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Resumo 

 

A progressão tumoral é um fenómeno complexo influenciado por vários fatores intrínsecos e 

extrínsecos às próprias células tumorais. Uma característica particular das células tumorais é o 

facto de terem a capacidade de alterar o seu metabolismo, de modo a sustentar a sua elevada 

proliferação.   O colesterol é um componente essencial da membrana citoplasmática e, como tal, 

essencial à proliferação celular, sendo que a maioria das células obtém o colesterol de que 

necessita através da internalização de lipoproteínas de baixa densidade (LDL). A internalização 

do LDL é feita principalmente por meio de recetores de membrana tais como o recetor de LDL 

(LDLR). É hoje sabido que alterações ao nível do metabolismo do colesterol, quer a nível celular 

ou sistémico afeta a progressão tumoral. Em particular, a sobre expressão de LDLR em células 

de cancro da mama foi recentemente associada a um aumento da progressão tumoral e a um pior 

prognóstico. Os fatores do microambiente tumoral que poderão levar a um aumento de expressão 

do LDLR em células de cancro da mama, são, no entanto, desconhecidos. Os mecanismos que 

regulam a expressão do LDLR foram extensivamente estudados em hepatócitos e fibroblastos, 

bem como noutras células como as células mesangiais do rim.  Neste contexto, foi identificado 

um mecanismo de loop de feedback negativo pelos níveis de colesterol intracelular bem como 

mecanismos independentes de esteróis, tais como a sinalização por citocinas e fatores de 

crescimento. No entanto, a regulação da expressão do LDLR em células do cancro da mama foi, 

até agora, pouco estudada e a identidade de fatores que podem levar a um aumento da expressão 

do LDLR nas células tumorais de cancro da mama é maioritariamente desconhecida. O presente 

trabalho tem, então, como principal objetivo colmatar estas lacunas. Por um lado, estudou-se a 

regulação da expressão de LDLR pelo colesterol, com o intuito de verificar se o mecanismo de 

feedback negativo se mantém nestas células, apesar de transformadas. Por outro lado, analisou-

se a capacidade de citocinas presentes no microambiente tumoral contribuírem para a regulação 

da expressão do LDLR. Para tal, foram utilizadas três linhas celulares de cancro da mama 

suscetíveis a alterações no metabolismo do colesterol: as linhas celulares humanas MDA-231 e 

MCF-7 e a linha celular de ratinho 4T1. Quanto à regulação da expressão do LDLR pelo 

colesterol, verificou-se que tanto na linha celular MDA-231, quanto na linha celular MCF-7, 

existe um mecanismo de feedback negativo. Quanto às citocinas, identificou-se o IFNγ como 

sendo capaz de induzir um aumento da expressão do LDLR ao nível da proteína, em todas as 

linhas celulares estudadas. Desta forma, posteriormente, analisou-se a consequência de tal 

aumento de expressão, bem como o mecanismo através do qual o IFNγ leva a um aumento de 

expressão do LDLR – estes estudos foram feitos na linha celular MDA-231. Observou-se, então, 

que o aumento da expressão do LDLR pelo IFNγ levou a um aumento da internalização de 

colesterol pelas células, uma vez que se observou um aumento de colesterol em células tratadas 

com IFNγ e LDL quando comparado com células tratadas só com LDL. Mais ainda, este aumento 

de colesterol é revertido quando a entrada de LDL nas células através do LDLR é inibida por via 

de um anticorpo específico. Ao nível funcional, podemos verificar que células de cancro da mama 

expostas simultaneamente a LDL e a IFNγ proliferam tanto como células só expostas a LDL; e 

mais do que células apenas expostas a IFNγ. Uma vez que o IFNγ, por si só, diminui a proliferação 

das células tumorais, deduzimos que o efeito na presença de ambas as moléculas se deva ao efeito 

do IFNγ na internalização de LDL por parte das células tumorais. No entanto, uma experiência 

com o bloqueio do LDLR teria que ser efetuada para comprovar se esse efeito se deve, 

efetivamente, ao aumento da expressão de LDLR. Do ponto de vista da migração, uma vez que 

tanto o LDL como o IFNγ provocam um aumento da capacidade migratória destas células, 
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nenhuma conclusão maior pode ser retirada. Do ponto de vista mecanístico, verificou-se que o 

