment or diagnosis (Figure 8)*. Most of these submissions are in the pre-clinical phase
of drug development and, despite the encouraging results from animal studies, their efficacy
in humans is subjected to inherent limitations of the models. These limitations include, the

absence of metastasis in the mouse models, subcutaneous versus orthotopic localization, the
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immunodeficient status of the athymic models, and the smaller sizes of tumors in mice

relative to body weight in comparison to humans™”".
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Figure 8. Different types of nanoparticles (NPs). Created with BioRender.com

3 Cellular Cholesterol Metabolism

Cholesterol and triglycerides (T'Gs) are the most important plasmatic lipids. Cholesterol is
a fundamental lipid component in the sustenance of cell structure, maintaining cell
membrane integrity and fluidity as well as regulating a plethora of biological functions™”.
Cholesterol is highly regulated in normal cells; intracellular homeostasis is maintained by a
complex network where processes such as biosynthesis, uptake, efflux, trafficking, and
esterification are critical for cellular functions™*. Around the 80% of total cholesterol is

biosynthesized, and 20% is obtained from the diet as free form or as a cholesterol ester

together with fatty acids.

3.1 Cholesterol Synthesis
3.1.1 Endogenous Pathway

Cholesterol biosynthesis primarily occurs in the liver, which synthesizes about 50% of the
cholesterol in humans*'. The endogenous pathway involves 30 steps of reactions, beginning
with the mevalonate pathway, followed by the sterol pathway. In the mevalonate pathway,
the enzymes HMG-CoA synthase and HMGCR catalyze two molecules of acetyl-CoA to

finally obtain mevalonate, with HMGCR being the main enzyme targeted by statins to
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regulate cholesterol homeostasis. Consequently, mevalonate is converted to farnesyl
pyrophosphate (FPP)***. Then, the sterol pathway begins obtaining squalene from FPP, the
product of the mevalonate pathway. Subsequently, many series of oxidation and reduction

steps take place to convert squalene into many different sterols, including cholesterol®.

Cholesterol biosynthesis is subject to both short-term and long-term regulatory processes.
The short-term regulation is related to the phosphorylation of the enzyme HMG-CoA
reductase by an AMP-dependent protein kinase (HMG-CoA reductase kinase), which is
active when ATP is low. In this way, when there are low levels of ATP, energy is not spent
synthesizing cholesterol. Long-term regulation is related to the formation and degradation
of HMG-CoA reductase together with other enzymes in the pathway". Cholesterol,
oxysterols, mevalonate, and dephosphorylated FPP stimulate HMG-CoA degradation. Each

of the genes coding the cholesterol biosynthesis pathway enzymes has a sterol regulatory

element (SRE) in its promotor, which is activated by the nuclear form of SREBP-2*,

Hence, the enzymes are regulated at the transcription level by SREBP-2. This SREBP-2 is
activated by three other proteins in response to sterol levels: the SREBP cleavage-activating
protein (SCAP), which is a protein of the endoplasmic reticulum; protease S1P, which

belongs to the Golgi; and protease S2P*.

Acetyl-CoA + Acetyl-CoA

Thiolase l\’ CoA

Acetoacetyl-CoA
Acetyl-CoA
HMG-CoA

Synthase
CoA

Glucagon, AMP 3-Hydroxy-3-methylglutaryl-CoA
(HMG-CoA)

2 NADPH

SCAP —» SREBP —» Synthesis —» Rate limiting - Mevalonate Pathway
2 4

o~ CoA+2 NADP*
Insulin
/\ Mevalonate

Statins 3ATP
CO,+P, /F« 3ADP

Isopentenyl pyrophosphate (IPP)

21PP
2pP,

Farnesyl pyrophosphate (FPP)

FPP NADPH 3
2PP; ‘>K NADP*
Squalene
NADPH
NADP*
Lanosterol

i 19 reactions
\/

- Sterol Pathway
Mmoo st e e Cholesterol

— Induction Bil ids S id Vi inD
\nhibition ile acids  Steroi itamin

hormones

Figure 9. A schematic overview of cholesterol biosynthesis. Modified from*!.
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3.1.2 Exogenous Cholesterol Uptake

Cholesterol is absorbed from the diet in the small intestine through the brush border
membrane (BBM). Dietary cholesterol could be taken passively or facilitated by proteins such
as NPC1L1. NPC1L1 recruits cholesterol from the diet to form a lipid raft surrounding it on
the BBM. Once sufficiently substantial levels of cholesterol are aggregated into the lipid raft,
NPCIL1 can sense the sterol molecule via its sterol sensing domain (SSD), thereby
promoting clathrin-mediated endocytosis together with cholesterol molecules and ending up
in the endoplasmic reticulum (ER). In the ER, the enzyme ACAT2 modifies cholesterol to
cholesterol ester and then packages it into chylomicrons in combination with TGs from the
diet. Alternatively, the heterodimer proteins ABCG5 and ABCGS8 can secret the absorbed
cholesterol back to the lumen. Fatty acids have different fates depending on their length. On
the one hand, short- and medium-chain fatty acids move through the enterocyte and then
move into circulation through the capillaries, where they are bound to albumin to be
transported. On the other hand, long-chain fatty acids that correspond to re-esterified
cholesterol, forming TG, phosphatidylcholine, and cholesterol esters, are packaged into
chylomicrons (CMs). These CMs are too large to fit through the pores of the capillaries, but
they can fit through the larger fenestrations in the lymphatic duct (Figure 10)"".

Hence, dietary TG can be transported inside CM from the enterocytes to the blood via the
lymphatic system and is subsequently absorbed by adipose tissue and muscle cells through
the actions of lipoprotein lipase (LPL). The CMs remnants are enriched in cholesterol and
endocytosed into the liver where they are metabolized, and cholesterol is re-packaged into
very-low density lipoprotein (VLDL) and secreted into the circulation or into the lumen as

unesterified cholesterol or bile acids* (Figure 10).

3.2 Lipoproteins and Cholesterol Transport

Cholesterol and TGs are carried in bound form within lipoproteins creating an
apolipoprotein (Apo)-lipid complex. Lipoproteins are formed by a surface layer of
phospholipids and free cholesterol”. They are classified into vatious types depending on
their size, density, apo, or lipid composition. The main lipoproteins are CMs, high-density
lipoprotein (HDL), intermediate-density lipoprotein (IDL), low-density lipoprotein (LDL),
and VLDL™. The conversion of free cholesterol to the hydrophobic cholesterol ester by

the enzyme LCAT ™n peripheral tissues and ACAT2 in the enterocytes bordering the
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intestinal lumen allows for a greater amount of cholesterol molecules storage in individual
lipoproteins than would be possible with only free cholesterol*.

VLDL is secreted by the liver and shrinks in diameter during the lipolysis to form IDL.
The TGs within the IDL are hydrolyzed by lipase, forming LDL particles. Extracellular
cholesterol is acquired by peripheral cells from extracellular sources that include LDL,
whereas HDL carries out the reverse cholesterol transport function through the delivery of

cholesterol to the liver to remove excess cholesterol from different organs/tissues® (Figure

10).
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Figure 10. A schematic diagram of dietary lipids uptake, absorption, and transport in the human body. Created
with BioRender.com

4 LDL: Structure and Composition

Nearly 60% of the circulating cholesterol in human plasma is LDL, and most of this

cholesterol is absorbed by the liver through the LDL receptor (LDLR). LDL density ranges
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from 1.019 to 1.063 g/mL in the ultracentrifuge; it has an average diameter of about 20 nm
and is about three times smaller than VLDL particles***. In humans, LDL levels of <100
mg/dL are considered optimal, whereas levels of >160 mg/dL are considered elevated*"™.
LDL is characterized as a complex particle that contains proteins and lipids. Its surface is
composed of lipids and a monomeric protein, ApoB-100; each LDL lipoprotein contains
only one ApoB-100, comprising over 20% of the mass of an LDL particle. Regarding the
remainder of the lipoprotein, 9% corresponds to free cholesterol, 4-6% to TGs, 22%—26%
to phospholipids, and 38% to cholesteryl ester (Figure 11)*. With a molecular weight >550
kDa and about 4,500 amino acid residues, ApoB-100 is one of the largest and most insoluble
proteins in humans, with 4,536 residues*”'. ApoB-100 has a high-affinity ligand for LDLR,
which is present in most tissues, including the liver. After binding, LDL can enter to the cell
via clathrin-mediated endocytosis and can fuse with lysosomes. In lysosomes, LDL is
hydrolyzed to release amino acids, fatty acids, and intracellular free cholesterol, which is
catalyzed by ACAT to cholesteryl ester*"**. As mentioned above, the SREBP-2 protein
regulates LDLR levels. When intracellular cholesterol levels are low, SREBP-2 is cleaved and
translated to the nucleus to upregulate the LDLR expression. Otherwise, when intracellular
cholesterol levels are high, SREBP-2 remains inactive, downregulating the expression of

LDLR*",

LDL particles contain polyunsaturated fatty acids that can be oxidized by reactive oxygen
species (ROS) and reactive nitrogen species (RINS) to obtain lipid peroxides such as ox-LDL,
while ox-LDL stimulates ROS production. ApoB-100 contains residues of cysteine, lysine,
histidine, and tyrosine, which are oxidation targets for ROS and RNS. They can abolish the
function as an LDLR ligand™. If this occurs, ox-LDL, which is no longer recognized by
LDLR, can be identified by scavenger receptors such as LOX-1, SR-A, and CD36™.
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Figure 11. An illustrated model of a low-density lipoprotein (LDL) particle. Extracted from>?
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5 Low-Density Lipoprotein Receptor

The LDLR is a multi-domain transmembrane protein of 839 amino acids. Its gene is located

on the short arm of chromosome 19 (19p13.1-13.3) consisting of five domains (18 exons

and 17 introns) and with a length of 45 kb. The protein is encoded as a precursor with 860

amino acids. During translocation into the ER, this precursor excises the 21-residues signal

sequence located at the N-terminus. Thus, the LDLR is synthesized on the ER’s ribosomes,

folded, partially glycosylated within the ER, and matured in the Golgi, where glycosylation is

concluded™.

LDLR is therefore composed of five functional domains organized as an ectodomain and

as an intracellular domain (Figure 12). The ectodomain harbors a ligand-binding domain, an

epidermal growth factor (EGF) precursor homology domain, and a C-terminal domain.

The ligand-binding domain consists of seven cysteine-rich repeats (LR1 to LR7) of
about 40 amino acids. The acidic residues from this domain interact with the basic
residues of Apo-B100, allowing the binding of LDL to the LDLR. Moreover, a low-
pH-induced conformational change of LDLR from an open to a closed
conformation, allows the intracellular release of LDL.

The EGF precursor homology domain is important to the LDL release in the
endosome. However, this domain also plays a critical role in the LDLR degradation
interacting with proteins such as PCSK9 at the cell surface. These proteins bind to
the full-length receptor with greater affinity in the acidic environment of the
endosome. Consequently, the receptor moves from the endosome to the lysosome
for degradation instead of being recycled.

The C-terminal domain consists of 58 amino acids and is enriched with threonine
and serine residues. Its role remains uncertain, but it is thought to be critical in
receptor stabilization.

The intracellular domains constitute the transmembrane ™ and the cytoplasmic
domain. The TM domain anchors the LDLR to the cell membrane, while the
cytoplasmic domain is important for receptor internalization. The latter contains two
sequence signals for targeting the LDLR to the cell surface and localizing the

receptor’s coated pits™.
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Figure 12. Schematic representation of the domain organization of the LDL receptor (LDLR). Modified
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5.1 Low-Density Lipoprotein Receptor Internalization, Recycling and

Degradation

LDL binds to LDLR on the cell surface creating LDL-LDLR complexes that are
internalized through clathrin-mediated endocytosis. For an efficient internalization, LDLR
are clustered into coated pits whose growth and maturation are regulated depending on the
membrane levels of phosphatidylinositol-(4,5)-bisphosphate (PI (4,5) P,). The internalization
process begins with the formation of clathrin-coated pits once the adaptor proteins ARH or
Dab2 binds to the LDLR cytoplasmatic domain. In this process, the ARH interaction with
LDLR and PI(4,5) P»is necessary for the clathrin-coated pits’ formation as well as for the
recruitment of accessory proteins such as AP2 (Figure 13)".

Membrane contact sites can contribute to the regulation of LDLR internalization through
two main pathways: 1) depending on the PI (4,5) P, amount in the membrane and 2) by
regulating the vesicle formation process through direct connection with endosomes.

Membrane contact sites between the cell membrane and ER are lipid exchange routes
affecting PI (4,5) P» levels. Oxysterol-binding protein (OSBP)-related proteins (ORP) 5 and

8 (introduced in Section 4. Oxysterols and Carcinogenesis) seem to transport

phosphatidylserine to the cell membrane in exchange for PI (4,5) P.. Hence, PI (4,5) P» is
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transported between the cell membrane and ER through ORP5 and ORPS8 proteins, with
ORP5/ORPS depletion resulting in PI (4,5) P, plasma membrane accumulation.

Nir2 and Nir3 are proteins that also regulate PI (4,5) P, generation. Nir3 maintains a basal
pool of PI at the plasma membrane to generate PI (4,5) P, via PI 4-kinase and PI4P 5-kinase
and Nir2 translocation in response to a PI (4,5) P, depletion by phospholipase C allows a
rapid transfer of PI from the ER to the plasma membrane to PI (4,5) P, reformation™.
When the clathrin-coated vesicle separates from the cell membrane, the coat proteins detach,
and consequently PI (4,5) P2is hydrolyzed to PI4P. Finally, the vesicles integrate into the
early endosomal system. According to Friedman et al., 80% of early endosomes are in touch
with the ER, suggesting that this is the same case for those that carry the LDL-LDLR
complex™. At this point, different trafficking paths take place, LDLR can be included in
recycling endosomes, whereas LDL and some LDLR remain on a degradation path through
late endosomes and lysosomes™.

After internalization mediated by ARH, several studies have identified that the ligand and
receptor dissociate in an early endosome system through the EEA1 detection, thus initiating
the process of LDLR recycling. At this point, there is a conformational change in the LDLR
that prevents its degradation and allows for the possibility of its recycling. It is thought that
sorting nexins (SNX) and specifically SN17 are critical in redirecting LDLR towards the
plasma membrane through their binding to the LDLR cytoplasmatic tail. Several studies have
determined that efficient LDLR recycling also needs the Wiskott—Aldrich syndrome protein
and SCAR homolog (WASH) and COMMD/CCDC22/CCDC93 (CCC) complex for LDLR
endosomal sorting as well as for redirecting receptors to the cell membrane. In this instance,
a retromer complex formed by vacuolar protein-sorting (VPS) proteins (VPS26), together
with SN17 are responsible for recruiting the WASH and CCC complex, mediating
endosomal cargo, and sorting LDLR into recycling and retrieval pathways. LDLR is
enhanced by sorting SNX17 and requires the WASH and CCC complex for efficient LDLR

56,6(

recycling (Figure 13)°*". However, further investigation is needed because it is possible that

other proteins also play a role in this process.

Finally, LDLR degradation and exocytosis pathways can follow the same path as LDL
molecule degradation, reaching late endosomes and lysosomes for LDLR proteolysis or
multivesicular bodies (MVBs) for LDLR exocytosis. LDLR can join the late endosome and
lysosome routes if it is targeted by PCSK9 or the inducible low-density lipoprotein (IDOL)

31



INTRODUCTION

receptor or if the LDL dissociation fails. This route is preceded by MVB biogenesis, which
takes place after the activation of the NDRG1 endosome protein. This pathway
demonstrates a nearly 100% association between endosomes and ER, which appears to play
an important role in exporting LDL-detived cholesterol from endosomes to ER™.
Therefore, LDLR is regulated in two phases: transcriptional and posttranscriptional. In terms
of the transcriptional level, the mRNA expression of LDLR is regulated by SREBP2, which
responds to the ER’s cholesterol content. At the posttranscriptional level, PCSK9 redirects

the LDLR to the lysosome for degradation, while IDOL ubiquitylates the LDLR for

degradation in lysosome (Figure 13)°".
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5.2 Low-Density Lipoprotein/Low-Density Lipoprotein Receptor in Cancer

A high-fat diet and consequent obesity are risk factors for several diseases, including cancer.
Cholesterol plays a crucial role in the pleiotropic functions of cancer cells by enhancing
cellular proliferation; invasion; and migration that mediates membrane trafficking,
intracellular signal transduction, and the production of hormones and steroids, among other
functions. Although it is difficult to establish a direct connection, several epidemiological
studies have investigated the link between high-fat diets and dyslipidemias such as
hypercholesterolemia, which is a comorbidity of obesity, with several cancers. Moreover,

disturbance of cholesterol homeostasis is considered a feature of cancer™% %4,

In terms of LDLR, several studies have reported that increased circulating LDL cholesterol
levels promote cancer growth through LDLR expression in cancer cells®*". Scully et al.,
determined an association between circulating LDL and tumor LDLR expression with the
activation of the oncogenic MAPK pathway in breast cancer, supporting tumor cell

68

proliferation and migration™. However, the mechanisms by which cholesterol promotes

cancer progression are not fully understood.

6 Oxysterols and Carcinogenesis

6.1 Formation of Oxysterols

The products of cholesterol metabolism are bile acids, steroid hormones, and their
metabolites. While the impact of bile acids and steroid hormones in different biological
processes is well known, in recent years investigations of the intermediates in the cholesterol-
biosynthetic pathway as well as derivatives of cholesterol known as oxysterols have drastically
increased®”. Oxysterols are critical regulators of many biological processes in the cell. For
instance, oxysterols influence the biophysical properties of lipid membranes through lipid
ordering and regulating vesicular transport; interacting with membrane proteins (e.g., ABC
transporters, or Na" /K" ATPase) and signaling pathway proteins (Hedgehog, Wnt, MAPK
pathway) and modulating their activity; and regulating the sterol metabolism through various
ways, such as interacting with transcription factors or OSBP or regulating HMG-CoA

70

reductase (Figure 14)™.
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Figure 14: Schematic illustration of oxysterol functions in cells. Modified from 7. Created with BioRender.com

Oxysterols are the products of cholesterol oxidation, and they are formed in the liver and
other peripheral tissues during the first steps of cholesterol metabolism™ . Oxysterols can
also be absorbed in human intestines followed by esterification through the enzyme LCAT,
being incorporated into CMs and later into LDL and HDL. As a result, they can be
transported to different cells. However, the contribution of dietary oxysterols obtained from
food products to human plasma and tissue levels remains unclear”.

Oxysterols are 27-carbon derivatives of cholesterol formed 7z vivo in both nonenzymatic
and enzymatic ways. On the one hand, the non-enzymatic cholesterol oxidation mediated by
ROS leads to the acquisition of products where the sterol ring is oxidized. On the other
hand, when enzymatic oxidation takes place via enzymes from the CYP450 family and
cholesterol-25-hydroxylase, products with an oxidized side chain are formed. Nonetheless,
oxysterols differ from cholesterol by the presence of one or several polar groups, such as
hydroxyl, keto, hydroperoxy, epoxy, or carboxyl moieties’.

The most abundant oxysterols in human serum are: 27-, 24(S)-, 7a-, and 4-
hydroxycholesterol (HC); 24(S)-HC originates from neurons and is catalyzed by the
cholesterol hydroxylase CYP46A1, and 7a- and 27-HC are synthesized in the liver by
CYP7A1 and CYP27A1. However, CYP27A1 is also functional in non-hepatic cells, and its
expression could be associated with a good or bad prognosis in different carcinogenesis
processes’ . Importantly, oxysterols belong to a family of molecules where small changes
in geometry can lead to significant changes in their biophysical properties”. They are found

at very low concentrations 7z vivo, but it has been demonstrated that they could be critical
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active molecules for many biological processes despite having a drastically shorter biological
half-life in comparison to cholesterol™*™*”". Nowadays, mass spectrometry, together with

liquid chromatography or gas chromatography, are used for oxysterol measurements’.

6.2 Metabolism and Elimination of Oxysterols

There are four routes involved in the oxysterol metabolism. Firstly, cholesterol
acyltransferases (ACAT and LCAT) can esterify oxysterols. Secondly, CYP7B1 can catalyze
further oxidation of ring-oxidized sterols to higher oxidized oxysterols, rendering them more
soluble in water. Thirdly, the enzyme 11B-HSD1 can reduce oxidized sterols. Finally, both
ring and side-chain oxysterols can be sulfated by the cholesterol sulfotransferase SULT2B1b
enzyme. When there is a large oxysterol accumulation, a direct elimination can take place. In
this case, lyophilic transporters are required due to the hydrophobicity of oxysterols. Many
transporters can transport intracellular oxysterols back to the blood, such as the ABC binding
cassette transporters ABCA1 and ABCGT1. Both transporters are transcriptionally regulated
by the liver X receptor (LXR). However, apart from the active transport, spontaneous
passive diffusion could also exist between cells and HDL or others extracellular lipid
structures. In terms of lipid transport, the ORP corresponds to a large family of lipid
transfer proteins conserved from yeast to humans, and it has the capacity to bind oxysterols

that are essential to sterol transfer and sterol-dependent signal transduction™.

6.3 Oxysterol’s Role in Transcriptional Control of Lipid Metabolism

It has been demonstrated that endogenous oxysterols can activate the orphan nuclear
receptors LXR o (NR1H3) and B (NR1H2)”. These two LXR isoforms in mammals share
almost 80% of their amino acid sequence. The first, LXRa (NR1H3), exists in three variants
(LXRal, LXRa2, and LXRa3) that are mainly expressed in the liver, intestine, kidney, spleen,
and adipose tissue. In addition, the LXRa2 variant is expressed in the thyroid gland. In terms
of LXRB (NR1H2), it is ubiquitously expressed and is known to upregulate the ApoE
expression, which is associated with inhibition of angiogenesis and metastasis in cancer
cells®*. .XRs are cholesterol sensors when oxysterol accumulation occurs due to an increase
of cholesterol concentrations. Here, LXR promotes the transcription of genes such as
ABCAT and ABCGT to protect cells from cholesterol overload, thus controlling the

cholesterol homeostasis. LXR activation leads to a regulation of bile acid synthesis and
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metabolism/excretion, teverse cholesterol transport, cholesterol biosynthesis, and
cholesterol absorption/excretion in the intestine®.

LXR receptors form heterodimers with the retinoid X receptors (RXRs), which are
receptors for the metabolite of vitamin A, 9-cis retinoic acid*®. These complex LXR/RXR
regulate gene expression by binding to the DNA sequences of the genes responsible for the
transcription of proteins, such as the SREBP controlling intracellular cholesterol
homeostasis (Figure 13)*. LXR/RXR can be activated by either LXR agonists or 9-cis
retinoic acid. Then, this complex binds to an LXR-responsive element (LXRE) in the
promotor region of target genes regulating various biological functions such as metabolic
disorders, cardiovascular diseases, skin diseases, neurodegenerative diseases, cancer, and liver

steatosis™.

6.4 Oxysterol’s Role in Carcinogenesis

Oxysterols have been linked to cancer in numerous ways. However, more investigation is
needed to understand the exact influence of oxysterols on carcinogenesis given their complex
effect on various cell lines. Many studies declare a pro-cancerous and pro-proliferative role
through the overactivation of many oncogenic pathways. However, oxysterols have also
been characterized as protective molecules against cancer through a pro-apoptotic and
cytotoxic effects on tumor cells related to the overproduction of ROS, changes in calcium

levels in the cell, or mitochondrial membrane modifications”.

27-HC plays a key role in cancer development. 27-HC is synthesized from cholesterol by
CYP27A1 and catalyzed to 3b-HCA or to 7a,26-diHC by CYP27A1 and CYP7BI,
respectively. In healthy humans 27-HC levels are between 0.2 to 0.9 mM; otherwise, its
concentration increases in hypercholesterolemia and with age. CYP27A1 and CYP7B1 are
mainly expressed in the liver to facilitate the metabolism of excessive cholesterol levels to
bile acids, although they are also expressed in the lung, brain, adipose tissue, thyroid, and
other peripheral tissues™. 27-HC also acts as an endogenous LXR ligand, increasing the
activity of both LXRal and LXRp in a dose dependent manner, and as a selective estrogen
receptor modulator (SERM), where it demonstrates anti-estrogenic effects or pro-estrogenic
effects that are cell-type-specific®’. The oxysterol 27-HC is speculated to be the missing

link between obesity/high-fat diet and the cancer chain™.
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However, there is some controversy in terms of 27-HC’s oncogenic effects. For example,
Dambeai, et al., have demonstrated that 27-HC could inhibits prostate cancer by disrupting
lipid rafts, reducing STAT3 activation, and consequently slowing tumor growth™. At the
same time, Raza et al., established that 27-HC promoted cell proliferation via ER in prostate
cancer®. There are a great number of studies that establish a link between CYP27A1-(27-
HC)-CYP7B1 axis and tumor proliferation. The role of CYP27A1 and CYP7B1 in 27-HC
homeostasis, as well as the 27-HC’s role as a ligand of the LXR receptor and estrogen
receptor, have been characterized as crucial in terms of various cancer’s progression, such as

breast cancer®’.

Indeed, 27-HC increased spontaneous breast cancer tumor growth in an ER-dependent
manner in the mammary tumor virus-polyomavirus middle T antigen (PyMT) transgenic
mice fed an obesogenic diet. Furthermore, a lack of the CYP27A1 enzyme attenuated the
effects of this obesogenic diet on the growth of breast cancer tumors in hypercholesterolemic
mice®. 27-HC also accelerated cancer cell metastasis to the lungs in these mice, an effect that
implicated LXR activation®”. The pro-metastatic actions of 27-HC also required both
polymorphonuclear-neutrophils and y3-T cells, together with an immune depletion of CD8+
T cells in obese and hypercholesterolemic mice. However, the precise signaling events
involved in this process are not yet known”. It should be noted that 27-HC administration
also increased xenografted ER-positive breast cancer tumor growth in non-obese
ovariectomized female immunodeficient mice; in the referred report, 27-HC was found to
be increased in ER+ human breast cancer tissues in close association with CYP7B1
downregulation, whereas CYP27A1 remained unchanged”. Moreover, another teport
demonstrated that 27-HC induces angiogenesis by promoting the expression of VEGF in an
ER-dependent manner in ER-positive breast cancer cells or by activating STAT3 in an ER-
independent manner”. 27-HC also induces the epithelial mesenchymal transition by
downregulating E-cadherin and B-catenin expression as well as by upregulating the

93,94

phosphorylation of STAT3, which was found to promote MMP-9 expression
7 Thyroid Cancer and Cholesterol

Metabolic reprogramming is a common feature of tumors, and lipid metabolism
reprogramming is one of the most crucial aspects of these. Fatty acids play a critical role as
essential components of lipids, including TGs, phospholipids, glycolipids, cholesterol, and

. g
their esters™.
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In this context, several studies have attempted to link various blood metabolic biomarkers
to the risk of developing TC or increasing its malignancy. However, the results remain
inconclusive, partly due to the cross-sectional nature of many of these studies and the large
sample sizes in prospective studies that still have limited statistical power. Moreover, it is
challenging to rule out the possibility that some of the analyzed biomarkers may have been
modified by the disease itself, and most of these studies have been conducted on cohorts
with Asiatic populations. One notable study by Zhao et al. explored a cohort of 2,021
patients with DTC from China and demonstrated that hypercholesterolemia is a risk factor
for developing DTC”. Among these studies, the AMORIS project (a prospective study of
Swedish Apolipoprotein Mortality Risk Cohort) stands out, with over 500,000 individuals
and a follow-up period of more than 30 years. This project investigated the associations
between metabolic abnormalities and the risk of cardiovascular disease and cancer, including
TC. Interestingly, the AMORIS project revealed declining levels of all lipidic and
apolipoprotein biomarkers during the 10 years before diagnosis, in contrast to the stable or
increasing levels observed among controls”. However, this project's limitations include a
predominantly Swedish population and a lack of data on specific TC subtypes (e.g., PTC,
FTC, ATC, or MTC).

Focusing on PTC studies, different findings have suggested that fatty acid metabolism
serves as a critical supplier of energy and substrates for cancer progression”. Moreover, these
studies have identified a genetic signature consisting of four recurrence-related genes, namely
PDZKT1IP1, TMC3, L.RP2, and KCNJ73, which establish a four-gene signature recurrence
risk model as prognostic indicators in PTC. These genes' expression has been associated not
only with clinicopathological parameters but also with the recurrence of stage T1/T2
PTC”'"". Furthermore, SREBP1 has been reported as a pro-proliferation gene in thyroid
cancer, and its expression is upregulated with the malignancy of DTC'". SREBP1 binds to
SRE1, a motif found in the promoter of the LDLR gene and other genes involved in sterol
biosynthesis.

These few published studies suggest that body fat percentage, cholesterol levels, and
adiposity could be associated with the increased incidence of PTC*'"”. However, most of
the demographic studies have been conducted on Asian populations, and the number of 7z
vitro studies is quite low; this indicates that further research is needed to understand the role

of cholesterol metabolism and oxysterols such as 27-HC in TC with epithelial origin.
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RESEARCH OBJECTIVES

Cancer is a multifactorial disease associated with important metabolic disorders, one of
which is the metabolism of cholesterol. Cholesterol and its metabolites play important roles
in normal cells, actively participating in the formation of cell membranes, regulating the cell
cycle as well as supplying energy requirements of tumoral cells. To meet these needs, these
deregulated cells can uptake cholesterol from the bloodstream or can increase de novo
cholesterol biosynthesis, promoting an imbalance between the accumulation of intracellular
cholesterol and inhibition of the cholesterol storage machinery. Moreover, other processes
related to the malignant drift of the tumors, such as cell migration and metastasis, have been
demonstrated to be dependent on intracellular accumulation of cholesterol. In this regard,
hypercholesterolemia has been identified as a risk factor in the development or malignant
drift of some solid tumors such as breast cancer, colorectal cancer., and so on. However, in
TC progression, the effects of the cholesterol metabolism and metabolite 27-HC remain
unknown. Thus, the present thesis aims to study the role of cholesterol in TC aggressiveness.
To achieve this goal, we have evaluated the (i) intratumoral metabolite accumulation, (ii)
LDL-mediated tumorigenic effects, and (iii) the effect of on signaling pathways promoted

by LDL and the oxysterol, 27-HC on TC.

Publication 1: Cholesterol and 27-Hydroxycholesterol Promote Thyroid Carcinoma
Aggressiveness
Oxysterols are oxidized derivatives of cholesterol, and they are involved in the regulation
of the cholesterol metabolism. One of the main oxysterols, 27-HC, has been linked to tumor
progression and estrogen receptor expression in, for example, breast cancer. Moreover, low
expression levels of the CYP7B1 gene, responsible for 27-HC degradation, have been
correlated with worse patient survival. In this context, we aimed to analyze the association
between LDL, intratumoral 27-HC levels, and TC tumors’ malignancy.
In detail, the specific objectives of this publication were as follows.
In human samples of thyroid tumors
- To determine the LDL uptake and 27-HC accumulation in primary cell cultures
obtained from benign thyroid tumors (BTT), PTC, PDTC, and ATC.
- To analyze the expression of genes involved in cholesterol and 27-HC metabolism:
LDIR, HMGCR, I.XR, CYP27A1, CYP7B1, 24-DHCR, SCARBT, and ABCAT.
In thyroid cell lines (CAL-62 and Nthy-ori 3.1)
- To investigate the LDL effects on PI3K-AKT-mTOR and RAS-RAF-MAPK

(MEK) ERK signaling pathways as well as on proliferation and migration processes
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in the ATC cell line (CAL-62) in comparison to a benign thyroid cell line (Nthy-ori
3.1).

- To analyze the expression of genes involved in LDL and 27-HC metabolism,
including LDI.R, HMGCR, CYP27A1, and CYP7B1 in thyroid cell lines (CAL-62
and Nthy-ori 3.1).

Publication 2: Low-Density Lipoprotein Receptor is a Key Driver of Aggressiveness

in Thyroid Tumor Cells

High intratumoral cholesterol levels have been found in a wide range of tumors. In this
sense, the LDLR expression together with the abnormal lipidic metabolism have been
associated with cancer progression and recurrence in hepatocellular carcinoma, lung cancer,
colorectal cancer, and prostate cancer. Moreover, increased LDLR expression and LDL
uptake have been linked to LDL-mediated cancer growth in mice. Studies on pancreatic
cancer demonstrated that blocking LDLR decreases the proliferation of tumoral cells as well
as the activation of the RAS/RAF/MAPK (MEK)/ERK pathway sensitizing cells to
chemotherapeutic drugs. Interestingly, different studies have established that the degree of
RAS/RAF/MAPK (MEK)/ERK signaling pathway activation determines the extent of
LDLR transcription, but the potential molecular mechanisms that regulate this association
in TC remain poorly understood.

Considering these points, we aimed to investigate whether BRAF*" and LDL can
potentiate the LDLR-mediated oncogenic processes via the RAS/RAF/MAPK
(MEK)/ERK pathway.

Specifically, the main objectives of this publication were:

- To study the protein expression kinetics of LDLR and LDL uptake in response to
LDL exposition in two PTC cell lines, namely TPC1 (wild type for BRAF "**") and
BCPAP (harboring BRAF V%),

- To analyze the effect of LDL in PTC cell lines on cellular proliferation, migration,
and adhesion processes.

- To determine the LDL-signaling pathway and the potential synergistic effect of
BRAF """ together with LDL..

- To study the vemurafenib effect on BCPAP cell line incubated with LDL.
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MATERIAL AND METHODS

The specific methods and procedures of each research design are summarized in Table 1 and

are described in detail below.

METHOD P.1 P.2
1. Patients X
2. Human tissue

2.1 27-hydroxycholesterol (27-HC) level X
determination
3. Serum samples
3.1 Lipid, lipoprotein, and apolipoprotein
determinations
4. Human lipoprotein isolation X X
5. Primary cell cultures
5.1 Dissociation of thyroid tissue
5.2 Radioactive LDL cholesterol uptake

6. Human Thyroid cell cultures

6.1 Cell lines

6.2 Proliferation assay (MTT assay)

6.3 Migration assay

6.4 Adhesion assay

6.5 Protein extraction and Western Blot

Bzl
SIS ET I

7. Dil-LDL analyses

7.1 Labeling Dil-LDL
7.2 Dil-LDL Uptake by Fluorometric Assay
7.3 Dil-LDL Uptake by Confocal Microscopy

sl

8. Transient transfection assay

8.1 siRNA-mediated protein knockdown
8.2 Gene overexpression

9. Quantitative RT-PCR analyses

slis

9.1 Tissue collection

9.2 Cell collection

9.3 RNA isolation

9.4 cDNA generation

9.5 RT-PCR
10.Statistical analyses

MR R K MK
IRl

Table 1. Methodology used in each of the publications presented. P: publication
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1. Patients

The fist publication of this thesis includes a cohort of patients (n = 89) with a diagnosis of
TC who were recruited at Hospital de la Santa Creu 1 Sant Pau in Barcelona, Spain. The
following clinical information was collected from these patients: sex, age, and unhealthy
habits. Additionally, dyslipidemic pathologies or statin treatments, as well as baseline TSH
values (0.5-5 mlU/L), wete exclusion criteria. The tumors were classified according to the
histopathological diagnosis as follows: BTT, WDTC malignancies (PTC), PDTC, and ATC.
The AJCC/UICC TNM staging system was used to subdivide the patients into two groups
(low/intermediate and high risk; NCCN Guidelines Version 1. 2018, Staging Thyroid
Carcinoma). This study was approved by the ethics committee at HSCSP, and all patients
gave written informed consent to participate. All research was performed in accordance with

relevant guidelines/regulations.

2. Human Tissue
Surgical snap-frozen specimens and serum were obtained from patients recruited from
January 2009 at Hospital de la Santa Creu i Sant Pau in Barcelona, Spain, as described above.
These belonged to the sample collection registered at Instituto de Salut Carlos III (Spain;

C.000281).
2.1. 27-HC Levels Determination

Frozen thyroid samples (n = 66) included in optimal cutting temperature (OCT)
compound (Tissue-Tek, Sakura Europe, Alphen den Rijn, Netherlands) were
sectioned and homogenized in 1 M NaOH. Protein concentration was measured
using the BCA protein assay kit (Thermo Scientific S.L..U., Spain). Lipids were then
extracted as described above, resuspended in 100 pl of methanol, and transferred to
a vial with 6 pl of deuterium-labeled internal standard. The 27-HC levels were
measured using high-performance liquid chromatography tandem mass

spectrometry.

3. Serum Samples
3.1. Lipid, Lipoprotein and Apolipoprotein Determinations
Whole blood samples from patients with TC were collected in Vacutainer® tubes and
fractionated by centrifugation at 1,500 g for 15 minutes at 4 °C to obtain serum.

Afterwards, serum was aliquoted into 1.5 mL tubes and frozen at 80 °C until analysis.
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Total cholesterol, TGs, phospholipids, HDL-C, LDL-C, and ApoB levels were
determined enzymatically in the autoanalyzer COBAS ¢501 using commercial kits (Roche
Diagnostics, Basel, Switzerland). Serum HDL-C levels were measured after the
precipitation of Apo B-containing lipoprotein particles with 0.44 mmol/L
phosphotungstic acid (Merck, Darmstadt, Germany) and 20 mmol/L magnesium
chloride (Sigma-Aldrich, Madrid, Spain).

4. Human Lipoprotein Isolation

LDL and HDL were isolated via sequential ultracentrifugation from normolipidemic
human plasma obtained in EDTA-containing Vacutainer® tube and using the appropriate
density. The acquisition of human plasma serum for this study was approved by the Ethics
Committee of the Hospital de la Santa Creu 1 Sant Pau. Moreover, pooled plasma of healthy

volunteers was obtained after their informed consent.

Material
- Centrifuge tubes of 20 mL maximal volume (polycarbonate plastic).
- Ultracentrifuge Beckman.
- Analytical fixed-angles rotor (55.38, Beckman Coulter).
- Lab material (Eppendorf tubes, tips, pipettes...).

- Density solutions.

Density .
solution Composition
(g/mL)
0.15 mM chloramphenicol, 0.15 M NaCl, 0.08 g gentamycin. Dissolve all
1.006 components in distilled water in a final volume of 2 L. and adjust pH at
7.4.
9.5 g of potassium bromide (KBr) to 500 mL of density solution 1.006
1.019 g/mL (KBr is just directly added to this volume of 1.006 g/mL
solution).
1.050 6.54 g KBt to 100 mL of density solution 1.006 g/mL (KBt is just
) directly added to this volume of 1.006 g/mL solution).
1.063 8.53 g KBr to 100 mL of density solution 1.006 g/mL (KBt is just
) directly added to this volume of 1.006 g/mL solution).
1.340 57.40 g KBt to 100 mL of density solution 1.006 g/mL (KBr is just

directly added to this volume).
Table 2. Composition of different density solutions.
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All density solutions from Table 2 contained 1mM ethylenediaminetetraacetic acid (EDTA)
and 2 pM butylated hydroxytoluene (BHT), and ultracentrifugation steps were performed at

4 °C to prevent lipoperoxidation.

Lipoproteins were isolated using KBr gradients by sequential ultracentrifugation (55.38
rotor, Beckman Coulter, Fullerton, CA, USA) for 16—18 h at 36.000 g at 4 °C in accordance

with their density as shown in Table 3.

Lipoprotein Density (g/mL)
VLDL 1.019 g/mL
LDL 1.063 g/mL
HDL 1.210 g/mL

Table 3. Lipoprotein density distributions.

The density to obtain each lipoprotein fraction was reached by adding the proper amount
of KBr according to Radding and Steinberg’s formula (Figure 15)'”. The density of plasma
is generally assumed to be 1.006 g/mL.

X =V (d-d) / (1-(0.312 x dy))

Figure 15. Radding and Steinberg formula. X = g of KBr, V= mL of plasma, d; = initial density, d¢ = final
density, 0.312 = pattial specific volume of KBr ml./g. Taken from!"?

To carry out LDL isolation, the first isolation step at a density of 1.019 g/mlL was
performed to remove VLDL and IDL. Afterwards, native LDL was isolated at 1.063 g/mL.
Subsequently, LDL was dialyzed against phosphate-buffered saline (PBS) through a PD-10
column (Merck, Darmstadt, Germany). The ApoB concentration was determined using
commercial kits adapted to a COBAS ¢501 autoanalyzer (Roche Diagnostics, Minato City,
Tokyo). Finally, LDL solution was filtered through a 0.2-um filter (Merck, Darmstadt,
Germany) before adding this LDL solution to the cells.

5. Primary Cell Cultures
5.1. Dissociation of Thyroid Tissue
Human thyroid tissue obtained from intraoperative pieces was dissected in the

Department of Pathology, washed twice with PBS buffer at room temperature and

49



MATERIAL AND METHODS

minced into 3—4 mm pieces with a sterile scalpel. Afterwards, these pieces were digested
with collagenase type II (1 mg/mL, Gibco Invitrogen, Waltham, MA, USA) at 37 °C for
3 h with a continuous magnetic stirring. The reaction was stopped by adding 10 mL of
DMEM-F12 culture medium (ThermoFisher Scientific, Waltham, MA, USA) at room
temperature, the digested tissues were centrifuged at 1,000 g for 10 min and washed two
times in PBS buffer at room temperature. In the next step, the cellular pellets were
suspended with Dulbecco’s modified Eagle’s medium F12 (DMEM-F12; Gibco,
Invitrogen, Waltham, MA, USA) supplemented with 10% of FBS and 2%
streptomycin/ penicillin, transferred into cellular plates. The medium was changed every
two days. The cultures were maintained only six days. Finally, the cells were trypsinized,
and counted using an automated cell counter (TC10 Bio-Rad, Hercules, CA, USA), and
cell blocks with 10°~10° cells were prepated via the plasma-thrombin method. To check
cell thyroid purity, thyroglobulin immunostaining with sections from cell blocks was

done using the peroxidase-anti-peroxidase technique.

5.2. Radioactive LDL Cholesterol Uptake

Primary cells from human thyroid tissue were seeded at a density of 100,000 cells per
30 mm dish with DMEM-F12 supplemented with 10% of FBS and 2%
streptomycin/penicillin and allowed to grow at 37 °C in a 5% CO, atmosphere for 6

days, changing the media every 48 h.

Then, LDL patticles (1.063 g/mlL) were isolated via ultracentrifugation (protocol
detailed in Section 4) and radiolabeled with [1,2-’H] cholesteryl oleate (Perkin Elmer,
Boston, MA). For this purpose, 50 uCi of cholesteryl-[1,2-3H(IN)] oleate (Perkin Elmer,
Boston, MA) and 1.8 mg of L-a-phosphatidylcholine from egg yolk (Sigma, St. Louis,
MO, USA) were mixed, and the solvent was evaporated under a stream of N2. Two mL
of 1.006 g/mL density solution was added, and the lipids were resuspended via vortex
mixing; then, the suspension was sonicated for 10 min in a bath-type sonicator. The
cholesteryl-[1,2-3H(N)] oleate emulsion was added to 2 mL of LDL and 2 mL of non-
inactivated human lipoprotein depleted fraction, and then incubated for 16 to 18 hiin a

37 °C bath. The labeled LDL was reisolated by ultracentrifugation at 1.019-1.063 g/mL.
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Subsequently, radiolabeled L.DI. (0.45 uCi [1,2-’H] cholesterol oleate/50 pg LDI.-
ApoB) was dialyzed against PBS via gel filtration chromatography and incubated with
cells in DMEN-F12 supplemented with 5% LPDS for 16 h. Then, the medium
containing radiolabeled LDL was removed and centrifuged at 10,000 g for 10 min to
remove detached cells. Afterwards, an aliquot of 200 puLL from the upper fraction of the
supernatant of cell-free medium was transferred to a scintillation vial, and 4 mL of
scintillation liquid was added to the vials, vigorously mixed, and put into the radioactivity
counter. The total counts in the total volume of the medium (1 mL) were calculated
using a correction factor.

Simultaneously, the primary cells were washed with warm sterile PBS and lysed with 1
mL of 0.1 M NaOH after incubation at 4 °C for 48 h. Then, all the lysate content was
transferred to a scintillation vial with 4 mL of scintillation liquid, and radioactivity was
measured. The [1, 2-’H] LDL cholesterol uptake was expressed as the percentage of the
radioactivity collected in the cells relative to the sum of radioactivity in cells and medium

per pg of protein per cell (Figure 16).

O ® ® ®

Thyroid human Biopsy cutted Digested with Flask expansion
tissue sample into small pieces collagenese Type II
(Img/mL)

Primary cell culture ~ Radiolabeled LDL (50 pug LDL-apoB) Radioactivity determined in medium

expanded added to the primary thyroid culture and cell lysate
=l /@ @ \ E =
1 \ @) + :
= @ / - :
.- ; g
cell lysate medium
16 h

Figure 16. Methodological procedure of radioactive LDL cholesterol uptake. Created with BioRender.com
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6. Human Thyroid Cell Cultures

6.1. Cell Lines

The Nthy-ori 3.1 cell line, provided by Dr. Pilar Santisteban (CSIC, Madrid) and
derived from normal human primary thyroid follicular epithelial cells, was immortalized
with a plasmid containing an origin-defective SV40 genome. The CAL-62 cell line,
provided by Leibniz-Institute DSMZ GmbH (ACC 448) and derived from a human ATC
harboring KRAS p.G12, has a epithelial-like cells stabilized in culture. The cells do not
show thyroglobulin expression, and the most relevant cytogenetic data showed a gain of
chromosome 20, a translocation (14q), breakpoints of centromeric chromatin without
presenting any BRAF mutation. Nthy-ori 3.1 cell lines were cultured in RPMI 1640
(w/L-glutamine; ThermoFisher Scientific, Waltham, MA, USA) and CAL-62 in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Invitrogen); both media were
supplemented with 10% FBS and 2% streptomycin/penicillin and maintained at 37 °C
in a 5% CO; atmosphere. The TPC1 cell line, provided by Paolo Vigneri of Azienda
Ospedaliero Universitaria Policlinico Vittorio Emanuele (Catania, Sicilia, Italy) and
detived from human PTC, harbors the RET/PTC rearrangement. The BCPAP cell line,
also provided by Paolo Vigneri of Azienda Ospedaliero Universitaria Policlinico Vittorio
Emanuele (Catania, Sicilia, Italy) and derived from human PTC, harbors the BRAF' *""
mutation. Both cell lines were cultured in the RPMI 1940 (w/L-glutamine) medium
(ThermoFisher Scientific, Waltham, MA, USA) and supplemented with 10% FBS, 100
U/mL penicillin and 1 pg/mL streptomycin at 37 °C in a 5% CO, atmosphere.

6.2. Proliferation Assay (MTT Assay)
LDL. incubation

For LDL analysis in Nthy-ori 3.1, CAL-62, TPC1, and BCPAP cells, approximately
4x10°=1x10* cells/well were seeded in 96-well microplates with the corresponding
complete media supplemented with 10% FBS and 2% streptomycin/penicillin and
maintained at 37 °C in a 5% CO; atmosphere for 24 h. The day after, complete medium
was replaced by deprived medium supplemented with 5% FBS and 2%
streptomycin/penicillin. Consequently, exogenous LDL at 50, 100, or 200 pg/mL
obtained from human serum was added alone or in combination with other reagents for
24 h, 48 h, and 72 h (depending on the experiment). The internal control corresponds to

5% FBS-alone condition.
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DHEA treatiment

For DHEA treatments (SKU 7000087 P) (Avanti, Polar Lipids, INC.) in Nthy-ori 3.1
and CAL-62 cells, approximately 4x10° cells/well and 1x10* were seeded, respectively, in
96-well microplates with the corresponding complete media supplemented with 10% of
FBS, and 2% streptomycin/penicillin and maintained at 37 °C in a 5% CO, atmosphere
for 24 h. The day after, the complete medium was replaced by deprived medium
supplemented with 5% LPDS and 2% streptomycin/penicillin. Consequently, DHEA at
40, 80, and 160 pM was added for 48 h. The internal control corresponds to 5% LPDS-

alone condition.