IFNγ está a atuar nestas células essencialmente ao nível da via JAK / STAT1 que influencia a 

expressão do LDLR. Mais ainda, os nossos dados sugerem que o IFNγ está a influenciar a 

expressão do LDLR ao nível da transcrição do gene. In vivo, fomos capazes de demonstrar, em 

tumores de ratinho, que a localização do LDLR é heterogénia, seria interessante no futuro 

verificar se as zonas com maior expressão estão associadas a zonas de exposição elevada a IFNγ. 

Tomados em conjunto, os dados presentes neste trabalho contribuem para uma melhor 

compreensão de como a internalização do colesterol é regulada em células do cancro da mama, 

bem como as suas consequências para a progressão tumoral. Mais ainda, acresce com 

conhecimento novo sobre a ação das citocinas imunomoduladoras presentes no microambiente 

tumoral. Acreditamos que este conhecimento venha a contribuir para melhorar a capacidade de 

prevenir, diagnosticar e combater o cancro da mama.   

   

 

Palavras-chave: LDLR, IFNγ, MDA-231, cancro da mama, colesterol, citocinas, microambiente 

tumoral 
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Abstract 

 

 Tumour progression is a complex process that is influenced by both tumour cell intrinsic and 

extrinsic factors. A particular feature of cancer cells is the ability to alter their metabolism in order 

to sustain proliferation.  Cholesterol is an essential component of cellular membranes and as such 

essential for proliferative cells and cells all over the body acquire the cholesterol they need mainly 

from the circulating low-density lipoprotein (LDL). The internalization of LDL is mostly done 

through membrane receptors such as the LDL receptor (LDLR). Alterations at the level of cellular 

or systemic cholesterol metabolism have been shown to influence tumour progression. LDLR 

overexpression, in particular, was recently associated with breast cancer progression and worse 

prognostic. The most studied and best known way of regulating LDLR expression in cells is 

through a negative feedback loop induced by intracellular cholesterol levels. This has been mainly 

shown in hepatocytes and fibroblasts and also in other cell types such as smooth vascular muscle 

cells, liver cells and mesangial cells. Sterol-independent regulation of LDLR expression, 

including trough cytokines has also been described in non-malignant cells. Whether breast cancer 

cells maintain an intact negative feedback loop when exposed to external cholesterol and whether 

other factors apart from cholesterol regulate LDLR expression in such cells is mainly unknown. 

The present project aims at analysing the regulation of LDLR by LDL on breast cancer cells and 

also on testing the hypothesis that there are, at the tumour microenvironment, cytokines able of 

inducing LDLR expression on breast cancer cells. In order to detect differences in LDLR 

expression, three breast cancer cell lines susceptible to changes in cholesterol metabolism were 

used, the MDA-231 and MCF-7 human cell lines and the 4T1 mouse cell line. First of all, we 

were able to show that both the MDA-231 and the MCF-7 cell line downregulate its LDLR 

expression when in the presence of high LDL concentrations in the media, demonstrating that 

they have a functional negative feedback loop mechanism for cholesterol homeostasis. Moreover, 

we were able to show that IFNγ induces LDLR expression in all cell lines studied. Therefore, this 

cytokine was chosen for the consequent experiments, which were then performed only on the 

MDA-231 cell line. Mechanistically, our data suggest that IFNγ is signalling on these cells mainly 

through the JACK/STAT1 pathway and that inhibiting STAT1 phosphorylation rescues the effect 

of IFNγ on LDLR expression. Functionally, we show that the increase in LDLR expression by 

IFNγ led to an increase in the cholesterol uptake in the cells and it seems to induce resistance to 

IFNγ-induced proliferation arrest. Taken together, we believe that our data will contribute to 

further characterize how cholesterol metabolism is regulated in breast cancer cells and also 

increase our knowledge about the action of TME immunomodulatory cytokines, leading to 

potential new strategies for better preventing, predicting and treating breast cancer in patients. 