27-HC incubation

For the 27-HC incubation experiment in Nthy-ori 3.1 cells, 4x10° cells/well were
seeded in 96-well microplates with RPMI 1640 (w/L-glutamine; ThermoFisher
Scientific, Waltham, MA, USA) complete media supplemented with 10% FBS and 2%
streptomycin/penicillin and maintained at 37 °C in a 5% CO, atmosphetre for 24 h. The
day after, the complete medium was replaced by deptrived RPMI 1640 (w/L-glutamine;
ThermoVFisher Scientific, Waltham, MA, USA) medium supplemented with 5% LPDS
and 2% streptomycin/penicillin. Consequently, 27-HC (CAS: 20380-11-4, MedCHem
Express, Monmouth Junction, NJ 08852, USA) at 6 and 12 pM was added for 48 h. The

internal control corresponds to 5% LPDS-alone condition.

Vemurafenib treatment

For vemurafenib (PLX4032, Selleck Chemicals LLC, Houston, TX, USA) treatment
in BCPAP cells, 4x10° cells /well were seeded in 96-well microplates with complete RPMI
1640 (w/L-glutamine; ThermoFisher Scientific, Waltham, MA, USA) media
supplemented with 10% FBS, and 2% streptomycin/penicillin and maintained at 37 °C
in a 5% CO?” atmosphere for 24 h. The day after, the complete medium was replaced by
deprived RPMI 1640 (w/L-glutamine; ThermoFisher Scientific, Waltham, MA, USA)
medium supplemented with 5% FBS and 2% streptomycin/penicillin. Consequently,
vemurafenib at 1 pM was added for 24 h, 48 h, and 72 h alone or in combination with
other reagents, depending on the experiment. In the analysis studying vemurafenib
effects, the LDL-alone treatment condition (200 pg/mL ApoB + DMSO 0.1%) was used

as an internal control.
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Finally, to determine the cell viability rate after each treatment, the thiazolyl blue
tetrazolium bromide metabolic assay (MTT, Sigma, St. Louis, MO, USA) was used.
Absorbance was determined at 560 nm with a microplate reader (xMark, Bio-Rad,

Hercules, CA, USA). All conditions were performed in five replicates.

6.3. Migration Assay

Nthy-ori 3.1, CAL-62, TPC1, and BCPAP cells were plated in a 30- or 60-mm dish,
depending on the assay, and grown with their corresponding medium supplemented with
10% FBS, 2% streptomycin/penicillin and maintained at 37 °C in a 5% CO, atmosphere
until 90% of confluency was reached. Afterwards, cells cultures were scratched with a
pipette tip (10 pl) and washed twice with warm sterile PBS buffer to remove cellular
debris. The wounds were photographed in a Leica DM IL Inverted Fluorescence Phase
Contrast microscope (Leica, Wetzlar, Germany) at 0 h (t = 0), and this was done again
in the same area after 13—16 h of cell incubation with the corresponding reagent and
maintained at 37 °C in a 5% CO, atmosphere. Image | software V1.53 (University of

Wisconsin, Madison, WI, USA) was used to analyze the images'"

. The percentage of
wound healing was determined based on three measurements of the wound area; each

result was the mean of three independent experiments.

6.4. Adhesion Assay

BCPAP cells were seeded in a 60 mm dish at a density of 6x10" cells/ dish with 5 mL.
of complete RPMI 1640 (w/L-glutamine; ThermoFisher Scientific, Waltham, MA, USA)
media supplemented with 10% FBS and 2% streptomycin/penicillin and maintained at
37 °C in a 5% CO; atmosphere for 24 h. The day after, the complete medium was
replaced by deprived RPMI 1640 (w/L-glutamine; ThermoFisher Scientific, Waltham,
MA, USA) medium supplemented with 5% FBS and 2% streptomycin/penicillin and
treated with exogenous LDL at 200 pg/mL or only with 5% of FBS as a control for 16
h. Then, the supernatant was removed, and 50 uL of this supernatant medium was used
to determine detached cell viability as well as to quantify detached cells through trypan
blue staining in a TC20 Automated Cell Counter (Bio-Rad, Hercules, CA, USA).
Afterwards, attached cells were trypsinized and the cell viability and the number of
anchored cells were also determined by trypan blue staining in a TC20 Automated Cell
Counter (Bio-Rad, Hercules, CA, USA). Finally, the percentage of viability and cells in

suspension were calculated in comparison to the control (5% of FBS).
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6.5. Protein Extraction and Western Blot

Nthy-ori 3.1, CAL-62, TPC1, and BCPAP cells were seeded in 30- or 60-mm diameter
dishes. When they reached 70% confluence, the specific treatment was added for 24 h,
48 h, and 72 h. Then, cells were washed twice with cold PBS buffer and left in RIPA
buffer (50 mM Tris-HCL, pH 7.5; 150 mM NaCl; 1% NP40; 0.5% sodium deoxycholate;
0.1% SDS; 1 mM EDTA) and supplemented with protease inhibitor cocktail (Roche
Diagnostics, Minato City, Tokyo), phenylmethylsulfonyl fluoride (PMSF, Sigma, St.
Louis, MO, USA), and sodium orthovanadate (Sigma, St. Louis, MO, USA) for 30 min.
The next step involved vortexing the lysates and centrifuging them at 12,000 g for 15
minutes at 4 °C. Pellets containing cellular debris were discarded, and protein
quantification was conducted on the supernatants using the BCA protein assay reagent
kit (ThermoFisher Scientific, Waltham, MA, USA). Afterwards, the protein extracts were
mixed with a 4X Laemmli loading buffer (Sigma, St. Louis, MO, USA) and heated at 94
°C for 4 min. Then, 20 pg of protein were size-separated on a 10% TGX Stain-Free
precast gel (Bio-Rad, Hercules, CA, USA) and transferred to a 0.2 pum PVDF membrane
(Bio-Rad, Hercules, CA, USA). The membrane was blocked with 3% dried milk in Ttris
buffer saline containing 0.05% of Tween-20 (TBST) for 45 min. Finally, membranes were
incubated with optimized dilutions of the primary antibody (Table 4) overnight at 4 °C
with continuous shaking. The day after, the membranes were washed three times for 10
min with TBST buffer at room temperature and re-incubated with the IgG HRP-
conjugated secondary antibody for 1 h (Table 4). Finally, the membranes were washed
three times for 10 min with TBST buffer and analyzed using an Immun-StarWestern
Chemiluminescence Kit (Bio-Rad, Hercules, CA, USA). Imaging and data analysis were
performed following the protocol described in Taylor et al. TGX stain-free gels were
activated for 1 min after SDS-electrophoresis, and images were captured using a
ChemiDoc XRS Gel Documentation System (Bio-Rad, Hercules, CA, USA) and Image
Lab software (version 6.0.1, Bio-Rad, Hercules, CA, USA). Data normalization analysis
for each protein band was performed with the stain-free gel image saved before
transferrin gel to PVDF membrane, and the background was adjusted in such a way that
the total background was subtracted from the sum of the density of all the bands in each

lanel(]i,l()ﬁ

55



MATERIAL AND METHODS

Antibody Species Dilution = Company (catalog#)

LDLR Rabbit 1:200 Abcam EP1553Y

p44/42 MAPK (ERK 1/2) Rabbit 1:1000 Cell signaling (#9102)

p-p44/42 MAPK (p-ERK 1/2) Rabbit 1:1000 Cell signaling (#9101)

AKT Rabbit 1:1000 Cell signaling (#4685)

p-AKT Rabbit 1:1000 Cell signaling (#9271)

MTOR Rabbit 1:200 Cell signaling (#2972)

p-MTOR Rabbit 1:200 Cell signaling (#2971)

NF-»xB Rabbit 1:1000 Cell signaling (#3035)
Anti-rabbit secondary 1:5000 Promega (W4011)
Anti-mouse secondary 1:5000 Promega (W4021)

Table 4. Primary and secondary antibodies used.

7. Dil-Low-Density Lipoprotein Analyses

7.1. Labeling Low-Density Lipoprotein
LDL was labeled with 1,1'-Dioctadecyl-3,3,3',3"- Tetramethylindocarbocyanine Perchlorate
(Dil, Invitrogen, Waltham, MA, USA), applying a modified procedure of the method

described in Teupser et al.'"”

Firstly, a stock solution of Dil was prepared by dissolving 30 pg of Dil in 1 mL of DMSO.
Then, Dil was added to the LDL solution, which had previously been dialyzed through a
PD-10 column, to yield a final ratio of 300 pg of Dil to 1 mg of LDL (ApoB). Afterwards,
it was incubated in a water bath for 18 h at 37 °C under dark conditions with continuous
shaking. The day after, the Dil-LDL solution was centrifuged for five 45-min rounds at 3,000
3,500 g using an Amicon Ultra-4 Centrifugal Filter 50 kDa MWCO Millipore (15 mL;
Sigma-Aldrich, Madrid, Spain) to isolate the Dil-labeled LDL. Then, the Dil-LDL was
dialyzed in a PD-10 column against saline containing PBS and filter-sterilized (0.22 pm,
Water Millex HV units).

The ApoB concentrations of LDL and Dil-LDL were determined using commercial kits
adapted to a COBAS ¢501 autoanalyzer (Roche Diagnostics, Minato City, Tokyo). The
standard solutions of Dil were prepared in isopropanol with a concentration range of 0—110
ng/mL. The standard curve of Dil-LDL was prepated in PBS with a concentration range of
0-1600 ng protein/mL. The fluorescence intensity of both standard curves was measured

using a microplate reader, Synergy HT (BioTek Instrument, Winooski, VT, USA) at
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AEx/EM = 485/530 nm. The specific activity of Dil-LDL was finally obtained as the

amount of Dil (ng) integrated into 1 ng of LDL.

7.2. Dil-Low-Density Lipoprotein Uptake by Fluorometric Assay

TPC1 and BCPAP cells were seeded at a density of 3x10* cells/dish in 30 mm dishes with
2 mL of complete RPMI 1640 (w/L-glutamine; ThermoFisher Scientific, Waltham, MA,
USA) medium supplemented with 10% FBS and 2% streptomycin/penicillin and maintained
at 37 °C in a 5% CO, atmosphere for 24 h until 70% confluence was reached. The day after,
the cells were treated with 5% FBS, as a control; or with 200 pg/mL Dil-LDL for 24 h, 48
h, and 72 h.

After incubation, the cells were placed on ice and washed three times with cold PBS 1X +
00.4% BSA and twice with cold PBS 1X. Then, 300 pL of lysis reagent (NaOH 0.1 M + 1
g/L SDS) was added and left with continuous shaking at room temperature for 30—60 min.
Fluorescence intensity in 200 pL of the lysate was measured using a black microplate reader,

Synergy HT (BioTek Instrument, Winooski, VT, USA) at AEx/EM = 485/530 nm. Protein

quantification was determined in 10 pL of the lysate by BCA using BSA dissolved in lysis
reagent as a standard (Thermofisher Scientific, Waltham, MA, USA) to normalize
fluorescence measurements through cellular culture confluence. Additionally, the
fluorescence of the standard curve of the Dil-LDL diluted in lysis reagent was measured to

determine the specific fluorescence intensity of the Dil-LDL preparation used.

7.3. Dil-Low-Density Lipoprotein Uptake by Confocal Microscopy

TPC1 and BCPAP cells were seeded at a density of 3x10" cells/dish in specific confocal 35
mm dishes (75856-742, Radnor, PA, USA) with 2 mL of complete RPMI 1640 (w/L-
glutamine; ThermoFisher Scientific, Waltham, MA, USA) medium supplemented with 10%
FBS and 2% streptomycin/penicillin and maintained at 37 °C in a 5% CO, atmosphere for
24 h until 70% of confluence was reached. The day after, the cells were treated with 5% FBS,
as a control, or with 200 pg/mL Dil-LDL for 24 h, 48 h, and 72 h. The nucleus and
lysosomes were labeled with Hoechst and GFP (ThermoFisher Scientific,Waltham, MA,

USA) 5 min and 16 h before confocal analysis, respectively.
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The images of immune-stained cells were recorded on a Leica-inverted fluorescence
confocal microscope (Leica TCS SP5-AOBS, Wetzlar, Germany). Cells were viewed with an
HCX PL APO 63X 0il/0.6—1.4 objective. Then, fluorescent images were acquired in a scan
format of 1,024x1,024 pixels in a spatial dataset (xyz or xzy) and were processed using the
Leica Standard Software TCS-AOBS (V2.7.3). Lysosomal quantification was carried out
using Fiji software (Image] V1.53, University of Wisconsin, Madison, WI, USA)'*.

8. Transient Transfection Assay

8.1. siRNA-mediated Protein Knockdown

Downregulation of the CYP27.A1 gene.

Nthy-ori 3.1 cells were plated at a density of 4x10° cells/well in a 96-well plate one day prior
to transfection. The following day, the cells were transiently transfected using JetPrime™
(Polyplus transfection) according to the manufacturer’s instructions with either 5 nM pre-
designed short interfering RNA (siRNA CYP27A1, 1D106239, Ambion, Life Technologies,
Carlsbad, CA, USA) or control siRNA purchased from Santa Cruz Biotechnology Inc. (sc-
37007, Dallas, TX, USA) in RPMI supplemented with 10% FBS, 100 U/mL penicillin and
lpg/mL streptomycin medium for 24 h at 37 °C in a 5% CO, atmosphere. Then, the
transfected cells were treated with LDL (200 uM) plus 5% FBS or only 5% FBS as a control.
After 48 h of incubation, the transfected cells were tested for MTT assay to analyze cellular

proliferation.

8.2. Gene Overexpression

Ouwerexcpression of the CYP7B1 gene.

CAL-62 cells were plated at a density of 1x10* cells in a 96-well plate with DMEM High
Glucose 10% FBS, 100 U/mL penicillin and 1pug/mL streptomycin medium at 37° C in a
5% CO, atmosphere, one day prior to transfection. Then, the cells were transiently
transfected using JetPrime™ (Polyplus transfection) according to the manufacturer’s
instructions with either 0.1 nM pre-designed CYP7B7 (NM_004820.3) DNA ORF clone or
control (pcDNA3.1+/ C-(K) DYK) purchased from GeneScript (Piscataway, NJ, USA)
(OHu27221) and treated with LDL (200 uM), plus 5% FBS or only 5% FBS as a control for
48 h. After incubation, the transfected cells were tested for MTT assay (protocol detailed in

Section 6.2).
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For wound-healing assays, 5x10* CAL-62 cells were plated in 6-well plates and transiently
transfected with the same concentration described above. The wound-healing assay was

performed as described in Section 6.3.

9. Quantitative RT-PCR Analyses
9.1. Tissue Collection
For RNA analysis, patients’ thyroid tissue samples were collected, weighted and rapidly

frozen in liquid nitrogen.

9.2. Cell Collection
For RNA extraction in cell culture, culture dishes were first kept on ice through all the
extraction using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The culture medium was
carefully aspirated, and then dishes were washed twice with cold, sterile PBS to remove the
total amount of PBS before following to the RNA isolation steps. Afterwards, 500 pL of
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was added to each culture dish, the lysate
was pipetted up and down several times to homogenize, and the lysate was rapidly frozen in

liquid nitrogen.

9.3. RNA Isolation
Total RNA from both tissue samples and cell line cultures was isolated using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
Afterwards, RNA concentration was determined using a NanoDrop2000 bioanalyzer
(ThermoFisher Scientific, Waltham, MA, USA). The RNA concentration was determined at

A = 260 nm optical density (OD), considering that an Ay of 1.0 is equivalent to about 40

ng/mL of RNA.

To evaluate the purity of RNA, the ratio of absorbance at A = 260 nm and A = 280 nm

was applied. A ratio of ~ 2.0 is commonly accepted as ‘good’ for RNA. A lower ratio could
be related to the presence of protein, phenol, or other contaminants that absorb strongly at

or near 280 nm.
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9.4. cDNA Generation
One microgram of the total RNA was reverse transcribed to complementary DNA
(cDNA). cDNA synthesis is performed due to the action of reverse transcriptase, an enzyme
that creates single-stranded DNA from an RNA template in the presence of primers. cDNA
was obtained using a first-strand cDNA synthesis kit (Roche Applied Science, Penzberg,
Germany), and the cDNA samples were stored at —20 °C for use as a template in real-time

quantitative polymerase chain reaction (PCR) analysis.

9.5. Quantitative real-time PCR
The quantitative real-time PCR (RT-PCR) was used to amplify cDNA products obtained
from reverse-transcribed mRNA. A relative quantification method was applied in which
internal genes named housekeeping genes are used to determine fold variations in the

expression of specific genes.

The gene expression profiles were analyzed in an ABI PRISM 7900HF Sequence Detection
System using a predesigned and labeled primer/probe set (Assays-on-Demand™ Gene
Expression Assay, Applied Biosystems, Foster City, CA, USA). All the reactions were
performed with 100 ng of cDNA in a total volume of 50 pl of TagMan® Universal PCR
Master Mix (Applied Biosystems, Waltham, MA, USA). Thermal cycling conditions involved
10 min at 95 °C, 40 cycles at 95 °C for 15 s, and 65 °C for 1 min.

Specific human Tagman qPCR primers (Applied Biosystems, Waltham, MA, USA) were
used to analyze gene expression of CYP27A47 (Hs01017992_m1), CYP7B7
(Hs01046431_m1), HMGCR (Hs00168352_m1), L.DL receptor (LDLR; Hs01092524_m1),
SCARBI1 (Hs00969827_m1), = DHCR-24  (Hs00207388_m1), and  _ABCAT7
(Hs01059137_m1). The samples were analyzed in duplicate, and RNA from BTT was used
as a group calibrator; negative controls were also included in all the reactions. The relative
expression levels for each gene were calculated using the 2-ddCt method with SDS2.3 and

Data Assist V2.1 software (Applied Biosystems).

The specific human GAPDH (NM_002046.3) was used as endogenous control gene
(Applied Biosystems, Waltham, MA, USA).
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10. Statistical Analysis

Results were expressed as mean + SD or as mean + SEM when indicated.

The one-way analysis of variance (ANOVA) test was utilized to compare continuous
variables, and Tukey's multiple comparison post-test was applied to assess differences among
the groups. Additionally, the Kruskal-Wallis multiple comparison test was employed to
compare continuous variables that did not follow a Gaussian distribution, and Dunn's post-
test was used to compare differences among the groups. Pearson's correlation analysis was

conducted to examine the correlations between variables.

The differences between the two groups were compared using an unpaired two-tailed
Student's t-test. To evaluate the effects of time and cell type on each dependent variable, a

Two-way ANOVA with Sidak's multiple comparison post-test was applied.

Gene expression analysis was performed using the comparative CT (ddCt) method by
DataAssist™ Software, and the results were adjusted as the p-value using the Benjamini—
Hochberg false discovery rate (FDR). Genes showing an FDR <0.15 and more than two-
fold difference in absolute values for both comparisons were considered differentially

expressed.

GraphPad Prism 5.0 and 9.0 software (GraphPad, San Diego, CA, USA) were employed
for the first and second publications, respectively, and values of p < 0.05 were considered

statistically significant.

61



Chapter IV

- RESULTS -







RESULTS

PUBLICATION I

Cholesterol and 27-Hydroxycholesterol Promote Thyroid Carcinoma Aggressiveness

Giovanna Revilla, Monica de Pablo Pons, Lucia Baila-Rueda, Annabel Garcia-l1.eén,
David Santos, Ana Cenarro, Marcelo Magalhaes, R. M. Blanco, Antonio Moral, José
Ignacio Pérez, Gerard Sabé, Cintia Gonzalez, Victoria Fuste, Enrique Lerma, Manuel dos

Santos Faria, Alberto de Leiva, Rosa Corcoy, Joan Carles Escola-Gil, Eugeénia Mato*

*Corresponding authors

Scientific Reports

2019

64



65

RESULTS



SCIENTIFIC REPLIRTS

Cholesterol and
27-hydroxycholesterol promote
thyroid carcinoma aggressiveness

Received: 24 January 2019 . Giovanna Revilla3®, Monica de Pablo Pons'?, Lucia Baila-Rueda“*®, Annabel Garcia-Ledn?,
Accepted: 4 July 2019 - David Santos*¢, Ana Cenarro®, Marcelo Magalhaes?, R. M. Blanco’, Antonio Moral*°?,
Published online: 16 July 2019 - José Ignacio Pérez®, Gerard Sabé?, Cintia Gonzalez'’, Victoria Fuste>!!, Enrique Lerma**?,
. Manvuel dos Santos Faria®, Alberto de Leiva?’?, Rosa Corcoy®7:1?, Joan Carles Escola-Gil (%3¢
& Eugenia Mato'”

Cholesterol mediates its proliferative and metastatic effects via the metabolite 27-hydroxycholesterol
(27-HQ), at least in breast and endometrial cancer. We determined the serum lipoprotein profile,
intratumoral cholesterol and 27-HC levels in a cohort of patients with well-differentiated papillary
thyroid carcinoma (PTC; low/intermediate and high risk), advanced thyroid cancers (poorly
differentiated, PDTC and anaplastic thyroid carcinoma, ATC) and benign thyroid tumors, as well as
the expression of genes involved in cholesterol metabolism. We investigated the gene expression
profile, cellular proliferation, and migration in Nthy-ori 3.1 and CAL-62 cell lines loaded with human
low-density lipoprotein (LDL). Patients with more aggressive tumors (high-risk PTC and PDTC/ATC)
showed a decrease in blood LDL cholesterol and apolipoprotein B. These changes were associated with
an increase in the expression of the thyroid’s LDL receptor, whereas 3-hydroxy-3-methylglutaryl-CoA
reductase and 25-hydroxycholesterol 7-alpha-hydroxylase were downregulated, with an intratumoral
increase of the 27-HC metabolite. Furthermore, LDL promoted proliferation in both the Nthy-ori

3.1 and CAL-62 thyroid cellular models, but only in ATC cells was its cellular migration increased
significantly. We conclude that cholesterol and intratumoral accumulation of 27-HC promote the
aggressive behavior process of PTC. Targeting cholesterol metabolism could be a new therapeutic
strategy in thyroid tumors with poor prognosis.

Cancer is a multifactorial disease that is associated with important metabolic disorders, one of which is the
metabolism of cholesterol. Cholesterol molecules and their metabolites play important roles in normal cells,
actively participating in the formation of cell membranes, as well as the cell cycle, and the tumoral cells require
an increased supply of cholesterol. To meet these needs, these deregulated cells are able to promote two strategies
cholesterol uptake from the bloodstream and de novo cholesterol biosynthesis'~. In this context, hypercholester-
olemia has been identified as a risk factor in the development or malignant drift of some solid tumors, such as in
breast, colon, and prostate cancer®*. In contrast, the inhibition of the cholesterol synthesis pathway can activate
the mechanisms of cell differentiation’.
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Low/intermediate-
BTT risk PTC High-risk PTC | PDTC/ATC
Cholesterol (mmol/L) 4.933+0.207 4.581+£0.159 3.832+0.198* 3.793 £0.245%
Triglycerides (mmol/L) 1.563£0.156 1.290 £0.105 0.824£0.101%* 0.936£0.164
Phospholipids (mmol/L) 2.824+0.101 2.558 +0.088 2.182+0.112%* 2.321+£0.131%
HDL Cholesterol (mmol/L) | 1.6734+0.132 1.704£0.106 1.515+£0.143 1.593 £0.267
LDL Cholesterol (mmol/L) | 2.55140.165 2.293+£0.129 1.944+£0.222 1.775+0.083*
ApoB (g/L) 0.990 £ 0.044 0.961+0.037 0.748 +0.07** 0.714 £ 0.064*

Table 1. Patients’ serum lipid profile according to histology pattern. Mean & SEM of total cholesterol,
triglycerides, phospholipids, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol,
apolipoprotein (apo) B in BTT (n=27), low/intermediate-risk PTC (1 =43), high-risk PTC (n=12), and
PDTC/ATC (n=7). Analysis of variance using ANOVA plus Tukey’s post-hoc test (*p < 0.05, *¥p < 0.01).
P-values are in comparison to BTT.

One feature of some malignant tumors is the existence of an imbalance between the accumulation of intra-
cellular cholesterol and inhibition of the cholesterol storage machinery!*-'2. Other processes related to the malig-
nant drift of the tumors, such as cell migration and metastasis, have been demonstrated to be dependent on
intracellular accumulation of cholesterol*®”. Moreover, oxysterols are oxidized derivatives of cholesterol, and
they are involved in the regulation of the cholesterol metabolism; oxysterols are associated with different chronic
diseases, such as atherosclerosis, neurodegenerative diseases, and inflammatory bowel diseases'®. Furthermore,
the oxysterols have also been related to the development of cancer trough the hedgehog, WNT, and MAPK sig-
naling pathways'*!>. Different forms of oxysterols have been identified; the most important are 27-, 24-, and
7a-hydroxycholesterol. 27-hydroxycholesterol (27-HC), which is mainly synthesized in the liver, acts as a potent
suppressor of cholesterol synthesis throughout the sterol regulatory element-binding proteins (SREBPs)'¢. 27-HC
levels are controlled by two mitochondrial enzymes, namely sterol 27-hydroxylase (CYP27A1)—which is respon-
sible for their synthesis—and 25-hydroxycholesterol 7-alpha-hydroxylase (CYP7B1), which is responsible for
their catabolism'’. Different studies have demonstrated the link among the levels of 27-HC, tumor proliferation
and estrogen receptor expression in breast cancer'>!8-2, The analysis of both genes in breast tumors with positive
estrogen receptors showed that the prognosis and survival of patients were independent of the CYP27A1 gene
expression, while low expression levels of the CYP7BI gene were correlated with worse patient survival'>'*2!,
27-HC can activate the liver X receptors (LXRs), which may regulate the target genes controlling cholesterol,
glucose and fatty acid metabolism, as well as inflammatory responses and the expression of specific genes that
control cell proliferation and metastasis processes*>?*.

Several epidemiological studies have investigated the link between dyslipidemias, high-fat diets, and can-
cer?*=2% In thyroid cancer (TC), this relationship is still unknown, although some evidence in the last decade
suggests that the body fat percentage, cholesterol levels, and adiposity could be associated with the increased
incidence of TC, papillary subtype (PTC)*?¢. However, the effects of the cholesterol metabolism and metabolite
27-HC on TC progression remain unknown. The objective of this study was to analyze the associations between
cholesterol, intratumoral 27-HC levels, and TC tumors’ malignancy.

Results

Low LDL-cholesterol levels in patients with high-risk PTC and dedifferentiated tumors. The
serum lipid profiles of patients with different thyroid neoplasms are summarized in Table 1. Patients with high-
risk PTC and PDTC/ATC tumors showed lower serum cholesterol levels (3.832 & 0.198 mmo/L, p=0.0041 and
3.793 £0.245 mmo/L, p=0.0293, respectively) compared with those with BTT tumors (4.933 +0.207 mmo/L)
and low/intermediate-risk PTC (4.581 £ 0.159 mmo/L). These changes were associated with a decrease in LDL
cholesterol in high-risk PTC tumor patients (1.944 40.222 mmo/L, p=0.0515) and those with dedifferentiated
PDTC/ATC tumors (1.775 4 0.083 mmo/L, p=0.0274) compared with those with BT'T (2.551 4+0.165 mmo/L)
and low/intermediate-risk patients PTC (2.293 +0.129 mmo/L). The apoB levels were also decreased in patients
with high-risk PTC tumors (0.748 £ 0.07 mmo/L, p=0.0068) and PDTC/ATC (0.714 £ 0.064 mmo/L, p=0.011).
However, the HDL cholesterol levels did not differ among the groups analyzed. Moreover, the triglyceride levels
were reduced in patients with all the types of malignant tumors, but significant changes were only found in the
high-risk PTC group (0.824 £0.101 mmo/L, p=0.0015).

The LDL receptor (LDLR) is upregulated in tumors with higher malignancy. The gene expression
of the LDLR (specific receptor-mediated endocytosis of LDL) was upregulated in the PTC tumors with greater
malignancy (high-risk PTC and PDTC/ATC) compared with the tumors with a minor degree of malignancy
(low/intermediate-risk PTC and BT'T; (Fig. 1). However, the tumorigenic-free cholesterol levels, esterified choles-
terol, and triglycerides did not differ among all the groups analyzed (Supplementary Fig. S1). Moreover, the LDL
uptake analysis in primary cell cultures displayed that the LDL-derived cholesterol uptake in the PDTC tumors
was higher (13 £ 1.4%) than that of high-risk PTC and BTT tumorigenic cells (8.9 =0.3% and 8.4 £ 0.1%, respec-
tively, p <0.01 vs PDTC) (Supplementary Fig. S2).

HMGCR and CYP7BL1 are strongly downregulated in PDTC and ATC tumors compared with
BTT. The gene expression analysis of genes related with cholesterol metabolism and the oxysterol 27-HC in

SCIENTIFICREPORTS|  (2079) 9:10260 | https://doi.org/10.1038/s41598-019-46727-2 2


https://doi.org/10.1038/s41598-019-46727-2

www.nature.com/scientificreports/

*%
10.0- | .
7.5+
o 5.0 )
1<) *3
E 254 N hd *
g 2.0 . o
3 1.5+ }
L 104 s .
g YIRS
0.5+ ‘e
o'c «I I_'; T o*
- + o
¢ ¢ @ ¢
< S @
& ¥
& <O Q
vy Q
«0
4

Figure 1. Analysis of the low density lipoprotein receptor (LDLR) gene expression by qRT-PCR in human
thyroid tumors. BTT (n = 26), low/intermediate-risk PTC (n=37), high-risk PTC (n=10), PDTC/ATC
(n=6). Endogenous expression of the GAPDH gene has been used to normalize the data and BT T as calibrator.
Statistical analysis: ANOVA test plus Tukey’s post-test (**p < 0.01).

TC tumors are shown in Fig. 2; the expression of the HMGCR gene was downregulated in all types of malignant
tumors compared to benign tumors, being higher in the PDTC/ATC (p < 0.001). Moreover, the differences were
also significant when less aggressive PTC tumors or more indolent PTC tumors (low/intermediate risk) were
compared with the aggressive PDTC and ATC tumors (p < 0.05, Fig. 2A). However, no differences were found
between PTC with different degrees of malignancy. A similar expression profile was observed in the CYP7BI
gene, which was also downregulated in all tumors, especially dedifferentiated PDTC/ATC (p < 0.001). The com-
parison between the malignant tumors exhibited a significant difference between the PTC (low/intermediate
risk) and PDTC/ATC samples (p < 0.01; Fig. 2B). The gene expression analysis of the LXR alpha gene also dis-
played a similar gene expression pattern, although the downregulation detected was higher and significant in
all groups analyzed (Fig. 2C). In contrast, the CYP27A1 gene expression did not differ significantly among the
groups (Fig. 2D).

The analysis of 24-Dehydrocholesterol reductase (24DHCR) and the scavenger receptor class B type 1
(SCARBI) genes showed that both genes tended to be downregulated when compared the most aggressive tumors
with BTT group, although these changes were not significantly different (Supplementary Table 1).

To investigate whether LDL can produce similar effects in vitro to those found in vivo, two thyroid human cell
lines with different genotypes (Nthy-ori 3.1 and CAL-62) were exposed to human LDL and the gene expression
profile was analyzed. The comparison of both cell lines did not reveal significant changes in LDLR and CYP27A1
gene expression (Fig. 3A,C). However, a downregulation in HMGCR and CYP7B1 was detected in CAL-62 in
comparison with Nthy-ori 3.1 (Fig. 3B,D).

PDTC/ATC tumors show higher levels of 27-hydroxycholesterol. The percentage of tumors with
detectable levels of 27-HC was higher in the malignant tumors analyzed, with 20% in the low/intermediate-risk
PTC samples (6 positive of the 30 total samples), with a mean of 3.73 ng/mg protein; 44% in the high-risk PTC
samples (8 positive of 18 total samples), with a mean of 10.07 ng/mg protein; and 89% in the PDTC/ATC (8 pos-
itive of 9 total samples), with a mean of 89.42 ng/mg protein. In contrast, the percentage of detection in the BT T
samples was 5% (2 of 40 total samples), with a mean of 16.38 ng/mg protein (Fig. 4A). Moreover, we observed a
negative correlation between the CYP7B1 gene expression and the 27-HC concentration, showing higher levels
of this sterol in the most aggressive samples analyzed (Fig. 4B).

LDL cholesterol promotes proliferation and migration in anaplastic thyroid cell lines with-
out changing in MAPK, PI3K and mTOR signaling pathways. The Nthy-ori 3.1 cell line, derived
from normal human primary thyroid follicular epithelial cells, was immortalized with a plasmid containing an
origin-defective SV40 genome (SV-ori). The CAL-62 cell line, derived from a human thyroid anaplastic carci-
noma (ATC), is an epithelial-like cells stabilized in culture. These cells do not show thyroglobulin expression, as
well as, do not present any BRAF mutation®’. LDL promoted a dose-related response in cellular proliferation in
both Nthy-ori 3.1 and CAL-62 (p < 0.01), without significance between them (Fig. 5A). Nevertheless, the evalu-
ation of wound healing capacity showed that LDL cholesterol promoted cell mobility in the CAL-62 cell line in a
dose-related response; in contrast, LDL cholesterol did not induce significant changes in the cell mobility in the
Nthy-ori 3.1 cells (Fig. 5B). The concentration of 27-HC measured in the LDL treated cells and non treated cell
was 3.73+1.69ng 27HC/mg prot and 0.37 £ 0.53 ng 27HC/mg prot, respectively (p =0.01), in CAL-62 cell line.
However, the concentration of 27-HC in the Nthy-ori 3.1 cells treated with LDL was lower in comparison with
CAL-62 cell line (0.7 £ 0.25 ng 27-HC/mg prot) and it was undetectable in non treated cell.
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Figure 2. Analysis of the gene expressions by qRT-PCR in human thyroid tumors. (A) HMGR gene expression,
(B) CYP7BI gene expression, (C) LXR gene expression, (D) CYP27A1 gene expression. The patient cohort was
divided into the following groups: BT'T (n = 32), low/intermediate-risk PTC (n = 37), high-risk PTC (n=12),
and PDTC/ATC (n=7). Endogenous expression of the GADPH gene was used to normalize the data, and BTT
was used as calibrator tissue. Statistical analysis: ANOVA test plus Tukey’s post-test (¥p < 0.05, **p < 0.01,
*kp <0.001).

Finally, the effect of the LDL in the MAPK, PI3K and mTOR signaling was also investigated. A slight
dose-dependent decrease of the P-Akt and ERK was found in both cell lines (Supplementary Fig. S3).

CYP7B1 overexpression and CYP27A1 silencing can modulate cellular proliferation rate. The
overexpression of CYP7B1 in CAL-62 cell line treated with LDL arrested growth (p=0.001) and decreased cel-
lular migration with (p =0.02) and without LDL treatment (p =0.02) (Fig. 6A,B); nonetheless, Nthy-ori 3.1 cell
line treated with 27-HC at 6 and 12 uM decreased the proliferation rate in both concentrations (p =0.001), but
promoted the migration rate (p =0.001) without evidence of a dose-related response (Fig. 6C,D).
Furthermore, downregulation of CYP27A1 completely blocked LDL-mediated cell proliferation
(Supplementary Fig. S4). In contrast, DHEA did not promote proliferation in CAL-62 cell line, whereas a mod-
erate arrest growth was detected in a doses dependent manner in Nthy-ori 3.1 cell line (Supplementary Fig. S5).

Discussion

The role of cholesterol in cancer development is controversial; notwithstanding, several epidemiological studies
have reported an association between serum cholesterol levels and a higher incidence of some types of solid tum-
ors'#2630_Tn this study, the patients bearing tumors with more aggressive behavior showed a significant decrease
in serum LDL-cholesterol and apoB, without changing the HDL-cholesterol levels. These data are in consonance
with different reports highlighting the importance of the uptake of systemic cholesterol as a mechanism modulat-
ing the tumoral process®!. According to these data, we also detected overexpression of the LDLR in the subtypes
of thyroid tumors with a more aggressive behavior. These data reinforce the hypothesis of these subtypes of tum-
ors higher systemic cholesterol uptake capacity in comparison with benign tumors. There is evidence in tumors
that has demonstrated the role of LDL-cholesterol on the cell migration and metastasis**2. The promotion of the
migration process after incubation with LDL cholesterol in cells could support the idea of cholesterol’s role in the
tumor’s metastatic promotion. On the other hand, different signaling pathways have been proposed as a mediator
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Figure 3. Analysis of the gene expression by qRT-PCR in thyroid cell lines (Nthy-ori 3.1 and CAL-62). (A)
LDLR, (B) HMGR, (C) CYP27A1, and (D) CYP7B1. Endogenous expression of the GADPH gene was used to
normalize the data. Statistical analysis: Student t-test (**p < 0.01, ***p < 0.001).
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Figure 4. 27-hydroxycholesterol (27-HC) content and their relationship with the CYP7B1 gene expression

in thyroid tumor tissue extracts. (A) The analysis of 27-HC was measured in 82 patients (n =97 thyroid tissue
samples) corresponding to BTT (n =40), low/intermediate-risk PTC (n = 30), high-risk PTC (n=18) and
PDTC/ATC (n=09). The results represent the mean & SD of the measurements of individual thyroid tissue.
(ANOVA) using the Kruskal-Wallis test and Dunn’s post-test (***p < 0.001). (B) A correlation analysis was
done in 73 samples in which 27-HC and CYP7B1 expression were analyzed in the same sample (27 BT'T, 29
low/intermediate-risk PTC, 11 high-risk PTC and 6 PDTC/ATC samples). The graph illustrates the negative
correlation between the CYP7B1 gene expression (2-24CT) and 27-hydroxycholesterol (27-HC) levels. CYP7B1
gene expression is showed log-transformed. R (—0.428), Pearson’s correlation coefficient; p <0.001.
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Figure 5. Exogenous administration of human low-density lipoprotein (LDL) in thyroid cell lines. (A)
Percentage of cellular proliferation of the Nthy-ori 3.1 and CAL-62 cell lines. Both were treated for 24 h with
LDL cholesterol (100 pg/mL and 200 pg/mL) compared with control cells maintained in basal conditions (5%
LPDS). (B) Monolayer wound-induced migration assay. A line was scratched with a 200-um plastic pipette
tip in CAL-62 and Nthy-ori 3.1 cell lines; cultures were treated for 24 h with LDL cholesterol (100 mg/mL and
200 mg/mL). After 16 h, cells that had migrated to the wounded areas were photographed under a microscope
for quantification of cell migration. Images are representative of three separate experiments. Quantitative
analysis of wound-induced migration assay compared with control cells maintained in basal conditions (5%
LPDS). The results are presented as mean &= SEM of eight experiments done in duplicate. The Kruskal-Wallis
test was represented as a £ box plot, n = 8 separate experiments (**p < 0.01, ***p < 0.001).

in the control of development, progression, invasion and metastasis in thyroid cancer. Some of them, such as
mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/Akt, mTOR, has a strong relation
with BRAF gene mutation, which are frequent in thyroid cancers®. The protein expression analyses did not show
any change after LDL exposition in both CAL62 (wild-type BRAF and G12R KRAS mutation) and Nthy-ori 3.1
cell lines (no mutation has been reported). However, strong constitutive activation of these signaling transduction
cascades under basal conditions were detected, indicating that the mechanisms by which LDL act are independ-
ent of these pathways. Additional cell lines harboring different oncogenic drivers should be investigated. In this
context, SCARBI, which has been involved in tumor development®*?*, tended to be downregulated when com-
pared the most aggressive tumors with BTT group, although these changes were not significantly different. This
result rather indicates that this receptor seems no to be associated with the tumor’s aggressiveness.

The regulation of the cholesterol metabolism in tumoral cells is complex. It is known that cancer cells have the
capacity to increase intracholesterol via a feedback regulation mechanism of the HMGCR enzyme, which con-
trols de novo cholesterol synthesis®*®*’. Importantly, the expression of this gene was downregulated in association
with the degree of malignancies of the tumors. These changes may be related with similar free cholesterol levels
found in the more aggressive tumors compared with those of benign tumors. It is noteworthy that the analyses
in normal and ATC cell lines revealed a gene expression pattern like that found in the thyroid tumors from the
patients. In contrast, one of the metabolites of cholesterol with greater relevance in both inflammatory and tumor
processes is 27-HC, the most abundant oxysterol in the systemic circulation. In 2013, Nelson et al. demonstrated
that 27-HC acted as an estrogen receptor agonist in breast cancer, inducing tumor growth and metastasis. These
effects were reproduced in mice by overexpressing the CYP27A1 gene, which regulates 27-HC synthesis'®. In
contrast, decreased expression of CYP7B1 triggers accumulation of 27-HC, and CYP7B1 was downregulated in
breast cancer compared with normal breast tissue'>?. In line with these findings, CYP7B1 was strongly down-
regulated in the aggressive tumor tissues (PTC high risk and PDTC/ATC) in relation to the benign tumors, in
close association with the higher concentration of 27-HC. These data indicate that the accumulation of 27-HC in
the thyroid cells may be promoting the development and progression of TC. In fact, downregulation of CYP7B1
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Figure 6. Overexpression of CYP7B1 gene in CAL-62 cells and exogenous administration of 27-HC in Nthy-
ori 3.1 cell. (A) Percentage of cellular proliferation of the CAL-62 cells overexpressing CYP7B1 gene. Cells were
treated for 24 h with or without LDL cholesterol (200 pg/mL) compared with control cells maintained in basal
conditions (5% FBS). (B) Monolayer wound-induced migration assay in CAL-62 cells overexpressing CYP7B1
gene were scratched with a 200-um plastic pipette tip and treated for 24 h with or without LDL cholesterol
(200 pg/mL). After 13 h the wounded areas were photographed under a microscope for quantification of cell
migration. Representative images of experiments. (C) Percentage of cellular proliferation of the Nthy-ori 3.1
cells treated with 27-HC at 6 and 12 pM for 48 h. (D) Monolayer wound-induced migration assay in Nthy-ori
3.1 cells gene were scratched with a 200-um plastic pipette tip and treated for 48 h with 27-HC at 6 and 12 pM.
After 13h the wounded areas were photographed under a microscope for quantification of cell migration.
Statistical analysis: ANOVA test plus Tukey’s post-test (**p < 0.05, **p < 0.01, ***p < 0.001).

was also detected in the anaplastic cell line (CAL-62) and its overexpression reduced cell growth and migration.
Furthermore, downregulation of CYP27A1 completely blocked LDL-mediated cell proliferation. However, 27-HC
by itself only promoted cell migration in non tumoral cells. We also treated the cells with DHEA, which may be
hydroxilated by CYP7B1% and it did not produce any effect in the cells with anaplastic phenotype. Nevertheless,
in non-cancer cell (Nthy-ori 3.1 cells) we found a doses dependent decline in cell proliferation, as occurred with
27-HC. These results rather indicate a dual effect of 27-HC in cells with aggressive behaviors in contrast with
immortalized cells with non tumoral phenotype. It should be noted that 27-HC increased ROS levels and reduced
the antioxidant defense system levels in non pathological astrocytes, thereby affecting cell viability*. In addition,
27-HC may downregulate the expression of the nuclear factor E2-related factor 2 signaling pathways*. Moreover,
in immortalized retinal pigment epithelial cell line (RPE cells), 27-HC also caused glutathione depletion, ROS
generation, inflammation and apoptotic-mediated cell death*!.

It should be noted that 27-HC is also involved in the regulation of the nuclear receptor LXR expression. This
gene, which controls the cell cycle progression, is also implicated in the mechanism for controlling the metastasis
of the tumors of epithelial lineage*>*’. Moreover, the LXR gene controls the mechanism to promote liver LDLR
degradation and cholesterol conversion to bile acids via CYP7A1*+**. The downregulation of LXR could also
be directly affecting the LDLR levels in the aggressive tumors. The DHCR24, which catalyzes the conversion
of desmosterol into cholesterol and is considered a tumoral biomarker involved in proliferation, adhesion, cell
migration and apoptosis*®¥, tended to be downregulated when compared the most aggressive tumors with BT T
group, although these changes were not significantly different. Further investigation is needed to establish the role
of desmosterol on thyroid cancer.

The expression of ATP Binding Cassette Subfamily A Member 1 (ABCAL1), the main cholesterol efflux trans-
porter from cells to HDL, was also determined. ABCA1 was upregulated in the most aggressive samples although
this change was not significant in the PDTC group (Supplementary Table 1). We have recently reviewed the
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potential role of ABCA1 on tumor development. ABCAL1 regulates plasma membrane cholesterol content and flu-
idity which are critical determinants of its metastatic capacity. However, ABCA1 also inhibits the development of
tumors by inhibiting cellular proliferation thereby highlighting the dual role of ABCAL in regulating proliferation
and metastasis®. Further studies are needed to establish the role of ABCA1 on thyroid cancer.

Several studies have shown the relationship between the levels of 27-HC and the expression of estrogen recep-
tors in the breast tumors, demonstrating that this oxysterol is a selective modulator of them, having a role as an
agonist or antagonist in the function of the cellular type!®". In relation to epithelial-type thyroid cancer, these
have a higher incidence in females. This characteristic probably suggests its relationship with the expression of
estrogen receptors in the follicular thyroid epithelium. There are not enough reported data identifying the expres-
sion of these sexual steroid receptors and their relationship with the neoplastic follicular cells*. We explored
the expression of the estrogen receptors (alpha and beta) in a series of samples, and the results showed that both
benign and malignant tumors express both types of receptors. However, their expression was observed in undif-
ferentiated tumors (Supplementary Table S2). These data are consistent with those observed in breast cancer,
where estrogen receptor (ER)-negative tumors tend to grow faster and have a worse prognosis, whereas a lack
of ER isoforms (3 expression would lead to a decrease in apoptosis®*°!. This result contrasted with the potential
effect of 27-HC as an endogenous ER ligand that promotes ER-positive breast tumor growth'. In contrast, 27-HC
treatment reduced cell growth in Nthy-ori3.1 cells (ERo/8 negative). This effect is in agreement with the reported
in prostate cancer cells in which 27-HC reduced intracellular cholesterol accumulation independent of the andro-
gen receptors status®. These results suggest that 27-HC could promote a negative feedback control of cholesterol
biosynthesis in normal immortalized follicular cells. Studies of the potential effects of 27-HC on ER-independent
tumorigenic processes are warranted.

Of note, some experimental studies have shown the antineoplastic efficacy of statins but statins were associated
with thyroid carcinoma in some clinical studies®. Furthermore, hepatic PCSK9 expression is modified in several
diseases, including in thyroid cancer®*: however, no large genetic studies and controlled cholesterol-lowering
clinical trials have been carried out yet. In summary, our findings showed that cholesterol could be a key mole-
cule in the thyroid carcinogenesis process, especially in terms of 27-OH, which may influence the development
and progression of TC (Fig. 7). Therefore, targeting the transport of cholesterol and synthesis of 27-HC may be
a therapeutic strategy for controlling TC development in the future. The causal association of cholesterol/27-HC
and TC should be further investigated.