 

 

 

Keywords: LDLR, IFNγ, MDA-231, breast cancer, cholesterol, cytokines, tumour 

microenvironment 
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Introduction 
 

Cancer Progression 

Cancer is a very large group of diseases that have in common the development of abnormal cells. 

80% of cancers arise in the epithelial tissue and are called carcinomas. Very often carcinomas 

metastasize, meaning that cancer cells originating from one tissue, disseminate and start growing 

in a different organ. Metastases are responsible for most deaths in cancer. Cancer progression 

refers to a series of events, that may happen sequentially or in parallel, occurring at primary 

tumours, frequently culminating in metastases. In the beginning, for very different reasons, 

genetic alterations in the genome of epithelial cells occur and cells start to divide and survive 

without control. When the tumour reaches a certain size, it needs more and more nutrients and 

gradually gets less oxygen from blood vessels in its environment – creating hypoxic regions. 

Hypoxia, in turn, induces the production of factors that lead to the formation of new blood vessels 

from existing ones (angiogenesis). When tumours are malignant, they tend to invade and travel 

to other tissues. The cells first start to invade the surrounding tissue, eventually migrate, and enter 

circulation, as they loose characteristics of adhesive epithelial cells and gain migratory properties 

of mesenchymal cells (Epithelial-Mesenchymal Transition). Cancer cells travel through the 

bloodstream and at a certain point extravasate into secondary tissue where it is believed they go 

through the opposite process, Mesenchymal-epithelial transition (MET) and thus proliferating 

again and forming a secondary tumour, in other words, a metastasis [1]. In breast cancer, most 

deaths occur due to metastases. In Portugal, approximately 6000 new cases of breast cancer are 

detected annually, and 1500 women die as a result of this disease [2]. Breast cancer became the 

most common cancer globally as of 2021, accounting for 12% of all new annual cancer cases 

worldwide, according to the World Health Organization [3]. Worldwide, breast cancer is the main 

type of cancer in women, representing about 25% of all cases. It is a disease that appears more in 

developed countries and, in 2018, 2 million new cases were diagnosed, and 627,000 deaths were 

reported [4]. A big effort is being taken to identify the cellular and molecular mechanisms that 

regulate cancer progression and in designing new, predictive, preventive, and curative strategies 

concerning this life-threatening disease.  

 

Altered tumour cell metabolism, a hallmark of tumour progression 

Among many factors known to contribute to tumour progression, the reconfiguration of cell 

metabolism has been recently considered as one of its hallmarks. In normal cells, under aerobic 

conditions, glucose is processed through glycolysis, followed by oxidative phosphorylation in 

mitochondria. However, under anaerobic conditions, glycolysis is favoured and there is almost 

no action of oxygen-consuming mitochondria. In cancer cells it was first observed by Otto 

Warburg that even in the presence of oxygen, cells reprogrammed their glucose metabolism, 

limiting their energy metabolism mainly to glycolysis, leading to a state called aerobic glycolysis 

[5-7]. This reprogramming of energy metabolism is counterintuitive, as it is the oxidative 

phosphorylation that provides more energy in form of ATP to cells. However, according to a long-

forgotten hypothesis [8] and recently brought back [9], increased glycolysis results in a greater 

shift of glycolytic intermediates to various biosynthetic pathways, thus facilitating the 

biosynthesis of macromolecules and organelles necessary for the formation and development of 

new cells. Furthermore, it was found that certain tumours have two subpopulations of cells that 
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differ in their metabolic pathways, one consisting of glucose-dependent cells, Warburg effect, 

thus producing lactate, while cells from the other subpopulation use the lactate produced by their 

neighbours as its main source of energy. Thus, these two populations form a type of symbiosis, a 

similar process of muscle function [10-12]. As for lipid metabolism, most human cells use 

circulating lipids for the synthesis of other structural compounds, such as cholesterol, fatty acids, 

phospholipids, sphingolipids, and isoprenoids. However, cancer cells have a higher rate of fatty 

acid synthesis, as an important source of energy via β-oxidation or for storage in the form of 

triglycerides, or even for conversion into phospholipids for cell membrane production [13,14]. 