Material and Methods
Data sharing. The data, analytical methods, and study materials will be available to other researchers for
purposes of reproducing the results or replicating the procedure upon reasonably request.

Patients. This study included a cohort of patients (n = 89) with a diagnosis of TC who were recruited at
Hospital de la Santa Creu i Sant Pau (HSCSP) in Barcelona, Spain. In these patients, the following clinical infor-
mation was collected: sex, age, unhealthy habits, no dyslipidemic pathology or statin treatment, and baseline TSH
values (0.5-5 mlU/L). The tumors were classified according to the histopathological diagnosis, as follows: benign
thyroid tumor (BTT), well-differentiated malignancies (PTC), and advanced thyroid cancers which include
poorly differentiated and anaplastic thyroid carcinoma (PDTC/ATC). The AJCC/UICC TNM staging system
(TNM) was used to subdivide the patients into two groups (low/intermediate and high risk; NCCN Guidelines
Version 1. 2018, Staging Thyroid Carcinoma; Table 2). This study was approved by the ethics committee at HSCSP,
and all patients gave written informed consent to participate. All research was performed in accordance with
relevant guidelines/regulations.

Human tissue and serum samples. Surgical snap-frozen specimens and serum were obtained from
patients recruited from January 2009 at HSCSP, as described above. These belonged to the sample collection
registered at Instituto de Salut Carlos III (Spain; C.000281).

Lipid, lipoprotein, and apolipoprotein determinations. Serum lipid analyses were determined
enzymatically using commercial kits adapted to a COBAS ¢501 autoanalyzer (Roche Diagnostics, Rotkreuz,
Switzerland)*. High-density lipoprotein (HDL) cholesterol was measured in apoB-depleted serum obtained after
precipitation with phosphotungstic acid and magnesium ions (Roche Diagnostics). The low-density lipoprotein
(LDL) cholesterol was determined by the Friedewald formula®. The apoA-I and apoB concentrations were deter-
mined using nephelometric commercial kits (Roche Diagnostics)*.

Thyroid 27-hydroxycholesterol (27-HC) levels.  Frozen thyroid samples (n = 66) included in optimal
cutting temperature (OCT) compound (Tissue-Tek, Sakura Europe, Alphen den Rijn, Netherlands) were sec-
tioned and homogenized in 1 M NaOH. Protein concentration was measured using the BCA protein assay kit
(Thermo Scientific S.L.U,, Spain). Lipids were then extracted as described above, resuspended in 100 pl of meth-
anol, and transferred to a vial with 6l of deuterium-labeled internal standard. The 27-HC levels were measured
using high-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS)~".

Human lipoproteins isolation: Low-density lipoprotein (LDL) and high-density lipoprotein
(HDL). Human LDL (1.019-1.063kg/L) and HDL (1.063-1.21 kg/L) were isolated by sequential ultracentrif-
ugation of fasting plasma. Lipoprotein-depleted serum (LPDS) was prepared from fetal bovine serum (FBS) or
charcoal/dextran-treated FBS (Gibco BRL, Life Technologies) by ultracentrifugation at a density > 1.21 kg/L.

Primary cell cultures and cellular low-density lipoprotein (LDL) cholesterol uptake. Human
thyroid tissue obtained from intraoperative pieces were dissected in the Department of Pathology, washed with
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Figure 7. Schematic drawing of the hypothesis of the effect of uptake and intracellular pathways of LDL in

the thyroid cells, based on our results. The LDL cholesterol molecules are internalized via endocytotic vesicles,
transported and rapidly metabolized; they start to accumulate in the form of 27-HC due to the inhibition of
their degradation in the aggressive forms of tumors. The oxysterol could diffuse into the nucleus region and
interact with nuclear receptors and other molecular targets, promoting the proliferation or metastatic processes
in the follicular cells. 3-hidroxi-3-metilglutaril-CoA (HMG-CoA) downregulation indicates a potential negative
feedback in the de novo synthesis of cholesterol.

PBS Buffer, minced into small fragments and digested with collagenase type II (1 mg/mL, Gibco Invitrogen) in
stir at 37 C for 1-3 h. The reaction was stopped by adding 10 mL of culture medium at room temperature and the
digested tissues were centrifuged 1000 g for 10 min and washed two times in PBS Buffer salt solution. The cellular
pellets were suspended with DMEM-F12 medium, transferred in cellular plates, and the medium was changed
every two days. The cultures were maintained only six days. Finally, the cells were trypsinized, counted using an
automated cell counter (TC10 Bio-Rad) and cell blocks with 10°~10° cells were prepared by plasma-thrombin
method. In order to check cell thyroid purity, thyroglobulin immunostaining with sections from cell blocks was
done by peroxidase-anti-peroxidase (PAP) technique.

LDL particles (1.019-1.063 kg/L) were isolated by sequential ultracentrifugation at 100,000 g for 24 h from
normolipidemic human plasma obtained in EDTA-containing vacutainer tubes and radiolabeled with [1,2-°H]
cholesteryl oleate (Perkin-Elmer), as previously reported>®. Subsequently, radiolabeled LDL (0.45 uCi [1,2-*H]
cholesterol oleate/50 ug LDL-apoB) was dialyzed against phosphate-buffered saline (PBS) by gel filtration chro-
matography and incubated with 10° cells in DMEN-F12 supplemented with 5% LPDS for 16 h. Then, the medium
was collected and centrifuged at 10,000 g for 10 min, and the cells were lysed with 0.1 M NaOH. The radioactivity
was determined in the medium and cell lysates. [1, 2-*H] LDL cholesterol uptake was expressed as the percentage
of the radioactivity collected in the cells relative to the sum of radioactivity in cells and medium per g of protein
per cell.
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Patient Demographics Age at Diagnosis

SEX 52.1245.65(16-84) | n=89
Female 50.8 £16.5 (34-75) n=77
Male 53.5+14.7 (16-84) n=12

HISTOLOGY PATTERN

Benign thyroid tumor (BTT) 52.92+13.35(29-81) | n=27

Papillary thyroid carcinoma (PTC) | 49.8 £16.4 (16-72) n=55
Low/intermediate Risk n=43

TNM staging

I n=26

II n=17
High Risk 44.23+19.6 (29-84)

TNM staging n=12

I n=7

Advanced Thyroid Cancers: 61.5+15.75 (34-82)

PDTC n=>5

Anaplastic thyroid carcinoma
(ATC).

Table 2. Clinical Description of the study Cohort. The age is represented as the mean = standard deviation
(minimum age-maximum age). Total subjects included in the study were classified, the AJCC/UICC TNM
staging system (TNM) was used to subdivide the patients into two groups (low/intermediate and high risk;
NCCN Guidelines Version.1 2018.

Total RNA isolation and first strand cDNA synthesis. Total RNA was isolated using the TRIZOL
reagent according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). One microgram of the
total RNA was reverse transcribed using a transcriptor first-strand cDNA synthesis kit (Roche Applied Science,
Penzberg, Germany), and the cDNA samples were stored at —20°C for use as a template in real-time polymerase
chain reaction (PCR) analysis.

Gene expression profile.  The gene expression profiles were analyzed in an ABI PRISM 7900HF Sequence
Detection System, using a predesigned and labeled primer/probe set (Assays-on-Demand™ Gene Expression
Assay, Applied Biosystems, Foster City, CA, USA). The Tagman qPCR primers (Applied Biosystems) used were
as follows: CYP27A1 (Hs01017992_m1), CYP7B1 (Hs01046431_m1), HMGR (Hs00168352_m1), LDL receptor
(LDLR; Hs01092524_m1), NR1H3 (Hs00172885_m1), SCARB1 (Hs00969827_m1), DHCR24 (Hs00207388_m1)
and ABCA1 (Hs01059137_m1). All the reactions were performed with 100 ng of cDNA in a total volume of 50
of TagMan® Universal PCR Master Mix (Applied Biosystems), and the relative expression levels for each gene
were calculated using the 2- ddCt method, with SDS2.3 and Data Assist V2.1 software (Applied Biosystems). The
samples were analyzed in duplicate, and RNA from BTT was used as a group calibrator; negative controls were
also included in all the reactions.

Human thyroid cell lines and LDL, 27-HC and DHEA treatments. The Nthy-ori 3.1 cell line, derived
from normal human primary thyroid follicular epithelial cells, was immortalized with a plasmid containing an
origin-defective SV40 genome (SV-ori). This cell line was provided by Dr Pilar Santisteban (CSIC, Madrid), and
the CAL-62 cell line, derived from a human thyroid anaplastic carcinoma (ATC), has a epithelial-like cells stabi-
lized in culture. The cells do not show thyroglobulin expression and the most relevant cytogenetic data showed a
gain of chromosome 20, with a translocation (14q), breakpoints of centrometric chromatine without presenting
any BRAF mutation®. CAL-62 cell line was provided by Leibniz-Institut DSMZ GmbH (ACC 448). Nthy-ori
3.1 cell lines was cultured in RPMI 1640 (w/L-glutamine) and CAL-62 in Dulbecco’s modified Eagle’s medium
(DMEM,; Gibco, Invitrogen); both media were supplemented with 10% FBS and 2% streptomycin/penicillin. For
treatment, 4,000 cells/well were seeded in 96-well microplates, and exogenous LDL obtained from human serum
was added to the cultures at 200 ug/mL for 72h, 27-HC at 6 and 12 pM for 48 h. For DHEA treatments (SKU
7000087 P) (Avanti, Polar Lipids, INC.), DHEA at 40, 80 and 160 uM was also added in both cells lines for 48 h.

To determine the cell viability rate, we used the thiazolyl blue tetrazolium bromide metabolic assay (MTT,
Sigma, St. Louis, MO, USA). Absorbance was determined at 560 nm with a microplate reader (xMark, BIORAD).
All conditions were performed in five replicates. Each experiment was repeated at least three times.

To determine cell migration, both cell lines (Nthy-ori 3.1 and CAL-62) were plated at high densities and
grown to confluence at 90% O/N. Cells were scratched with a pipette tip (10 ul) and washed several times to
remove the cellular debris.

The wounds were photographed in an inverted microscope at 0h (t=0), and this was done again in the same
area after 16 h of cell incubation at 37 °C. The cultures were allowed to incubate in serum-free medium. Image J
software was used to analyze the photographs. Here, the percentage of wound healing was determined based on
three measurements of the wound area; each result was the mean of three independent experiments.
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Transient transfection assay. Overexpression of CYP7BI gene in CAL-62 cell line. Transfection in CAL-
62 cell line was performed by JetPrime™ (Polyplus transfection) according to the manufacturer’s instructions.
Approximately 10,000 cells were plated in 96-well plates one day prior to transfection. The cells were tran-
siently transfected with either 0.1 nM pre-designed CYP7B1 (NM_004820.3) DNA OREF clone or control (pcD-
NA3.1*/C-(K)DYK) purchased from GeneScript (OHu27221) and treated with LDL 200 uM or without LDL as
a control. After incubation for 48 h, the transfected cells were tested for MTT assay. For wound-healing assays,
50 x 10° cells were plated in 4-well plates, transiently transfected with the same concentration described above
and the wound-healing assays were performed as described below. Each assay was performed in triplicate in at
least three independent experiments.

Downregulation of CYP27A1 gene in Nthy-ori 3.1 cell line. siRNA transfection in Nthy-ori 3.1
cell line was performed by JetPrime™ (Polyplus transfection) according to the manufacturer’s instructions.
Approximately 4,000 cells were plated in 96-well plates one day prior to transfection. The following day, the cells
were transiently transfected with either 5nM pre-designed short interfering RNA (siRNA CYP27A1) (ID106239)
(Ambion, Life Technologies) or control siRNA purchased from Santa Cruz Biotechnology, Inc. (sc-37007).
The transfected cells were treated with LDL 200 uM or without LDL as a control. After incubation for 48 h, the
transfected cells were tested for MTT assay. Each assay was performed in triplicate in at least three independent
experiments.

Statistical analysis. Gene expression analysis was performed using the comparative CT (ddCt) method
by DataAssist™ Software, and the results were adjusted as the p-value using the Benjamini-Hochberg false dis-
covery rate (FDR). Genes showing an FDR <0.15 and more than twofold difference in absolute values for both
comparisons were considered differentially expressed. One-way analysis of variance (ANOVA) with a Tukey’s
multiple comparison post-test or Kruskal-Wallis multiple comparison with Dunn’s post-test was used to compare
differences among the groups. Correlations between variables were analyzed using Pearson’s correlation analysis.
GraphPad Prism software V5.0 was employed, and values of p < 0.05 were considered statistically significant.
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Thyroid cholesterollevels

Frozen thyroid tissues (n = 66) were homogenized in 1 M NaOH, and lipids were extracted with
isopropyl alcohol-hexane 2:3 (v/v); after the addition of Na>SOs4, the hexane phase was
isolated and dried with N». Lipid extracts were resuspended in chloroform, and free and
esterified cholesterol was partitioned by thin layer chromatography. The chromatographic
developing solution was heptane/diethylether/acetic acid (74:21:4, v/v/v). The spot
corresponding to free and esterified cholesterol was quantified by densitometry against the

standard of free cholesterol and cholesterol oleate using a computing densitometer’.

Western Blot Analysis

Protein extracts from cell line CAL-62 and Nthy-ori 3.1 cell lines were obtained after
homogenizingthe cells in a buffer containing 50 mm Tris-HCI (pH 7.5), 150 mm NaCl, 1% (v/v)
Triton X-100, and a protease inhibitor mixture (Sigma). Proteins were quantified and 10 ug of
total protein were separated by 12 or 7.5 % TGX Stain-Free polyacrylamide Starter kit (161-
0174 Bio-Rad, Carson, CA), and transferred to PVDF membranes. The antibodies used to
incubate the membranes were: Mouse Anti-ERK (pan ERK) Clone 16/ERK (pan ERK) (BD
Bioscience610123) 1:10000, anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cell
Signaling 9101) 1:4000, anti-Akt (pan) (11E7) Rabbit mAb(Cell Signaling 4685) 1:2000, Anti-
Phospho-Akt (Ser473) (D9E) XP® Rabbit (Cell Signaling 4060)1:2000, Anti-mTOR (Cell
Signaling 2972)1:4000, Anti-Phospho-mTOR (Ser2448) antibody (Cell Signaling 2971) 1:4000.
Chemiluminescence was revealed using an Immun-Star WesternC Chemiluminescence Kit
(170-5070, Bio-Rad, Carson, CA).Imaging and data analysis:TGX Stain-Free gels were
activated for 1’ after SDS—electrophoresis, the images were captured by ChemiDOC™XRS
Gel Documentation Systems (Bio-Rad, Herculles, CA) ImagelLab software (version 5.1, Bio-

Rad, Richmond, CA). The data normalization analysis was performed with stain free?.



Gene expression of estrogen receptors

The expression of the estrogen receptors were performed by reversetranscriptase-polymerase
chain reaction (RT-PCR) from 50ng of cDNA in a final volume of 25ul and specific primers.
ERa: Forward5’CAGGGGTGAAGTGGGGTCTGCTG3, Reverse
5 TGCCTCCCCGTGATGTAAT3(762-935bp) and  temperature annealing (65°C),ERB:
Forward5’CCCTGCTGTGATGAATTACAGS3', Reverse 5’ CTTCTCTGTCTCCGCACAAGS’ (552bp)
and temperature annealing (61°C). The amplification was done with a Taqghotstart
(BioThermStar DNA Polymerase, Gene Craft GC-045-0500)for 35 cycles (95 C 10 min and 95
C 1 min, 65 Cor 61 C 1 min, 72 C 1 min)with a final extension of 10 min at 72 C. The PCR

products were subjected to electrophoresis in 1% agarose gel.
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Supplementary Figure S1. Free Cholesterol, Esterified Cholesterol, and Triglycerides did not
change in thyroid tumor tissue extracts and normal thyroid tissue.

Lipid extracts from BTT, PTC, PDTC,ATC and Normal Thyroid tissue (Normal) were
determined by thin layer chromatography. Analysis of variance using ANOVA plus Tukey’s

post-hoc test did no shown significant differences.
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Supplementary Figure S2. Percentage of LDL uptake analysis in primary cell cultures; BTT,
PTC High risk and PDTC. The results represent de mean + SD. (ANOVA) using the Kruskal—

Wallis test and Dunn’s post-test (**p< 0.01).
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Supplementary Figure S3.LDL (50, 100 and 200 pM) incubated during 48h, does not promote
changes in MAPK, PI3K and mTOR signaling pathways in both cells lines (CAL-62 and Nthy-
ori 3.1). A) Representative Western blotof total proteinextractsfromCAL-62 and Nthy-ori 3.1
withantibodiesagainstAnti-ERK (pan ERK), anti-Phospho-p44/42 MAPK (Erk1/2)anti-Akt, Anti-
Phospho-Akt, Anti-mTOR, Anti-Phospho-mTOR. B-C)Signals were normalized to stainfree
(SF) gels and data presented asmean of integratedrelativedensityvaluefromNthy-ori 3.1 and

CAL-62, respectively. Data areexpressed as mean + SEM (n = 3).
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Supplementary Figure S4. Downregulation of CYP27A1 gene in Nthy-ori 3.1. Percentage of
cellular proliferation of the Nthy-ori 3.1 cells with CYP27A1 downregulated. Cells were treated
for 48 h with or without LDL cholesterol (200 ug/mL) compared with control cells maintained in
basal conditions (5% LPDS). Statistical analysis: ANOVA test plus Tukey’s post-test (*p<0.05,

***p<0.001).
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Supplementary Figure S5. Exogenous administration of DHEA in Nthy-ori 3.1 and CAL-62
cell lines. A) Percentage of cellular proliferation of the Nthy-ori 3.1 cells treated for 48 h with or
without DHEA (40uM, 80uM and 160uM) compared with control cells maintained in basal
conditions (5% LPDS). B) Percentage of cellular proliferation of the CAL-62 cells treated for 48
h with or without DHEA (40uM, 80uM and 160uM) compared with control cells maintained in
basal conditions (5% LPDS). Statistical analysis: Kruskal-Wallis test and Dunn’s Comparison

post-test (*p< 0.05).
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Supplementary Table 1: Gene Expression of ATP-binding cassette transporter 1 (ABCA1), 24-Dehydrocholesterol Reductase (DHEA) and

Scavenger Receptor Class B (SCARB1) Member genes by qRT-PCR

3
PTC HIGH PDTC
GENE PTC RISK
Gene Name Gene
Symbol ID (RQ) (P-Value) (RQ) (P-Value) (RQ) (P-Valu?)
ATP Binding Cassette Subfamily A
Member 1 ABCA1 19 5.3007 0.0008 7.9018 0.0377 71117 0.50446
24-dehydrocholesterol reductase DHCR24 1718 0.6044 0.5329 0.6297 0.5681 0.2775 0.2513
Scavenger receptor class B member 1 SCARB1 949 0.4356 0.3813 0.5038 0.5681 0.3138 0.251 g

Differential gene expression was detected by gRT-PCR from human epithelial thyroid carcinoma, PTC (n=10), PTC HIGH RISK (n=16),
PDTC/ATC (n=3). Data are presented as the fold change in target gene expression in tumours normalized to the BTT was the calibrator

tissue (n=12) Statistical analysis: ANOVA test plus Tukey’s post-test.
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Supplementary Table 2: Gene Expression of Estrogen Receptor (ER)a and ERB isoformsaccording to histologypattern

BTT PTC (low/ P.TC (high PDTC/ATC
- - risk)
intermediate
risk)
RE« Positive 24 (77.4%) 35 (87.5%) 10(66.7%) 2 (23%)**
Negative 7 (22.6%) 5 (12.5%) 5 (33.3%) 7 (78%)*™
REB Positive 27 (87.1%) 37 (92.5%) 9 (60.0%) 1 (11%)***
Negative 4 (12.9%) 3 (7.5%) 6 (40.0%) 8 (89%)™*

ERR (552 ph)

The analysis was measured in 89 patients (95 thyroid tissue samples): BTT (n = 27), high-risk PTC (n = 12), low/intermediate-risk PTC
(n=43), and PDTC/ATC (n = 7). P-values (**p< 0.01; *** p< 0.001), Fisher’s exact test results comparing number of samples with and
without REa and RE expression in each tumor tissue type.

A

NTC PTC PTC PDTC BTT CAL-62 MCF-7
(high risk) (low/nter. risk)

Representativeelectrophoresisagarose gel showing
of the PCR amplicons results of theoestrogen
receptors isoforms (ERa and

ERRB)fromdifferenthumanthyroidtissuesamplesand

MCEF-7 cells. NTC (non template control)
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Abstract: We previously described the role of low-density lipoprotein (LDL) in aggressiveness in
papillary thyroid cancer (PTC). Moreover, the MAPK signaling pathway in the presence of BRAF
V600E mutation is associated with more aggressive PTC. Although the link between MAPK cascade
and LDL receptor (LDLR) expression has been previously described, it is unknown whether LDL can
potentiate the adverse effects of PTC through it. We aimed to investigate whether the presence of LDL
might accelerate the oncogenic processes through MAPK pathway in presence or absence of BRAF
V600E in two thyroid cell lines: TPC1 and BCPAP (wild-type and BRAF V600E, respectively). LDLR,
PI3K-AKT and RAS/RAF/MAPK (MEK)/ERK were analyzed via Western blot; cell proliferation was
measured via MTT assay, cell migration was studied through wound-healing assay and LDL uptake
was analyzed by fluorometric and confocal analysis. TPC1 demonstrated a time-specific downregula-
tion of the LDLR, while BCPAP resulted in a receptor deregulation after LDL exposition. LDL uptake
was increased in BCPAP over-time, as well as cell proliferation (20% higher) in comparison to TPC1.
Both cell lines differed in migration pattern with a wound closure of 83.5 & 9.7% after LDL coculture
in TPC1, while a loss in the adhesion capacity was detected in BCPAP. The siRNA knockdown of
LDLR in LDL-treated BCPAP cells resulted in a p-ERK expression downregulation and cell prolif-
eration modulation, demonstrating a link between LDLR and MAPK pathway. The modulation of
BRAF-V600E using vemurafenib-impaired LDLR expression decreased cellular proliferation. Our re-
sults suggest that LDLR regulation is cell line-specific, regulating the RAS/RAF/MAPK (MEK)/ERK
pathway in the LDL-signaling cascade and where BRAF V600E can play a critical role. In conclusion,
targeting LDLR and this downstream signaling cascade, could be a new therapeutic strategy for PTC
with more aggressive behavior, especially in those harboring BRAF V600E.

Keywords: thyroid cancer (TC); low-density lipoprotein receptor (LDLR); BRAF V600E; RAS/RAF/
MAPK (MEK)/ERK pathway; low-density lipoprotein (LDL)

1. Introduction

Thyroid cancer (TC) is the most common malignancy of the human endocrine system,
with papillary thyroid carcinoma (PTC) being the most frequent histological subtype.
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https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms241311153
https://doi.org/10.3390/ijms241311153
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-2971-5651
https://orcid.org/0000-0002-2847-3737
https://orcid.org/0000-0001-5055-6814
https://orcid.org/0000-0001-9021-2485
https://doi.org/10.3390/ijms241311153
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms241311153?type=check_update&version=1

Int. . Mol. Sci. 2023, 24, 11153

20f18

The incidence of PTC has sharply increased in the last decade, accounting for 90% of all
thyroid malignancies [1]. Despite most PTC having an excellent response to treatment
after initial therapy, some subtypes may present with features that may determine a high
risk of recurrence and even advanced disease, which eventually may become radioiodine
refractory (RAI) [2].

The MAPK pathway is known for being critical in the development of many oncogenic
diseases, such as melanoma, colon and breast cancer [3-5]. Various histological subtypes of
TC present a constitutive activation of MAPK signaling pathway. RAS, RAF, MEK and ERK
are the most relevant proteins in this pathway, and they are involved in cellular processes
such as differentiation, proliferation and apoptosis [6]. Different studies of thyroid tumors
have identified the activating mutation of BRAF as the main genetic alteration of this
pathway, with the BRAF V600E hotspot mutation being the most frequently found genetic
event. This oncogene is proposed to be the main early mutational event, occurring in about
50% of PTC diagnostics, and is consistently related to adverse prognostic evolution in tu-
mors (>2 cm) [7,8]. BRAF V600E-driven tumors present high extracellular signal-regulated
kinase phosphorylation, promoting unregulated cell proliferation and the inhibition of RAI
responsive genes in TC through an aberrant activation of the MAPK pathway [9,10]. A
recent report demonstrated a positive association between the presence of BRAF mutation,
obesity and a greater risk of TC in tumors from patients with PTC [10].

Epidemiologic and experimental evidence have associated obesity/overweight and
cholesterol levels as a risk factors of worse cancer progression, including TC [11-15]. Pre-
clinical studies reported a higher low-density lipoprotein receptor (LDLR) expression in
some malignant tumors such as colon cancer where low-density lipoprotein (LDL) increased
the proliferation of these tumor cells through the MAPK signaling pathway [16].

Moreover, our group reported that cholesterol metabolite 27-hydroxycholesterol (27-
HC) was accumulated in PTCs, promoting their aggressive behavior [17]. In this sense, we
remark the association described between the LDLR expression and the abnormal lipidic
metabolism as a factor of cancer progression and recurrence in hepatocellular carcinoma,
lung cancer, breast cancer, colorectal cancer and prostate cancer [5,18]. The LDLR is a cell
surface glycoprotein that plays an important role in regulating cholesterol homeostasis [19].
Elevated LDLR expression and LDL uptake in a wide range of tumors have been related
to LDL-mediated cancer growth in mice [20,21]. Studies on pancreatic cancer elucidated
that the blocking of LDLR reduces the proliferative and clonogenic potential of tumoral
cells and decreases the activation of the ERK1/2 survival pathway sensitizing cells to
chemotherapeutic drugs [22].

However, the potential molecular mechanisms that regulate this association in TC
remain poorly understood. Different studies have established that the degree of MAPK
signaling pathway activation determines the extent of LDLR transcription [5,23,24]. In
this study, we aim to investigate whether BRAF V600E and LDL can potentiate the LDLR-
mediated oncogenic processes via the RAS/RAF/MAPK (MEK)/ERK pathway.

2. Results
2.1. Differential Regulation of Low-Density Lipoprotein Receptor (LDLR) Protein Expression and
Low-Density Lipoprotein (LDL) Uptake in Papillary Thyroid Carcinoma (PTC) Cell Lines with
Different Mutational Status after LDL Incubation

To examine the protein expression kinetics of LDLR in response to LDL, TPC1 and
BCPAP cells (wild-type and BRAF V600E, respectively) were treated under basal conditions
(5% FBS), as a control, or with LDL (200 pg/mL ApoB) and harvested at 24 h, 48 h and
72 h to analyze LDLR protein expression via Western blotting. Figure 1A shows that LDL
promoted a significant decrease in LDLR expression in TPC1, in comparison to BCPAP,
where LDLR expression was maintained over the time. To determine the beginning of
LDLR declining in TPC1 incubated with LDL, a time course at different times up to 12 h
was carried out. In the initial 12 h period of exposure to LDL, TPC1 exhibited higher
expression of LDLR protein, as it is demonstrated in Figure S1. However, subsequently,
as depicted in Figure 1A, there was a gradual decline in expression levels until reaching
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a significant threshold, albeit not being completely inhibited. To study the LDL uptake,
LDL was labeled with 19-dioctadecyl-3,3,39,39-tetramethyl indocarbocyanine (Dil) for
subsequent analysis using fluorescence spectrophotometry and confocal microscopy. As
illustrated in Figures 1B and 2A, both cell lines were capable of acquiring Dil-LDL but
displayed distinct uptake patterns. BCPAP demonstrated a progressive and higher uptake
levels of Dil-LDL over time, in comparison to the TPC1 cell line, whose Dil-LDL uptake
levels were significantly lower. Furthermore, considering the graph results of Dil-LDL
uptake related to LDLR expression in TPC1, it is important to take into consideration the
remnants of Dil-LDL acquired during the initial 12 h period, in which LDLR expression
was higher, as well as the not complete abolition of LDLR expression at 24 h, 48 h and 72 h.
Taking into account that aggregated LDL and oxidized LDL can be acquired through other
receptors, such as LRP1 or LOX1, respectively, we initially tested whether the LDL showed
any evidence of oxidation or aggregation (Figure S2).
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Figure 1. Low-density lipoprotein (LDLR) protein expression and 19-dioctadecyl-3,3,39,39-
tetramethyl indocarbocyanine (Dil)-low-density lipoprotein (LDL) uptake in TPC1 and BCPAP
cell lines. (A) Cells were treated with basal conditions (5% FBS) or LDL (200 pug/mL ApoB) and
harvested at 24 h, 48 h and 72 h before analysis. Left panel: one representative blot is shown, and
stain-free gel (SF) was used as the loading control. Graphs show densitometry of the Western blots
relative to basal condition-treated cells (5% FBS) in comparison to LDL-treated cells. (B) Cells were
exposed to Dil-LDL (200 pg/mL ApoB) for 24 h, 48 h and 72 h before analysis for mean fluorescence
intensity by fluorescence spectrometer to compare LDL uptake between both cell lines. Statistical
analysis: a two-way ANOVA test plus Sidak’s multiple comparisons test were performed to com-
pare the LDLR protein expression and Dil-LDL uptake between the two groups at each time point
(* p <0.05,** p <0.002, ** p = 0.0003, *** p < 0.001). Data are expressed as mean £ SEM of a minimum
of three independent experiments (N = 3).

Confocal analysis demonstrated lysosome and LDL colocalization in both cell lines
(Figure 2A,B). However, the cell lines displayed different intracellular distributions, with
lysosomes being broadly distributed in the cytoplasm in the TPC1 cells, while in the BCPAP
cells, these organelles were mainly localized throughout the perinuclear region (Figure 2A).

2.2. LDL Promotes Higher Proliferation Levels and Decreases Adhesion Capacity in the BCPAP
Cell Line, in Comparison to the Constant Proliferation and Cellular Migration Promoted by LDL in
the TPC1 Cell Line

To examine whether LDL regulates cellular proliferation and migration, TPC1 and
BCPAP cell lines were maintained under basal conditions (5% FBS) as a control and were
compared to cells incubated with LDL (200 ng/mL ApoB) for 24 h, 48 h and 72 h. As shown
in Figure 3, LDL promoted cellular proliferation in both cell lines. However, in BCPAP cells,
the percentage of proliferation was significantly higher over the time compared to TPC1
cells, which also displayed an increase in proliferation but to a lesser extent (127.1% =+ 9.30;
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181.0% =+ 13.01; and 169.54% =+ 28.43 in BCPAP cells incubated with LDL for 24 h, 48 h and
72 h, respectively, vs. 113.7% =+ 7.84; 127.9% =+ 11.86; and 156.4% =+ 14.00 in TPC1 cells).
These findings are consistent with the amount of internalized Dil-LDL observed in both

cell lines (Figure 1B).
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Figure 2. Confocal images of Dil-LDL uptake and lysosome quantification. (A) Confocal microscopy
of Hoechst-stained (blue), Dil-LDL-stained (green) and lysosome-GFP (red) in TPC1 and BCPAP cell
lines. Cells were treated for 24 h, 48 h and 72 h with Dil-LDL (200 pg/mL ApoB). The presence of
colocalization of the red and green signals in the merged images is highlighted in yellow. The scale
bar size was set to 50 pm. (B) Quantity of lysosomes in TPC1 and BCPAP cell lines after Dil-LDL
(200 ug/mL ApoB) incubation for 24 h, 48 h and 72 h. Statistical analysis: a two-way ANOVA test
plus Sidak’s multiple comparisons test were performed to compare the lysosome quantification
between the cell lines (*** p < 0.0009 and **** p < 0.0001). Data are expressed as mean + SEM of three

independent experiments (N = 3).
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Figure 3. Percentage of cellular proliferation determined by MTT assay of the TPC1 and BCPAP cell
lines. Cells were treated with basal conditions (5% FBS), as a control, or with LDL (200 pg/mL ApoB)
for 24 h, 48 h and 72 h. Statistical analysis: a two-way ANOVA test plus Sidak’s multiple comparisons
test were performed to compare both groups. (*** p < 0.0009, **** p < 0.001). Data are expressed as
mean + SEM of three independent experiments (N = 3) carried out in quintuplicate.

To study the effect of LDL on cell migration, the wound-healing assay was performed
by incubating TPC1 and BCPAP cell lines under basal conditions (5% FBS) or with LDL
(200 pg/mL ApoB) for 16 h. The results presented in Figure 4 revealed significant dif-
ferences between both cell lines. In the TPC1 cell line, the wound-repair percentage was



Int. . Mol. Sci. 2023, 24, 11153

50f18

83.47% =+ 2.36 compared to basal conditions (5% FBS), which was 22.35% =+ 3.08 (Figure 4A).
However, in the BCPAP cell line treated with LDL, there was a loss of cellular adhesion
with a higher percentage of cell suspension (39.63% =+ 2.14) compared to the control
(16.80% =+ 1.41, Figure 4B). Regarding the cell viability of these unanchored BCPAP cells
under LDL treatment, trypan blue staining demonstrated 56.33% =+ 4.33 viability compared
to unanchored BCPAP cells maintained under basal conditions (29.50% =+ 6.71, Figure S3).
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100+
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Figure 4. Effects of LDL on cellular migration. A line was scratched in both the TPC1 and BCPAP
cell lines, and cultures were treated with 5% FBS, as a control, or with LDL (200 pug/mL ApoB)
for 16 h. (A) The graph represents the percentage of wound-healing repair (**** p < 0.0001) in the
TPC1 cell line treated with LDL (200 ug/mL ApoB) compared to the control at basal conditions
(5% FBS). (B) The graph represents the percentage of suspension BCPAP cells treated with LDL
(200 ug/mL ApoB) compared to the control at basal conditions (5% FBS). Images are at 10 x resolution.
Statistical analysis: an unpaired t-test was performed to compare the LDL-treated cells with the
control condition (*** p = 0.0009, **** p < 0.0001). The results are presented as the mean + SEM of
three independent experiments.

2.3. LDL Enhances the RAS/RAF/MAPK (MEK)/ERK Pathway

As a next step towards understanding the mechanism of action of LDL in both cell
lines, TPC1 and BCPAP, we analyzed the most relevant proteins of both PI3K-AKT and RAS-
RAF-MAPK (MEK)/ERK pathways, two critical signaling pathways related to proliferation
and migration, after LDL incubation (200 pg/mL ApoB) for 24 h, 48 h and 72 h.

In TPC1 cells, a moderate increase in p-ERK expression was observed after 24 h of LDL
exposition in comparison to basal conditions (5% FBS), but without reaching significant
levels, and followed by a progressive decrease over the time. Otherwise, no changes were
detected in ERK expression when compared to basal conditions (5% FBS). Additionally,
AKT expression was increased after LDL treatment but without reaching significant levels.
Although p-AKT and p-MTOR levels did not suffer statistical modifications after LDL treat-
ment in comparison to basal conditions (5% FBS), p-MTOR displayed a slight tendency to
decrease at 48 h and 72 h after LDL exposure (Figure 5A). On the other hand, in BCPAP cell
line, there was a significant increase in p-ERK expression after LDL incubation compared to
basal conditions (5% FBS); otherwise, there were no changes in ERK expression. Moreover,
AKT expression increased over time after LDL exposure, in comparison to basal conditions
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(5% FBS). In contrast, cells incubated under basal conditions (5% FBS) demonstrated a
significant increase in p-AKT, but only at 48 h. Finally, no changes were observed in terms
of MTOR and p-MTOR over the time (Figure 5B). Interestingly, p-ERK expression was
increased in both cell lines, particularly in the BCPAP cell line, demonstrating that LDL
promoted a significant overactivation of the RAS/RAF/MAPK (MEK)/ERK pathway in
the cell line harboring BRAF V600E (BCPAP).
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Figure 5. Western blot analysis for PI3BK-AKT-MTOR and RAS/RAF/MAPK (MEK)/ERK pathways.
(A) TPC1 cells were treated with basal conditions (5% FBS) or LDL (200 pg/mL ApoB) and harvested
at 24 h, 48 h and 72 h. Last panel: representatives blots are shown. Stain-free (SF) gel was used as the
loading control. Graphs show the densitometry of the Western blots relative to basal condition-treated
cells in comparison to LDL-treated cells. (B) BCPAP cells were treated with basal conditions (5% FBS)
or LDL (200 pg/mL ApoB) and harvested at 24 h, 48 h and 72 h. Last panel: representative blots
are shown. Stain-free (SF) gel was used as the loading control. Graphs show densitometry of the
Western blots relative to basal condition-treated cells in comparison to LDL-treated cells. Statistical
analysis: two-way ANOVA test plus Sidak’s multiple comparisons test (* p < 0.01, ** p < 0.001). Data
are expressed as mean £ SEM of a minimum of three independent experiments (N = 3).

2.4. Vemurafenib Reduces Cellular Proliferation Promoted by LDL, Downregulating LDLR
Expression and Impairing RAS/RAF/MAPK (MEK)/ERK Pathway Activation in BCPAP Cell Line
As shown in Figure 6, BCPAP cells were treated with vemurafenib (1 uM) with/without
LDL (200 pg/mL ApoB) and were compared to the LDL-only treated condition at 24 h, 48 h
and 72 h. Protein expression analysis revealed an increase in LDLR and p-ERK expression after
LDL exposure, according with previous findings depicted in Figures 1A and 5B. Additionally,
the treatment with vemurafenib by itself produced a significant decrease in both p-ERK
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and LDLR protein expression. Importantly, vemurafenib completely counteracted the LDL-
mediated effects on LDLR and p-ERK expression (Figure 6A,B).
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Figure 6. Western blot analysis of Ras/Raf/MAPK (MEK)/ERK pathway and cellular pro-
liferation determined by MTT assay of BCPAP cell line after LDL (200 ug/mL ApoB) incu-
bation and/or vemurafenib treatment (1 pM) compared to the LDL-only treatment condition
(200 pg/mL ApoB + DMSO 0.1%) for 24 h, 48 h and 72 h. (A) Representative blots of LDLR, ERK
and p-ERK are shown. Stain-free (SF) gel was used as the loading control. (B) Graphs show the
densitometry analysis of the Western blots of LDLR, ERK and p-ERK after LDL (200 pg/mL ApoB) in-
cubation and/or vemurafenib treatment (1 uM) for 24 h, 48 h and 72 h in comparison to the LDL-only
treatment condition (200 pug/mL ApoB + DMSO 0.1%). (C) Proliferation percentage determined by
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MTT assay in the BCPAP cell line after incubation with LDL (200 pg/mL ApoB) and/or vemurafenib
treatment (1 uM) compared to the LDL-only treatment condition (200 pug/mL ApoB + DMSO 0.1%) at
24 h, 48 h and 72 h. Statistical analysis: one-way ANOVA test plus Tukey’s multiple comparisons test
(*p <0.01, ** p < 0.001 vs. the LDL-alone condition). All data are expressed as mean + SEM of three
independent experiments (N = 3). Each MTT assay experiment was carried out in quintuplicate.

To assess the effects of vemurafenib on LDL-induced proliferation, the BCPAP cell line
was treated with the same conditions described above and the proliferation was analyzed
via MTT assay. As expected, incubation with LDL resulted in an increase in cellular pro-
liferation compared to basal conditions (Figure 6C), as it has been previously reported in
Figure 2. Vemurafenib also blocked the LDL-mediated increases in cell proliferation, reach-
ing similar proliferation levels as the basal conditions (5% FBS, Figure 6C). Conversely, in
the TPC1 cell line treated with LDL (control cell line), vemurafenib did not produce further
changes in either LDLR expression or ERK phosphorylation or proliferation (Figure S4).

2.5. LDLR Is Required for LDL-Mediated Induction of RAS/RAF/MAPK (MEK)/ERK Pathway,
LDL-Uptake and Cell Proliferation in the BCPAP Cell Line

In order to investigate whether LDL has a role as a coadjuvant with BRAF V600E in
the cell proliferation, BCPAP cells were silenced for 48 h with a LDLR siRNA (siLDLR)
before LDL treatment, resulting in an around 60% to 70% decrease in LDL uptake, LDLR
gene expression, as well as LDLR protein expression (Figure 7A-C).
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Figure 7. LDLR mRNA levels, confocal images and analysis of Dil-LDL uptake; LDLR and p-ERK
expression; and cellular proliferation after siLDLR, vemurafenib (1 tM) and/or LDL (200 pg/mL ApoB)
treatment compared to basal conditions for 24 h. (A) mRNA expression of LDLR after siLDLR for
48 h, LDL (200 pg/mL ApoB) and/or vemurafenib (1 M) treatment in comparison to the LDL-only
condition (LDL + DMSO 0.1% + Mock). (B) Confocal microscopy of Hoechst-stained (blue), Dil-LDL-
stained (green) and lysosome-GFP (red) in BCPAP cell line after 24 h of Dil-LDL (200 pg/mL ApoB)
treatment and with and without siLDLR for 48 h. The presence of colocalization of the red and green
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signals in the merged images is highlighted in yellow. The scale bar size was set to 50 pm. Right graph:
cells were exposed to Dil-LDL (200 ug/mL ApoB) for 24 h after siLDLR for 48 h in comparison to the
LDL-only condition (Mock + LDL) and analyzed for mean fluorescence intensity by fluorescence spec-
trometer. Statistical analysis: an unpaired t-test plus Welch’s correction were performed to compare
both conditions (** p = 0.066). Data are expressed as mean & SEM of a minimum of three independent
experiments (n = 3). (C) Representative blot of LDLR is shown. Stain-free (SF) gel was used as the
loading control. Graph shows the densitometry analysis of the Western blots of LDLR after siLDLR,
LDL (200 ug/mL ApoB) incubation and/or vemurafenib treatment (1 uM) for 48 h, in comparison to
the LDL-alone condition (LDL + DMSO 0.1% + Mock). (D) Representative blot of p-ERK is shown.
Stain-free (SF) gel was used as the loading control. Graph shows the densitometry analysis of the
Western blots of p-ERK after siLDLR, LDL (200 pg/mL ApoB) incubation and/or vemurafenib
treatment (1 uM) for 48 h, in comparison to the LDL-only condition (LDL + DMSO 0.1% + Mock).
(E) Proliferation percentage determined via MTT assay after incubation with LDL (200 pg/mL ApoB),
vemurafenib treatment (1 uM) and/or siLDLR, compared to the LDL-only condition (LDL + DMSO
0.1% + Mock) at 48 h. Statistical analysis: one-way ANOVA test plus Tukey’s multiple comparisons
test (* p < 0.01, ** p < 0.001, *** p = 0.0009, **** p < 0.0001 vs. the LDL-only condition). All data are
expressed as mean + SEM of three independent experiments (N = 3). Each MTT assay experiment
was carried out in quintuplicate.

Furthermore, as shown in Figure 7D, the knockdown of LDLR in BCPAP cells exposed
to LDL resulted in a significant reduction in p-ERK expression compared to the LDL-alone
treatment. In addition, LDL did not further upregulate p-ERK expression after silencing
LDLR, suggesting that LDLR is the main driver of the LDL-mediated induction of the
RAS/RAF/MAPK (MEK)/ERK pathway (Figure 7D). Interestingly, the LDLR knockdown
in combination with vemurafenib treatment in BCPAP cells exposed to LDL resulted in a
somewhat greater p-ERK protein expression decrease, implying a potential synergistic effect
between LDLR and BRAF V600E. Otherwise, there were no changes in ERK expression
(Figure S5). In line with these findings, LDLR knockdown also impaired cell proliferation
in BCPAP cells exposed to LDL (Figure 7B,E). Further impaired cell proliferation was found
when LDLR was knockdown in cells treated with vemurafenib (Figure 7E).

3. Discussion

Some epidemiological studies have demonstrated a relationship between obesity/
overweight, cholesterol and a higher incidence rate, as well as worse prognosis, of certain
solid tumors [11-15]. Moreover, it has been described the potential therapeutic effect of
targeting lipid metabolism using classic lipid-lowering drugs, such as statins, in cancer
therapy to prevent LDL effects on tumor progression [25]. Although the link between lipid
metabolism and tumor aggressiveness is complex and not yet fully understood, several
reports have identified these connections in certain solid tumors. Furthermore, there is
evidence that the oncogenes and tumor suppressor genes have important roles as the
drivers of alterations in lipid metabolism in cancer [17,26-30].

In TC, we previously identified a decrease in LDL levels in the serum of patients
with a more aggressive histological pattern, whereas in their tumoral tissue, there was an
upregulation in the expression of the LDLR and a decrease in the 3-hydroxy-3-methylglutaryl-
CoA reductase (HMG-CoA) gene expression, responsible for the biosynthesis of cholesterol.
Moreover, we also observed an intratumoral increase in the 27-HC metabolite together
with a downregulation of the 25-HC 7-alpha-hydroxylase (CYP7B1) enzyme that con-
trols its degradation [17]. In this line, it is known that the most common histological
pattern of well-differentiated TC corresponds to PTC, and the subtype with aggressive
behavior and worse prognosis in patients is associated with the presence of the BRAF
V600E mutation [31-33]. The BRAF V600E belongs to the RAS/RAF/MAPK (MEK)/ERK
pathway, which is the most important signaling cascade related with proliferation, differen-
tiation and apoptosis, and promotes ERK hyperactivation that is critical in cancer develop-
ment and progression [34]. Moreover, LDL was shown to activate the RAS/RAF/MAPK
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(MEK)/ERK pathway, promoting oncogenic processes in tumors such as colorectal cancer,
as well as in endothelial dysfunction in atherosclerosis [35,36].

Considering the current evidence of the association between LDL and tumor progres-
sion, and the effect of LDL on MAPK activation [37], we aimed to study the role of LDL
in PTC cells and the connection with BRAF V600E mutation as a metabolic trigger of the
tumor aggressiveness. Thus, we analyzed the LDL-associated uptake through the LDLR,
as well as the signaling pathways related to the presence or absence of the BRAF V600E
mutation in two TC cell lines: TPC1 and BCPAP.

The most important findings of our study show that the LDLR expression and LDL
uptake were differentially regulated in the presence versus the absence of the BRAF V600E
mutation, with the BCPAP cell line showing poor LDLR regulation. Moreover, due to
this LDLR expression in BCPAP cell line, the LDL uptake was significantly higher in
comparison to TPC1. On the other hand, the amount of LDL uptake in TPC1 cells was
maintained over the time due to a not complete inhibition of the LDLR expression in
the cell membrane, as well as the LDL particles taken up during the first 12 h of LDL
exposure, where LDLR expression was higher (Figure S1). In addition, the BCPAP cell
line displayed a higher proliferation percentage and an increase in the loss of cellular
adhesion compared to the TPC1 cell line. Similar independent studies were performed on
anaplastic thyroid cancer (ATC) cell lines, CAL-62 and 8505C (wild type and harboring
BRAF V600E, respectively), exposed to LDL conditions and showed comparable results
regarding LDLR protein expression, LDL uptake, cellular proliferation and MAPK signaling
pathway (Figure S6).These data are in accordance with previous studies that demonstrates
LDL capacity to induce the proliferation, migration and loss of adhesion in breast cancer
cells [38]. Nevertheless, these differences between both cell lines after LDL treatment could
be related to its different mutational status. Different reports highlight how lipid metabolic
dysregulation due to high systemic cholesterol uptake could lead to an important metabolic
alteration in tumoral processes. This supports the suggestion that cholesterol plays a critical
role in tumor metastatic promotion with the presence of the BRAF mutation [39-44].