The altered metabolism is proving to be as pervasive in cancer cells as many of the other cancer-

associated characteristics, therefore, this has been accepted as an emerging cancer hallmark [15]. 

 

Cholesterol Metabolism and Cancer 

 Cholesterol is an essential component of cellular membranes and a precursor of several 

hormones. As part of cell membranes, it also contributes to signal transduction and membrane 

trafficking, particularly endocytosis. Due to its amphipathic nature, cholesterol is insoluble in the 

plasma and cannot be transported freely in the bloodstream. Because of this, cholesterol and other 

lipids travel within low-density lipoproteins (LDL) or high-density lipoproteins (HDL). High 

plasma LDL levels are a well-known risk factor for many diseases such as atherosclerosis and 

other cardiac diseases, mainly, due to its deposition in blood vessel walls, which restricts blood 

flow [16]. In cancer, obesity and dyslipidaemia have been associated with a possible increase in 

the probability of developing the disease [17]. However, few studies have been done to try to find 

the cellular and molecular mechanisms linking the overabundance of lipids and the behaviour of 

the tumour. In breast cancer cells cultured in vitro, it was found that exposure to LDL induces 

aggressive behaviours, such as increased cell proliferation, migration, and loss of adhesion. It has 

been suggested that the proliferative effect induced by LDL may be dependent on the activation 

of the Akt and ERK pathways and that the loss of adhesion and increased migration could be 

explained due to a decreased expression of adhesion molecules, such as related family member to 

cadherin 3, CD226, Claudin 7 and Occludin. More frequent metastasis was also observed in mice 

with breast cancer when fed on a high cholesterol diet that increases plasma LDL levels [18-22]. 

 

The LDL-Receptor Function, Structure and Regulation 

The majority of LDL absorption by cells is mediated by the LDL receptor (LDLR), a 

transmembrane protein that captures LDL from the extracellular space and is then internalized in 

endocytic vesicles to transport LDL into the intracellular space so that it can be digested, while 

LDLR is recycled and returns to the cell surface [23]. The human LDLR is encoded by a gene of 

approximately 45 kb located on chromosome 19, which will later be translated into a protein of 

860 amino acids [24]. LDLR has five functionally distinct regions, a region of binding to the N-

terminal ligand where LDL will bind, an epidermal growth factor (EGF) -precursor homology 

region that regulates the dissociation of LDL to the receptor within the cell, a region containing 

O-linked sugars where the sugars bind giving greater support to the receptor, a transmembrane 

domain that anchors the protein to the membrane and finally a C-terminal cytosolic domain that 

is involved in endocytosis and intracellular transport [23].  

 LDLR levels are maintained by multiple regulatory mechanisms: At the transcriptional level, 

LDLR gene expression is regulated through negative feedback due to the content of cholesterol 
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present in the cells and plasma. When cells are low in cholesterol, the LDLR gene is actively 

transcribed and thus cholesterol-rich lipoproteins will be quickly internalized. Inversely, when 

cholesterol accumulates in cells, the LDL receptor gene is repressed, [25,26]. Mechanistically 

LDLR gene expression is highly regulated by a sterol regulatory element-binding protein-2 

(SREBP2), the first sterol-regulated transcription factor described, in normal cells of the human 

body. SREBP2 is a transmembrane protein of the endoplasmic reticulum that is in an inactive 

state before being transported to the Golgi complex where it will be cleaved by an SREBP 

cleavage-activating protein (SCAP), which depends on low cholesterol levels to be able to cleave 

SREBP2. This will lead to the activation of the transcription factor SREBP-2 and its translocation 

to the nucleus, promoting the transcription of the LDLR gene [27]. SREBPs also regulate the 

transcription of several genes involved in cholesterol synthesis and fatty acid 

synthesis/absorption, coordinating the two main building pillars of cell membranes [28]. Post-

transcriptional regulation of LDLR is carried out through the modulation of its mRNA stability 