Moreover, the lysosomal distribution pattern differed between both cell lines. The
lysosome distribution of BCPAP cell line was more juxtanuclear; meanwhile, in the TPC1
cell line, the lysosomes were distributed throughout the cytoplasm. These results may
suggest a higher interaction with the endoplasmic reticulum (ER) and Golgi in BCPAP cell
line, in comparison to TPC1, as a consequence of different metabolic signaling inputs due
to their differential capacity for LDL uptake [45]. It is well known that the LDL uptake is
released to the lysosomes for their degradation, as well as the delivery of free cholesterol.
However, our findings are in line with the newly reported roles of lysosomes in relation
to tumoral cells, indicating a potential connection with other important organelles, such
as the ER, mitochondria and nucleus, which are crucial in the cholesterol metabolism of
cancer cells [45,46]. The lysosomal system has emerged as an important factor in invasion,
dissemination and survival related to oncogenic processes [47]; for that reason, further
investigation should be considered to clarify its role in TC progression.

To elucidate the signal transduction pathway, through which LDL promoted the pro-
liferation, adhesion and migration processes in TC cell lines, we studied the most relevant
transduction pathways involved in these processes in TC, namely the PI3K-AKT and
RAS-RAF-MAPK (MEK)/ERK signaling cascades. In accordance with Velarde V. et al,,
who established a crosstalk between native LDL and ERK phosphorylation through the
MAPK pathway in vascular smooth muscle cells [48], our results also demonstrated an
increase in p-ERK expression after LDL exposure. However, the BCPAP cell line demon-
strated a greater increase in ERK phosphorylation, suggesting the hyperactivation of the
RAS/RAF/MAPK (MEK)/ERK pathway due to its higher levels of LDL uptake. These
results were also observed in the ATC cell line, 8505C, harboring the BRAF V600E mutation
(Figure S6D). Therefore, the RAS/RAF/MAPK (MEK)/ERK pathway could be considered
an LDL-related signaling pathway. On the other hand, regarding the PI3K-AKT pathway,
both cell lines, TPC1 and BCPAP, resulted in a higher phosphorylation of AKT when cells
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were nutrient-deprived (5% FBS) in comparison to LDL conditions, being significant in
BCPAP cell line. These findings are directly in line with previous studies in cancer cells that
suggest an activation of PI3K-AKT by increasing AKT phosphorylation to survive stressful
environments promoted by serum starvation [49,50].

Importantly, we also investigated whether BRAF V600E partial suppression through
vemurafenib decreases its oncogenic effects by modulating LDLR expression and MAPK
signaling cascade in BCPAP cell line. We found that BRAF V600E-mediated oncogenic
signaling was partially blocked by vemurafenib in the BCPAP cell line treated with LDL,
causing a decrease in the p-ERK signaling pathway. Consequently, proliferation decreased,
as has also been reported by Xing et al., in TC cell lines [51]. Interestingly, we observed
a link between the RAS/RAF/MAPK (MEK)/ERK and LDL signaling pathways when
vemurafenib was able to induce a strong LDLR downregulation, as well as to attenuate cell
proliferation promoted by LDL exposure in the BCPAP cell line. These results show, for
the first time to our knowledge, that vemurafenib could also regulate the recycling or gene
transcription of LDLR in the BCPAP cell line. Otherwise, no significant changes were found,
either in LDLR or p-ERK in the TPC1 cell line used as a control, and the cytotoxic effects
of this drug can be discarded. Moreover, the combination of siRNA-mediated targeting
LDLR plus vemurafenib in LDL-treated conditions can trigger a significant reduction in
the LDL-induced ERK phosphorylation, as well as cellular proliferation, suggesting a
synergistic effect between LDL and BRAF mutation in TC. In this sense, similar results
in regard to a synergic effect between LDL-signaling and BRAF V600E were described
in melanoma, colorectal and lung cancer cells [5,52-54]. Nevertheless, further research is
needed to better understand the role of vemurafenib in lipid metabolism.

In summary, our findings support the suggestion that LDLR plays an important role in
the RAS/RAF/MAPK (MEK)/ERK signaling cascade in TC and suggest a synergy between
LDL-mediated receptor uptake and BRAF V600E in TC, which could lead to a worse
prognosis in the clinical setting of hypercholesterolemia (Figure 8). Further investigation is
needed in terms of using cholesterol-lowering drugs in combination with RAS/RAF/MAPK
(MEK)/ERK inhibitors as a possible therapeutic strategy for PTC with aggressive behavior.
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a cell line harboring a BRAF mutation (BCPAP) can increase proliferation and worsens its behavior
by increasing the activation of the RAS/RAF/MAPK (MEK)/ERK pathway. Vemurafenib treatment
at 1uM, which enters to the cell by passive diffusion, interrupts the B-Raf/MEK step, as well as
downregulating LDLR expression. Additionally, siRNA LDLR downregulates LDLR expression,
decreasing LDL uptake and modulating RAS/RAF/MAPK (MEK)/ERK pathway overactivation.
Black arrows mean the normal activation of the pathway, red arrows are used when the pathway
is overactivated and dashed arrows symbolize when the pathway is inhibited. Part of the Servier
Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https:/ /smart.servier.com/image-set-download/ (accessed on 9 November 2022)).

4. Materials and Methods
4.1. Cell Lines and Cell Culture

The experiments were carried out on cell lines derived from human PTC, TPC1
(bearing RET/PTC rearrangement) and BCPAP (bearing the BRAF V600E oncogene). Both
cell lines were provided by Paolo Vigneri of Azienda Ospedaliero Universitaria Policlinico
Vittorio Emanuele Catania, Catania, Sicilia, IT. Cells were cultured in RPMI 1940 medium
(ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% FBS, 100 U/mL
penicillin and 1 ug/mL streptomycin at 37 °C in a 5% CO, atmosphere.

4.2. Human LDL Isolation

Human LDL (1.019-1.063 kg /L) was isolated via the sequential ultracentrifugation of
fasting plasma. ApoB levels were determined enzymatically and by immunoturbidimetric
assays, respectively, applying commercial kits adjusted to a COBAS c501 autoanalyzer
(Roche Diagnostics, Minato City, Tokyo) [55,56]. Human LDL particles were not oxidatively
modified during their isolation and the experimental procedure. The oxidative modification
of human LDL was measured via the monitoring of the formation of conjugated dienes at
234 nm at 37 °C with a BioTek Synergy HT spectrophotometer (BioTek Synergy, Winooski,
VT, USA). As a positive control, LDL was also oxidized by adding CuSOy (2.5 mol/L) to
wells containing LDL (0.1 mg of apoB/mL). At the end of the process, an aliquot of native
LDL oxLDL and the substance oxidized for 2 h (partially oxidized LDL) were stained with
Sudan Black and run on an agarose gel (0.5%) for 40 min to evaluate their integrity and
charge properties (Figure S2).

4.3. Labeling LDL with Dil

LDL was labeled with Dil perchlorate-conjugated LDL (Invitrogen, Waltham, MA,
USA), applying a modified procedure of the method described in Teupser et al. [57]. A
stock solution of Dil was prepared by dissolving 3 mg Dil in 1 mL DMSO and then was
added to the LDL solution to yield a final ratio of 150 ug Dil to 1 mg LDL. Then, it was
incubated for 18 h at 37 °C under dark conditions followed by five rounds of centrifugation
at 3000-3500x g for 45 min, using ultra centrifugal filter units (15 mL; Merck, Darmstadt,
Germany) in order to isolate the Dil-labeled LDL. Then, Dil-LDL was dialyzed against
saline containing phosphate-buffered saline (PBS) and filter-sterilized (0.25 pm, Water
Millex HV units). The ApoB concentrations of LDL and Dil-LDL were determined using
commercial kits adapted to a COBAS ¢501 autoanalyzer (Roche Diagnostics, Minato City,
Tokyo). The standard solutions of Dil were prepared in isopropanol with a concentration
range of 0-110 ng/mL. The standard curve of Dil-LDL was prepared in saline with a
concentration range of 0-1600 ng protein/mL. A spectrofluorometer with excitation and
emission wavelengths set at 549 and 564 nm was used to obtain fluorescence measurements.
The specific activity of Dil-LDL was finally obtained as the amount of Dil (ng) integrated
into 1 ug of LDL.

4.4. Analysis of Lipoprotein Uptake by a Fluorometric Assay

LDLR activity and LDL uptake were analyzed measuring the Dil-LDL. Specifically,
3 x 10% cells were seeded in 30 mm dishes with RPMI 1940 (ThermoFisher Scientific,
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Waltham, MA, USA) and 10% FBS. The day after, the cells were treated with 5% FBS,
as a control, and with 200 pg/mL Dil-LDL for 24 h, 48 h and 72 h. For the fluoromet-
ric assay, after incubation, the cells were placed on ice and washed three times with
cold PBS 1X + 00.4% BSA and twice with cold PBS 1X. Then, 300 puL of lysis reagent
(NaOH 0.1 M + 1 g/L SDS) was added and left under consistent shaking at room temper-
ature for 30—-60 min. A spectrofluorometer with excitation and emission wavelengths set
at 549 and 564 nm was used to measure the fluorescence in 200 pL of the lysate on black
microtiter plates. Protein quantification was determined in 10 uL. by BCA using BSA dis-
solved in lysis reagent as a standard (Thermofisher Scientific, Waltham, MA, USA) in order
to normalize fluorescence measurements through cellular culture confluence. Additionally,
the fluorescence of the Dil-LDL diluted in lysis reagent was measured to determine the
specific fluorescence intensity of the Dil-LDL preparation used.

4.5. Analysis of Lipoprotein Uptake by Confocal Microscopy

Specifically, 3 x 10* cells were seeded in 30 mm confocal dishes (VWR, Radnor, PA,
USA) with RPMI 1940 and 10% FBS. The day after, the cells were treated with 5% FBS, as a
control, and with 200 ng/mL Dil-LDL for 24 h, 48 h and 72 h. Nucleus and lysosomes were
labeled with Hoechst and GFP (ThermoFisher Scientific, Waltham, MA, USA) 5 min and 16 h
before confocal analysis, respectively. Images of immunostained cells were recorded on a
Leica-inverted fluorescence confocal microscope (Leica TCS SP5-AOBS, Wetzlar, Germany).
Cells were viewed with HCX PL APO 63X 0il/0.6-1.4 objective. Fluorescent images were
acquired in a scan format of 1024 x 1024 pixels in a spatial dataset (xyz or xzy) and were
processed using the Leica Standard Software TCS-AOBS (V2.7.3). Lisosomal quantification
has been carried out using Fiji software (Image] V1.53, University of Wisconsin, Madison,
WI, USA) [58].

4.6. Quantitative Real-Time PCR

Total RNA was isolated using the TRIZOL reagent according to the manufacturer’s
instructions (Invitrogen, Waltham, MA, USA). A total of 1 ug of the total RNA was reverse-
transcribed using a transcriptor first-strand cDNA synthesis kit (Roche Applied Science,
Penzberg, Germany), and the cDNA samples were stored at 20 °C for use as a template
in real-time polymerase chain reaction (PCR) analysis. The gene expression profiles were
analyzed in an ABI PRISM 7900HF Sequence Detection System, using a predesigned
and labeled primer/probe set (Assays-on-Demand™ Gene Expression Assay, Applied
Biosystems, Foster City, CA, USA). The Tagman qPCR primers (Applied Biosystems, Foster
City, CA, USA) used were as follows: human HMGCR (Hs00168352_m1), human LDL
receptor (LDLR; Hs01092524_m1) and human GAPDH (NM_002046.3). All the reactions
were performed with 100ng of cDNA in a total volume of 50 pL of TagqMan® Universal
PCR Master Mix (Applied Biosystems, Foster City, CA, USA), and the relative expression
levels for each gene were calculated using the 2-ddCt jethod, with SDS2.3 and Data Assist
V2.1 software (Applied Biosystems, Foster City, CA, USA), and GAPDH was used as the
normalizing gene.

4.7. Protein Extraction and Western Blot

TPC1 and BCPAP cells were seeded in 60 mm plates and treated with or without LDL
(200 ug/mL ApoB) for 24 h, 48 h and 72 h when they reached a 70% of confluence. In
terms of inhibitor treatment, the BCPAP cells were treated with 5% FBS and 0.01% DMSO
as a control, with LDL (200 ng/mL ApoB) or with vemurafenib (1 uM) (PLX4032, Selleck
Chemicals LLC, Houston, TX, USA) for 24 h, 48 h and 72 h. The TPC1 and BCPAP cells
were lysed in RIPA buffer (50 mM Tris-HCI, pH 7.5; 150 mM NaCl; 1% NP40; 0.5% sodium
deoxycholate; 0.1% SDS; 1 mM EDTA) supplemented with protease inhibitor cocktail
(Roche Diagnostics, Minato City, Tokyo), phenylmethylsulfonyl fluoride (PMSF, Sigma,
St. Louis, MO, USA) and sodium orthovanadate (Sigma). Lysates were centrifuged at
12,000 x g for 15 min at 4 °C and a BCA protein assay reagent kit (ThermoFisher Scientific,
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Waltham, MA, USA) was used to obtain the protein concentrations from the supernatants.
Afterwards, the protein extracts were mixed with a 4X Laemmli loading buffer and heated
at 94 °C for 4 min. Then, 20 ug of protein was size-separated on a 10% TGX Stain-Free
precast gel (Bio-Rad, Hercules, CA, USA), transferred to a 0.2 pm PVDF membrane (Bio-
Bio-Rad, Hercules, CA, USA) and the membrane were blocked with 3% dried milk in Tris-
buffered saline containing 0.05% of Tween-20 (TBST buffer) for 15 min. Finally, membranes
were incubated with optimized dilutions of the primary antibody (Table S1) overnight at
4 °C. Thereafter, the membranes were washed three times for 10 min with TBST buffer and
re-incubated with the IgG HRP-conjugated secondary antibody for 1 h (Supplementary
Table S1). Finally, the membranes were washed three times for 10 min with TBST buffer
and analyzed using an Immun-Star Western Chemiluminescence Kit (Bio-Rad, Hercules,
CA, USA). Imaging and data analysis were performed following the protocol described
in Taylor et al. and Neris, R.L.S., et al. TGX Stain-free gels were activated for 1 min after
SDS-electrophoresis. Images were captured using a ChemiDoc XRS Gel Documentation
System (Bio-Rad, Hercules, CA, USA) and Image Lab software (version 6.0.1, Bio-Rad,
Hercules, CA, USA). Data normalization analysis for each protein band was performed
with the stain-free gel image saved, and the background was adjusted in such a way that
the total background was subtracted from the sum of the density of all the bands in each
lane [59,60].

4.8. MTT Assay

In terms of the MTT assay, 4.000 cells/well were seeded in quintuplicates in 96-well
microplates and treated with 5% FBS and 0.01% DMSO as a control, with LDL (200 pg/mL
ApoB) or with vemurafenib (PLX4032, Selleck Chemicals LLC, Houston, TX, USA) (1 uM)
for 24 h, 48 h and 72 h. The proliferation viability was measured using a 20-uL MTT solution
(5 mg/mL) of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT;
Sigma-Aldrich, St. Louis, MO, USA) and incubation at 37 °C for 4 h; then, 50 uL DMSO
was added to each well and they were incubated at 37 °C for 10 min. The absorbance
at 490 nm was obtained to calculate the cell proliferation rate using a microplate reader
(xMark, Bio-Rad, Hercules, CA, USA).

4.9. Migration and Adhesion Assay

To analyze the cell migration and adhesion, both cell lines (TPC1 and BCPAP) were
seeded at high densities until 70% confluence was reached. In terms of migration capacity,
the cells were scratched using a 10 uL pipette tip and washed with PBS 1X. The wounds
were photographed at 0 h (t = 0) and after 16 h with or without LDL incubation (200 pg/mL
ApoB) and 5% FBS at 37 °C using an inverted microscope and analyzed with Image ]
software V1.53 (University of Wisconsin, Madison, WI, USA) [58]. The percentage of
wound-healing was obtained from a minimum of three measurements of the wound area,
and each result was the mean of three independent experiments. In terms of the adhesion
assay, the cells were treated with or without LDL (200 pug/mL ApoB) and 5% FBS and then
incubated for 24 h, 48 h and 72 h. Afterwards, the percentages of viable suspension cells in
the supernatant were counted using the automated Cell Counter (Bio-Rad, Hercules, CA,
USA) together with trypan blue exclusion assay for a direct identification and enumeration
of live (unstained) and dead (blue) cells in a given population.

4.10. Transient Transfection Assay

To knockdown LDLR expression, a siRNA transfection in BCPAP cell line was per-
formed via JetPrimeTM (Polyplus transfection, VWR, Radnor, PA, USA), according to the
manufacturer’s instructions. Approximately 1.5 x 10° cells were seeded in 30 mm plates
for protein and RNA extraction one day prior to transfection. Cells were transfected with
either 80 nM pre-designed short, interfering RNA for human LDLR (siLDLR) (IDs4) (Am-
bion, Life Technologies, Carlsbad, CA, USA) or control siRNA (Mock-siRNA) purchased
from Santa Cruz Biotechnology, Inc. (sc-37007) (Dallas, TX, USA) in RPMI 1940 medium



Int. . Mol. Sci. 2023, 24, 11153

150f18

References

(ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% FBS, 100 U/mL
penicillin and 1 pug/mL streptomycin. After 48 h, the transfection media was replaced with
RPMI 1940 medium (ThermoFisher Scientific, Waltham, MA, USA) supplemented with
5% FBS, 100 U/mL penicillin and 1 pg/mL streptomycin, the cells were transfected again
with the corresponding siRNA (siLDLR or Mock-siRNA) and treated for 48 h with 5% FBS
and 0.1% DMSO, as a control; LDL (200 ng/mL ApoB) and 1uM of vemurafenib (PLX4032,
Selleck Chemicals LLC, Houston, TX, USA), when corresponds. The 1 pM dose of vemu-
rafenib (PLX4032, Selleck Chemicals LLC, Houston, TX, USA) was chosen in accordance
with previous studies in BCPAP cell lines in order to just modulate the RAS/RAF/MAPK
(MEK)/ERK signaling pathway without promoting cellular toxic effects [61,62].

The following steps after siRNA transfection for lipoprotein uptake analysis by fluoro-
metric assay and confocal analysis in the BCPAP cell line are described in Sections 4.4 and 4.5,
respectively.

For MTT assay (MTT; Sigma-Aldrich, St. Louis, MO, USA), 3 x 103 cells were plated in
96-well plate and transiently transfected with 5nM siRNA LDLR or Mock-siRNA, following
the same steps described above.

4.11. Statistical Analysis

GraphPad Prism version 9.0 (GraphPad Inc., San Diego, CA, USA), with a p-value < 0.05
denoting statistical significance, was used for the statistical analysis. The two-way ANOVA
test as well as Sidak’s multiple comparisons test were used to evaluate the effects of time and
cell type on each dependent variable. The analysis of more than two groups was performed
via one-way ANOVA with Tukey’s post hoc test where applicable. Differences between the
two groups were analyzed via an unpaired two-tailed Student’s t-test.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/1jms241311153 /s1.
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Table S1. List of antibodies used for Western Blot studies

Antibody Species | Dilution Company (catalog#)
LDLR Rabbit 1:200 Abcam EP1553Y
p44/42 MAPK (ERK 1/2) = total ERK Rabbit 1:1000 Cell signaling (#9102)
P-p44/42 MAPK MAPK (ERK 1/2) = p-ERK Rabbit 1:1000 Cell signaling (#9101)
AKT Rabbit 1:1000 Cell signaling (#4685)
p-AKT Rabbit 1:1000 Cell signaling (#9271)
MTOR Rabbit 1:200 Cell signaling (#2972)
p-MTOR Rabbit 1:200 Cell signaling (#2971)
NF-xB Rabbit 1:1000 Cell signaling (#3035)
Anti-rabbit secondary antibody 1:5000 Promega (W4011)
Anti-mouse secondary antibody 1:5000 Promega (W4021)

200 pg/mL ApoB

OH 5min 10min 30min 1H 3H 6H 12H

LDLR

Stain Free

- -

Figure S1. Western blot analysis showing the time course of Low-Density lipoprotein

(LDLR) protein expression in the TPC1 cell line after low-density lipoprotein (LDL) (200
g/mL ApoB) incubation for 5 min, 10 min, 30 min, 1 h, 3 h, 6 hand 12 h . Western blot

Stain-Free gel was used as the loading control.
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Figure S2. A) Diene formation curves of native LDL incubated with media and LDL
after being under specific oxidation conditions. (B) Electrophoretic mobility of native
LDL and LDL after being exposed to oxidation or partially oxidized as shown in panel
A. 1 & 2: partially oxidated LDL; 3 & 4: oxidated LDL; 5 & 6: native LDL (used in our

experiments).

% suspension alive cells x10°5

Figure S3. The graph represents the percentage of suspension alive BCPAP cells treated
with LDL (200 pg/mL ApoB) compared to the suspension alive BCPAP cells at basal
conditions (5% FBS). Statistical analysis: An unpaired t-test was performed to compare
the LDL-treated cells with the control condition (*p = 0.0284). The results corresponded
to the mean =SEM of three independent experiments.
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Figure S4. Western blot protein expression panel and MTT assay of TPCL1 cell lines after
LDL (200 pg/mL ApoB) incubation and vemurafenib treatment (1 pM). (A) Western blot
protein expression panel of LDLR, and p-ERK after LDL (200 pg/mL ApoB) incubation
and vemurafenib treatment (1 M) for 24 h. Stain-Free (SF) gel was used as the loading
control. (B) Proliferation percentage determined via MTT assay in the TPCL1 cell line
after LDL (200 g/mL ApoB) incubation and vemurafenib treatment (1 M) compared
to the control condition (5% FBS) at 24 h, 48 h, and 72 h. Statistical analysis: One-way
ANOVA test plus Tukey’s multiple comparisons test (*p < 0.01, **p < 0.001, ***p =
0.0008). Data are expressed as mean =SEM (n = 3) of three independent experiments

carried out in quintuplicate.



2.0%1084 . o

its

1.5%10%

1.0x10%+

5.0x107

Arbitrary densitometry un

0.0-
Mock + + + - - +

silDLR - - - + + - + 4

oL - + - - + + - o+
Vem - - + - - + 4+ +

Figure S5. ERK protein expression panel in BCPAP cell line treated with LDL, siLDLR
and/or vemurafenib. Representative blot is shown of ERK. Stain-Free (SF) gel was used
as the loading control. Graph shows densitometry analysis of the Western Blots of ERK
after siLDLR, LDL (200 pg/mL ApoB) incubation and/or vemurafenib treatment (1 uM)
for 48 h in comparison to LDL-alone condition (LDL + DMSO 0,1% + Mock).

SUPPLEMENTARY MATERIAL: Cell lines and cell culture

The supplementary experiments depicted in Figure S6 were carried out on cell lines
derived from anaplastic human thyroid carcinoma, CAL-62 (bearing KRAS p.G12), and
8505C (bearing the BRAF V600E oncogene). Both cell lines were provided by Paolo
Vigneri of Azienda Ospedaliero Universitaria Policlinico Vittorio Emanuele
Catania, Catania, Sicilia, IT. CAL-62 cells were cultured in DMEM High Glucose and
8505C cells were cultured in RPMI 1940, both mediums were supplemented with 10%
FBS, 100 U/ml penicillin, and 1 pg/ml streptomycin at 37 °C in a 5% CO2 atmosphere.
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Figure S6. LDLR protein expression, 19-dioctadecyl-3,3,39,39-tetramethyl
indocarbocyanine (Dil)-LDL uptake, percentage of cellular proliferation and
RAS/RAF/MAPK (MEK)/ERK pathway expression in CAL-62 and 8505C cell lines. A)
Cells were treated with LDL (200 ug/mL ApoB) and harvested at 24 h, 48 h, and 72 h
before analysis. One representative blot is shown: Stain-Free gel (SF) was used as the
loading control. Graphs show densitometry of the Western Blots relative to LDL-treated
cells. Statistical test: A one-way ANOVA test plus Tukey’s multiple comparisons test
(*p = 0.032). Data are expressed as mean &=SEM of a minimum of three independent
experiments (n = 3). (B) Cells were exposed to Dil-LDL (200 pg/mL ApoB) for 24 h, 48
h, and 72 h before analysis for mean fluorescence intensity by fluorescence spectrometer

to compare LDL uptake between both cell lines. Statistical analysis: A two-way ANOVA



test plus Sidak’s multiple comparisons test were performed to compare the Dil-LDL
uptake between the two groups at each time point (*p < 0.03, **p < 0.002). Data are
expressed as mean =SEM of a minimum of three independent experiments (n = 3). C)
Percentage of cellular proliferation determined by MTT assay of the CAL-62 and 8505C
cell lines. Cells were treated with basal conditions (5% FBS), as a control, or with LDL
(200 pg/mL ApoB) for 24 h, 48 h, and 72 h. Statistical analysis: A two-way ANOVA test
plus Sidak’s multiple comparisons test were performed to compare both groups (***p =
0.0007, ****p < 0.001). Data are expressed as mean = SEM of three independent
experiments (n = 3) carried out in quintuplicate. D) Western blot analysis for
RAS/RAF/MAPK (MEK)/ERK pathways. CAL-62 and 8505C cells were treated with
LDL (200 pg/mL ApoB) and harvested at 24 h, 48 h, and 72 h. Representatives blots are
shown. SF gel was used as the loading control. Graphs show densitometry of the Western
Blots. Statistical analysis: A one-way ANOVA test plus Tukey’s multiple comparisons
test. Data are expressed as mean =SEM of a minimum of three independent experiments
(n=23).
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GENERAL DISCUSSION

1. The Role of Cholesterol in Cancer Progression: Impact of both Cholesterol
Biosynthesis and  Dietary/Dyslipidemia-related Cholesterol on  Tumor
Development.

Cancer is a multifactorial disease affected by many important metabolic disorders, with
the reprogramming of lipid metabolism an emerging hallmark of cancer'™”. The
etiopathogenesis of this disease is primarily driven by gene mutations that promote a
constitutive activation of growth factor receptors, downstream signaling cascades, as well as
a rewiring of metabolic processes that supply cancer with resources and energy to thrive in

a specific microenvironment'”.

The role of cholesterol in cancer was first described in the 1900s, and it has been
implicated in the etiology of cancer as a disease even before DNA mutations. These first
studies reported that cholesterol crystallization in normal cells promoted malignancy, and
they noticed increased levels of cholesterol in tumor tissues and altered levels in patients’
blood. Moreover, the mevalonate pathway has an important role in oncogenesis and drug
resistance'"”. In this regard, highly proliferative cancer cells demonstrate a strong lipid and
cholesterol avidity which they satisty by either increasing the acquisition of exogenous (or
dietary) lipids and lipoproteins or through the overactivation of their endogenous

synthesis®'%.

Taken together, this provides an interesting link with diet and obesity that has been
supported by several epidemiological studies. Diets rich in saturated fat and cholesterol,
obesity and dyslipidemias such as hypercholesterolemia, have been associated with increased

risk of many cancers and may lead to increased cancer-related mortality'”

. Obesity is
considered one of the most important risk factors for several types of cancer, accounting for
more than 14% and 20% of cancer deaths in men and women, respectively. However, due
to its complexity and multifactorial nature, it is yet to describe the exact link between them.
Some of the mechanisms of action proposed in the context of cancers are by inducing the
inflammation through cytokines, insulin resistance, hypercholesterolemia, TME disruption,
and increasing the local production of sex hormones biosynthesis, such as estrogen in the

adipose tissue™®. Nevertheless, the relationship between cholesterol metabolism and its

main metabolite 27-HC on T'C progression remains pootly understood. In this context, the
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effects of LDL and 27-HC studied in this project exploit the actively-targeted strategy

towards cholesterol metabolism in TC tumors with aggtessive behavior®***>!1H112,

2. The deregulation of cholesterol metabolite 27-HC homeostasis promotes TC
malignancy.

The extensive analysis of serum lipid profiles as well as the tumor samples of patients
studied in the first publication yielded considerable differences in terms of cholesterol-related
factors depending on tumors histological patterns. Patients suffering from tumors with more
aggressive behavior demonstrated a significant decrease in serum LDL-C and ApoB;
together with an overexpression of the LLDI K gene expression and increased intratumoral
levels of 27-HC in tumors samples with worse prognosis. Similar findings were reported by
Niendorf A. et al., who observed that increased expression of LDLR in colon cancer cells

led to decreased blood cholesterol levels'"

. These data underline the potential association of
serum lipid level with cancer risk, pathology, and prognosis as well as reinforce our
hypothesis that the most malignant tumors present higher systemic cholesterol uptake, which

can modulate tumoral processes' "

. It is well known that the regulation of the cholesterol
metabolism is complex. Therefore, one feature of some malignant tumors is the existence of
an imbalance between the intracellular accumulation of cholesterol and the inhibition of
cholesterol storage machinery''"™".

Our results demonstrated that the tumor tissue expression of the HMGCR gene, the rate-
limiting enzyme of the mevalonate pathway and responsible for the ‘zovo’ biosynthesis, was
downregulated in tumors with higher levels of 27-HC, which corresponded to PDTC and
ATC. In our case, the most malignant tumors attempted to counterbalance the significant
increase in cholesterol uptake via the LDLR by reducing the ‘novo’ biosynthesis. A
relationship has been established between the levels of 27-HC and the expression of ER,
confirming that this oxysterol acts as an agonist or antagonist selective modulator of these
receptors depending on the cell type'. In relation to epithelial-type TC, it is notable that
there is a higher incidence of this cancer type in females. This observation likely indicates a
potential connection with the expression of ER in the follicular thyroid epithelium. However,
there is a lack of sufficient reported data identifying the expression of these sexual steroid
receptors and their association with neoplastic follicular cells'*. In our study, we investigated
the expression of estrogen receptors (alpha and beta) in a series of tumor samples, and the

findings revealed that both benign and malignant tumors exhibited expression of both

receptor types. These results align with observations in breast cancer, where ER-negative
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tumors tend to exhibit faster growth and a worse prognosis. Furthermore, the absence of
ER isoform § expression may lead to a decrease in apoptosis. Interestingly, these findings
contrast with the potential effect of 27-HC as an endogenous ligand for ER, which has been
implicated in promoting the growth of ER-positive breast tumors’"'?. Thus, studies of the
potential effects of 27-HC on ER-independent tumorigenic processes are warranted.
Furthermore, the most malignant tumors exhibited an elevated accumulation of 27-HC,
primarily attributed to the reduced expression of CYP7B1, the key enzyme responsible for

27-HC degradationgl’m.

In recent years, research interests have focused on the role of oxysterols in tumor growth
and metastasis, with special attention toward 27-HC, the most abundant oxysterol in the
systemic human circulation®. Moreover, research on the 27-HC signaling axis has revealed
that the overexpression of the CYP27A47 gene and the downregulation of the CYP7B7 gene
have been associated with a pooter prognosis in certain types of cancer'”>'*. In this context,
the most aggressive tissues analyzed in our study (PTC high risk and PDTC/ATC)
demonstrated a strong downregulation of CYP7B7 in comparison to benign tumors, closely
correlated with high concentrations of 27-HC. Moreover, it is important to mention that 27-
HC is also involved in the regulation of the nuclear receptor ILXR expression. This gene
plays a role in controlling cell cycle progression and is implicated in metastasis processes as
well. Interestingly, the XK gene is responsible for regulating LDLR degradation in the liver
and the conversion of cholesterol to bile acids through CYP27A1. Our data has shown that
the most malignant tumors exhibited downregulated levels of I.XR, which could directly
impact LDLR degradation and promote increased LDL uptake capacity of tumors''*". All
these findings together indicate that the accumulation of 27-HC in thyroid cells may promote
the progression of TC. However, it is worth noting the potential dual effect of 27-HC as it
has been observed that this cholesterol metabolite can downregulate the expression of Nrf-
2 signaling pathways, leading to the promotion of ROS generation, inflammation, and
apoptotic-mediated cell death. Hence, it appears that the effect of 27-HC is cell-line-specific,
and further studies on this oxysterol should be conducted to establish its precise role in the

progression of TC'** ",
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3. LDLR is a key driver of aggressiveness in thyroid tumor cells.

Taking everything into consideration, a clear relationship between malignancy and high
LDL uptake is evident in TC. This leads us to propose LDLR as one of the cornerstones in
the relationship between TC and cholesterol. Preclinical studies reported a higher LDLR
expression in some malignant tumors such as colon cancer, where LDL increased the
proliferation of these tumor cells through the activation of oncogenic signaling cascades®’.
In tumorigenic processes, LDL is a critical lipoprotein that transfers cholesterol from the
liver to peripheral tissues. Cancer cells present high demands of energy associated with the
rapid growth of tumors that supply increasing LDLR expression in the cell membrane
surface. Therefore, circulating LDL binds to LDLR, and it is internalized through
endocytosis, hydrolyzed by lipases, and finally free cholesterol is released for cell utilization.
Some recent studies have found that LDLR is over-expressed in several types of cancers
such as hepatocellular carcinoma, lung cancer, breast cancer, colorectal cancer, prostate
cancer, and so on. Additionally, this lipid metabolism abnormality could lead to increased
ROS levels that promote a gradual increment in oxidative stress. Consequently, intracellular
LDL becomes oxidized (ox-LDL) which can further promotes DNA damage in cancers
resulting in malignant transformation and carcinogenesis®. Our i witro studies have
determined that in a high LDL environment, the LDL could promote cellular proliferation
and migration in a dose-dependent manner in both papillary (TPC1 and BCPAP) and
anaplastic cell lines (CAL-62 and 8505C), through LDLR. Consistent with these findings, the
in vivo analysis conducted in a xenograft mouse model of ATC, included in the Annex II of
this dissertation, demonstrated that mice fed a high-fat diet exhibited larger and more highly
vascularized tumors compared to mice fed a conventional diet. Obesity induced by a high-
fat diet not only stimulated thyroid tumor growth but also promoted anaplastic change in
the TC in a mouse model that spontaneously develops TC, ThtbPV/PVPten+/— mice, via
the STAT3 signaling pathway'”.

4. LDLR-signaling pathway is directly linked to MAPK signaling pathway in a

F"%E mutation.

synergic effect with BRA
Several signaling pathways involved in processes such as proliferation and migration,
including the Wnt, Hedgehog, and mTORC1 pathways, among others, have been extensively

133

studied for their susceptibility to modulation via elevated cholesterol levels™. However, it

seems that the impact of LDL on these signaling cascades is cancer-type-specific. In the
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present thesis, we carried out a study to elucidate the LDL-signaling transduction pathway
of potentiated proliferation, loss of adhesion and migration processes in human tumoral
thyroid cell lines with different degrees of aggressiveness. In this context, we analyzed the
effects of LDL on the most relevant signaling pathways, namely PI3K/AKT/mTOR and
RAS-RAF-MAPK (MEK) ERK, that present the most frequent mutations in TC. Our results
in papillary cell lines TPC1 (bearing RET/PTC rearrangement) and BCPAP (bearing the
BRAF""" oncogene) as well as in anaplastic cell lines CAI.-62 (harboring KRAS mutation)
and 8505C (bearing the BRAF *" oncogene) after LDL incubation resulted in an increase
of p-ERK protein expression. Interestingly, cell lines harboring BRAF mutation, namely
BCPAP and 8505C, presented a totally deregulated LDLR, what promoted a continuous and
higher LDL uptake and a consequently greater increase in malignancy. Alternatively, TPC1
and CAL-62 cell lines (both wild-type for BRAF mutation) were capable of regulating LDLR
expression to prevent excessive intracellular cholesterol levels. However, this LDLR
regulation did not completely prevent the promotion of LDL-induced proliferation and
migration, although to a lesser extent compared to cells bearing BRAF mutation. All these
data are in line with previous studies performed by Velarde V. et al., who established a
crosstalk between native LDL and ERK phosphorylation through the MAPK pathway in
vascular smooth muscle cells"™*.

Following our studies on the BCPAP cell line, we further confirmed a clear connection
between these two factors by simultaneously modulation of the LDLR and MAPK pathway
using a siRNA and vemurafenib (a MEK inhibitor), respectively.

Firstly, we found that BRAF"*""-mediated oncogenic signaling was partially blocked by
vemurafenib in the BCPAP cell line treated with LDL, causing a decrease in the p-ERK
signaling pathway. Consequently, proliferation decreased, as expected, following the same
results reported by Xing et al., in different TC cell lines'”. Interestingly, we observed a
connection between the RAS/RAF/MAPK (MEK)/ERK and LDL signaling pathways
when vemurafenib induced significant downregulation of LDLR and attenuated cell
proliferation promoted by LDL exposure in the BCPAP cell line. These findings suggest that
vemurafenib can regulate the gene transcription of ILDI.R in the BCPAP cell line, which, to
our knowledge, is a novel observation. In contrast, no significant changes were observed in
LDLR or p-ERK levels in the TPC1 cell line, which was used as a control. This suggests that
vemurafenib has an indirect effect on LDLR expression, probably mediated via BRAF
mutation, and it rules out the possibility of cytotoxic effects of the drug. Moreover, the

combination of siRNA-mediated targeting of LDLR along with vemurafenib under LDL-
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treated conditions led to a significant reduction in LDL-induced ERK phosphorylation and
cellular proliferation. These results indicate a synergistic effect between LDL and the BRAF
mutation in TC. Similar synergistic effects between LDL signaling and BRAF"*’* have been

described in melanoma, colorectal, and lung cancer cells®"*%,

5. Current targeted therapy studies for TC and future perspectives of using statins in

combination with TKI for high-risk PTC.

To date, when there is no other choice of cure with the conventional therapy, the most
suitable systemic treatment for iodine-refractory DTC, ATC, and MTC is using TKI.
Nevertheless, despite this therapeutic alternative, these tumors require a multimodal
treatment approach, including surgery, radioiodine therapy, and external beam radiotherapy,
to optimize the patient's chances of improved survival.

Sorafenib and lenvatinib, both members of the multikinase inhibitors family that block
VEGFR, were approved for TC with bad prognosis in 2015 by the European Medicine
Agency (EMA; https://www.ema.curopa.cu/) and ate the first choice of oncologists in this
context. However, when tumors become resistant to these drugs, there is no established

strategy to guide the treatment.

In this scenario and due to the fact that up to 50% of people with PTC carry the
BRAF"™" mutation, it has been hypothesized that the use of the BRAF inhibitor,
vemurafenib, which is already approved and widely used for patients with melanoma bearing

this mutation, could provide another treatment option'**'*.

Regarding TC, vemurafenib has been the first drug to show a dramatic response in ATC
patients; and for this reason, we chose this inhibitor when we proposed the study included
in the present dissertation'*'. Currently, vemurafenib is under phase II clinical trials for PTC
and ATC patients bearing the BRAF mutation, resulting in an improvement of long-term
patient survival and restoring RAI uptake and efficacy'**'*’. However, it is important to
mention that despite the benefit of BRAF inhibition in BRAF-mutated tumors, some
patients eventually acquired resistance to this therapy after a certain period of time, and
approximately 65% of patients treated with vemurafenib developed serious adverse events
such as fatigue, diarrhea, pneumonia and squamous cell carcinomas, sometimes even

resulting in patient death'®’. For that reason, this treatment warrants further investigation in
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a phase III setting to better define the patient profile that can benefit from this therapy to
minimize the side effects. In this context, other BRAF"*""—targeting drugs are under current
investigation such as the treatment using dabrafenib alone or in combination with trametinib.
These inhibitors are yielding impressive results that include improving the long-term survival,
duration of response, and overall survival of ATC, although they are not exempt from side
effects similar to vemurafenib. Nevertheless, thus far no cases of death have been reported
due to its use'**'*.

Drug repositioning/rediscovery is a novel strategy aimed at identifying new and advanced
uses for preapproved drugs or existing medications. In this context, after confirming the
potential role of cholesterol in tumor progression, studies of possible benefits in combining
statins with conventional oncogenic treatments are emerging. Currently, there are some
discrepancies about the antineoplastic efficacy of statins. While it is true that some studies
associate the use of statins with an increased risk of TC, many others not only refute this
association but also present promising results associated with antineoplastic effects and
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reduced cancer-related mortality'**™'*. It is important to highlight the study conducted by
Zeybek, ND. et al., which demonstrated that in primary human cellular cultures of PTC cells
and cell lines (such as BCPAP) exposed to rosuvastatin, the drug exhibited the ability to
induce vacuolization, autophagosomes, and eventually apoptosis'®’. Furthermore, research
on ATC cell lines revealed similar effects on proliferation, migration, and apoptosis when
using lovastatin. Interestingly, in mice models, the combination of lovastatin with TKI
treatments showed even greater effects. These findings underscore the potential of statins as
a therapeutic option in the treatment of TC'*™". Treatments using statins in combination

with TKI report promising results in lung cancer, but no studies have been published using

TKI inhibitors in combination with statins in TC2,

Opverall, this thesis presents compelling evidence that LDL and its metabolite 27-HC play
an important role in the progression of TC. Additionally, LDL can induce synergistic effects
on BRAF-mutant tumors by hyperactivating the MAPK pathway, potentially leading to a
worse prognosis and as described in previous studies, facilitating the high-risk PTC transition
to ATC or to tumors with a high-risk of developing recurrent disease and increasing

resistance to RAI.
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GENERAL DISCUSSION

In summary, future research should concentrate on a more in-depth study of the
molecular pathways and resistance mechanisms and should explore the potential of

combining targeted therapy with statins for high-risk PTC patients.
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CONCLUSIONS

Publication 1: Cholesterol and 27-Hydroxycholesterol Promote Thyroid Carcinoma

Aggressiveness.

Low LDL-C levels in serum, I.LDIR upregulation, and HMGCR downregulation in
tumors samples were linked with high-risk PTC and dedifferentiated tumors
(PDTC/ATC).

Cholesterol and intratumoral accumulation of 27-HC promoted the aggressive
behavior of PTC.

LDL promoted similar levels of cell proliferation in both the benign thyroid cell line
(Nthy-ori 3-1) and in the ATC cell line. Nevertheless, LDL only was able to promote
migration in the ATC cell line.

Targeting the enzymes: CYP27A47 and CYP7B7, which are responsible for the
formation and degradation of 27-HC, respectively, could be a new therapeutic

strategy to regulate tumor cell proliferation.

Publication 2: Low-Density Lipoprotein Receptor is a Key Driver of Aggressiveness

in Thyroid Tumor Cells.

LDLR expression was differentially regulated in TC cell lines with different
BRAF""" status, modulating the DL uptake and leading to variations in the cellular
processes, such as proliferation, migration, and adhesion ability.

Vemurafenib, a drug targeting BRAF *"" mutation, partially blocked BRAF mutant
oncogenic effects in TC cell lines and downregulated LDLR expression, attenuating
LDL-induced cell proliferation and suggesting a synergistic effect between LDL and
the BRAF"*F mutation in TC.

FT/6 00E

LDL plays a role as a co-adjuvant with BRA
in BCPAP cells by hyperactivating the RAS/RAF/MAPK (MEK)/ERK signaling

in promoting oncogenic processes

cascade.
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CONCLUSIONS

GENERAL CONCLUSIONS:

- LDL and intratumoral accumulation of 27-HC promote the aggressive behavior

process of PTC.
- Targeting LDLR and cholesterol metabolism together with the RAS/RAF/MAPK

(MEK)/ERK signaling cascade could be a new therapeutic strategy for PTC with

more aggressive behavior, especially in those harboring BRAF"’",
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ANNEX II: Effect of Cholesterol Intake on Thyroid Tumor Progression: Xenograft
Mouse Model of Anaplastic Thyroid Cancer (CAL-62)

SUMMARY

Thyroid cancer of epithelial origin is the most common endocrine neoplasm, with a steadily
increasing incidence over the last decade. These solid tumors exhibit diverse histological
patterns, ranging from well-differentiated forms with favorable prognoses to
undifferentiated and/or refractory tumors with poor prognoses. Clinical and experimental
evidence links cholesterol, a crucial component of lipid bilayers that determines their physical
and functional properties, and its metabolites with the process of tumor aggressiveness in

some solid tumors.

The objective of this study was to analyze cholesterol intake in relation to tumor
progression using a xenograft mouse model of anaplastic thyroid cancer (CAL-62). Two
groups of animals were administered high-fat diets differing in cholesterol content, while a
third group was maintained on a regular diet for comparison. The lipid profile was analyzed,
and tumors were characterized at the tissue level to determine the percentage of necrotic
area, the mitotic index, and neovascularization. At the protein expression level, LDL receptor
expression, oncogenic signaling pathways (PI3K/AKT/mTOR/MEK/ERK), and SREBP
isoforms (SREBP1 and SREBP2) were evaluated.

Results showed that dietary cholesterol intake led to the following changes compared to a
low-cholesterol diet: 1. A systemic increase in LDL and triglycerides, 2. Larger and more
viable tumors with a higher mitotic index and increased angiogenesis, 3. Reduced expression
of LDLR, p-AKT, and P-mTOR proteins, along with activation of the MAPK/ERK
pathway, 4. Lower levels of SREBP isoforms 1 and 2 in comparison to animals on a low-
cholesterol diet, suggesting regulation in cholesterol synthesis and transport at the tumor

tissue level.

In conclusion, these results suggest a link between systemic cholesterol levels and increased

tumor aggressiveness, associated with a poorer prognosis for these tumors.
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Figure 1: Chronological outline of the 7z vivo protocol in Swiss Nude mice. Created with BioRender.com
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Figure 2. Analysis of weight and serum samples of Swiss Nude-CAL-62 mice with different types of diets. A.
Analysis of mouse weight from day 1 to 18. Mice fed MD, HFC, and HFHCD diets. B. mmol/L of cholesterol
and triglycetide levels. C. mmol/L of HDL and LDL levels. (**p=0.001) Statistical analysis: Tukey's method

for multiple comparisons.

154



ANNEX II

-« MD
B - HFD
40+~ *k -+ HFHCD

<= 304

o .

&

x 2

(¢}

=

P1

B

Figure 3. Tumor samples in the xenograft model of CAL-62 anaplastic thyroid tumor cells in Swiss Nude
CAL-62 mice. A. Macroscopic observation of tumor specimens extracted from treated animals, showing
different areas of fibrosis/necrosis. B. Tumor growth percentage from day 1 to 18. (**p<<0.058 between HFD
and HFHCD tumors) Statistical analysis: Tukey's method for multiple comparisons.
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Figure 4. Histological analysis of tumor samples in the xenograft model of CAL-62 anaplastic thyroid tumor
cells in Swiss Nude CAL-62 mice. A. Histological analysis showing areas of active tumor tissue and fibrosis. B.
Percentage of necrotic tumor tissue. C. Count of mitotic figures per field at 40X magnification (14 total fields).
D. Count of blood vessels per field at 20X magnification (12 total fields). E. Histological analysis showing the
count of blood vessels and mitotic figures per field at 20X magnification. Data ate expressed as mean = SEM.
(*p=0.02, ***p=0.001, ****p<0.0001) Statistical analysis: One-way ANOVA, Tukey's method for multiple
comparisons.
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