[29]. LDLR mRNA is a transcript containing a 2.5 kb-long stretch of 3′ untranslated region 

(3′UTR) [30] that has several cis-regulatory elements that control the rate of LDLR mRNA 

degradation by binding with trans-regulatory proteins [31], which can act as stabilizers or 

promoters of mRNA decay [32,33]. Finally, LDLR is also regulated post-translationally and this 

is mainly through PCSK9 which mediates its degradation, by binding to LDLR in the cell 

membrane and internalizing [34,35]. PCSK9 binding is highly specific for the EGF domain of 

LDLR because mutations in this domain interfere with PCSK9 binding and subsequently inhibit 

LDLR degradation [36,37]. Furthermore, LDL has been shown to compete with PCSK9 for the 

binding of LDLR, thus inhibiting its function [38]. It was also observed that the affinity of PCSK9 

to LDLR substantially increases at acid endosomal pH relative to neutral cell surface pH, which 

is correlated with the post endocytosis process, where LDLR bound to PCSK9 is directed towards 

lysosomal degradation rather than recycling to the membrane again [38, 39].  

 The regulation of LDLR expression by non-sterol-dependent pathways has, so far, been poorly 

studied. However, it has been described, that certain cytokines (IL-1β, TNF-α and TGF-β) and 

the inflammatory environment could influence cholesterol metabolism and LDLR expression. 

This was observed mainly in hepatocytes, mesangial cells, and smooth muscle cells [40-42]. In 

breast cancer, Gallagher et al. showed that in mice with hyperlipidaemia conditions, triple-

negative breast cancer cells with high LDLR expression are more proliferative while cells in 

which LDLR has been knocked down give rise to smaller tumours [43]. This study highlights the 

importance of LDLR expression on breast cancer progression. How LDLR expression is regulated 

in cancer cells is however poorly understood. 

 

Contribution of the Immune microenvironment  

to breast cancer progression  

 The tumour microenvironment (TME) consists of the entire environment around tumour cells, 

this includes the surrounding blood vessels, immune cells, fibroblasts, signalling molecules and 

the extracellular matrix [44]. The interaction between tumour cells and their microenvironment is 

critical for tumour growth and progression. In response to the evolution of environmental 

conditions over time and oncogenic signals, TME changes continuously over the course of tumour 

progression, emphasizing the need to consider the influences of TME on cancer progression as a 

dynamic process [45]. One of the greatest pieces of evidence that tumorigenesis is affected by the 

deregulation of the microenvironment, is that in tissues with inflammation, generally there is a 
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higher incidence of cancer. This link was proposed in 1863 by Rudolf Virchow for the first time, 

as he observed that infiltrating leukocytes were a registered trademark of tumours [46]. Since 

then, several studies have contributed to the characterization of the TME [45]. 

Focusing on immune cells, these are extremely important to fight the tumour and control its 

growth and development. However, at some point, they alter their defence behaviour to favour 

tumour progression, doing the complete opposite [47]. Within tumour-promoting immune cells, 

we have tumour-associated macrophages (TAMs) that induce breast cancer cells to become more 

invasive through paracrine signalling [48] and mediate extravasation and metastatic growth in the 

lung [49]; myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Treg) involved in 

evasion and suppression of the immune system [50, 51]; and tumour infiltrating lymphocytes 

(TILs) that promotes angiogenesis [52, 53], induce epithelial to mesenchymal transition [54] and 

modulates the immune system [55, 56]; among others. 

 As it is clear a lot is known about how different immune cells may contribute with either pro or 

anti-tumoral signals. It is also evident that the system is complex and there is a big level of 

crosstalk between each cell type present at the tumours. The main players in such crosstalk are 

cytokines. Cytokines are small peptides responsible for autocrine, paracrine and endocrine 

signalling as immunomodulating agents. They include chemokines, interferons, interleukins, 

lymphokines, and tumour necrosis factors, but generally not hormones or growth factors. They 

act through cell surface receptors and are especially important in the immune system and in 

regulating the maturation, growth, and response capacity of certain cells. Cytokines are important 

in health specifically in host immune responses to infection, inflammation, and cancer [57]. Some 

of the most common cytokines present in the tumour are either pro-inflammatory like IFNγ, IL-

1β, IL6, IL12 and TNFα [58] and an anti-inflammatory like TGFβ, IL4, IL10 and IL13 [59]. How 

cytokines present at the tumour microenvironment may affect cholesterol metabolism on cancer 

cells and what could be the consequences of this, is, however not known.  Here we addressed the 

effect of some of the most prevalent cytokines at the tumour microenvironment as such, we tested 

the effect of tumour necrosis factor alpha (TNFα), growth factor beta transforming factor (TGFβ), 

interleukin-1β (IL-1β), interleukin-10 (IL10) and interferon-gamma (IFN-γ) on LDLR 

expression. 

TNFα is a pro-inflammatory cytokine, most commonly, produced by immune cells that has 

several functions. Their role in tumour promotion was first suggested in mouse colon cancer. 

When TNF-α was inhibited, they were less susceptible to colon cancer [60]. There is more and 

more evidence that TNFα is involved in the activation of the NF-κB pathway, which can increase 

the survival of tumour cells [61], and in the activation of the PKCα and AP1 pathway, which 

regulates both cell death and growth [62]. On the other hand, studies have shown that TNFα, 

produced by cytotoxic T cells and macrophages, can have the opposite effect helping to fight the 

disease. Therefore, the role of TNFα in tumour progression and its general effects is still 

controversial [63]. 

TGFβ is known, depending on the context, as a pro-inflammatory cytokine, leading to the 

generation of Th17 cells that have pro-inflammatory activity [64], and an anti-inflammatory 

cytokine, inhibiting cell growth by activating the SMAD4 signalling pathway, being a possible 

defence against the tumour. On the opposite, it has also been proven that TGFβ promotes the 

process of epithelial-mesenchymal transition (EMT), a necessary step to form metastases [65]. 

IL-1β is a pro-inflammatory cytokine, produced mainly by macrophages, which is extremely 

important for a competent immune response [66]. It has functions such as activating the NF-κB 
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pathway leading to promoting the expression of defensins and cathelicidin [67]. It has been 

demonstrated in melanoma cells, that IL-1β will promote angiogenesis and induce the infiltration 

of neutrophils and monocytes, consequently, being able to create a selective pressure to select the 

most suitable cells [68]. 

IL10 is an important regulatory cytokine with an anti-inflammatory effect [69]. IL10 is produced 

mainly by monocytes and to a lesser extent by type 2 helper T lymphocytes (Th2), mast cells, 

regulatory T cells and B cells [70]. Presents polymorphisms (SNPs) and several groups report 

associations between polymorphism and cancer risk [71]. This cytokine has the ability to inhibit 

the activation and effector function of T cells, monocytes and macrophages [72]. However, the 

role of IL-10 in breast cancer is controversial. Interleukin 10 has both pro and antitumour effects 

[73]. It has been reported that serum from breast cancer patients IL10 concentrations are higher 

than in healthy individuals [74] and that this was associated with poor clinical outcomes [75]. 

IL10 also promotes tumour cell proliferation and metastasis [76] and inhibits T cell proliferation 

and function [77]. It also prevents APCs from obtaining tumour antigens [78]. Finally, IL10 also 

negatively affects the induction of angiogenesis [79]. 

IFNγ is produced mainly by natural killer (NK) and natural killer T (NKT) cells in innate 

immunity while, during the adaptive immune response, CD8+ and CD4+ T-cells are the major 

sources of IFNγ [80]. IFNγ is a proinflammatory cytokine that has essential roles in intercellular 

communication during immune responses and in the defense of the host against viral and bacterial 

infections, as well as against cancer [81]. These roles of IFNγ inspired the scientific community 

to try to use this cytokine as a clinical therapy for a variety of diseases such as cancer. However, 

the results of these cancer-related clinical trials were not very consistent [82] which led to the 

raising of some pertinent questions, for example, does IFN-γ contribute to tumour regression or 

stimulate tumour growth? This and many other questions still need to be answered. Pieces of 

evidence are emerging that IFN-γ may also be involved in the opposite process of promoting the 

tumour, more specifically in the tumour equilibrium and evasion stages, involving proliferative 

and anti-apoptotic signals and escape from recognition and cytolysis by cytotoxic T lymphocytes 

and NK cells [83]. Survival of circulating tumour cells and increased metastatic potential have 

been reported to be induced by low doses of IFNγ, either generated at the tumour site by 

infiltrating cells or during cytokine therapy [84, 85]. Furthermore, IFN-γ have been suggested to 

also contribute to the formation of metastases through the transformation of cancer stem cells into 

metastatic cancer stem cells [86]. IFNγ has also been shown to have a metastatic role in triple-

negative breast cancer, where the loss of the tumour suppressive transcription factor Elf5, along 

with its ubiquitin ligase FBXW7, activated IFN-γ signalling and promoted tumour progression 

and metastasis, through the stabilization of IFNGR1. Furthermore, this signalling increased PD-

L1 expression and led to immune suppression [87]. It has also been shown that IFNγ impairs the 

T cell immune response by inducing PD-L1 expression in lymphatic endothelial cells, which 

limits the migration of cytotoxic T cells to the TME [88]. In addition, IFN- γ can also induce 

tumour-specific T cell apoptosis [89]. Finally, it was also observed that in breast adenocarcinoma, 

chronic exposure to low levels of IFNγ, caused tumour development and induction of PD-L1, PD-

L2, CTLA-4 and Foxp3 molecules that controlled, at least partially, the tumour immune evasion 

[90]. Overall, IFNγ affects tumour growth not only directly, but also through the modulation of 

the immune response at the TME. Regarding cholesterol metabolism, interferons have been 

shown to decrease LDL-cholesterol concentrations (20-50%) and apo B levels through a reduction 

in LDL and apo B rate production [91]. More specifically speaking of IFNy, this molecule is able 

to reduce the efflux of cholesterol in endothelial cells, monocytes and macrophages, through the 
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inhibition of cholesterol hydroxylase [92, 93].  As for LDLR, the relationship between IFNγ and 

this receptor is mainly unknown.  

  

Project’s aim and its impact on society 

 It is becoming increasingly evident that cholesterol metabolism affects breast cancer progression 

and that an aggressive behaviour is promoted by LDL. The LDLR is the main receptor for LDL 

and others have shown that high LDLR leads to more proliferative breast cancer cells and bigger 

tumours in mouse models. How the LDLR expression and LDL uptake in general is regulated at 

the tumour is however not known. Here we proposed to study cholesterol dependent and 

independent regulation of LDLR in breast cancer cells. Considering the cholesterol-independent 

mechanism, we hypothesize that there are factors at the TME that increase LDLR expression, 

which leads to increased cholesterol uptake by cancer cells and originate a more aggressive 

behaviour. As cytokines are an important component of the TME and have been previously shown 

to regulate LDLR expression in other cellular contexts, here we investigated whether some of 

these cytokines could induce LDLR expression and it´s functional consequences on breast cancer 

cells. As such we set up the following objectives: 1- To characterize the regulation of the LDLR-

receptor by sterol-dependent mechanisms. 2- To test a small panel of cytokines known to be 

present at the tumour microenvironment for its ability to induce LDLR expression in breast cancer 

cells. 3- Having identified a cytokine that induces LDLR expression in BC cells further 

characterize the mechanism by which it occurs. 4- Having identified a cytokine that induces 

LDLR expression in BC cells further characterize it´s consequence in LDL uptake and in the 

LDL-induced cellular aggressive behaviour. We believe this knowledge will contribute to better 

understand how cholesterol metabolism and the crosstalk between cholesterol metabolism on 

cancer cells and cytokine production at the tumour microenvironment may affect cancer 

progression. This will allow the better understanding of the complex set of molecular and cellular 

interactions that occur in cancer which we believe will contribute to better prevent, predict and 

treat breast cancer in the future. 
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Materials and methods 

 

Cell lines and incubation conditions 

Three breast cancer cell lines were used in this project. Two human breast cancer cell lines, MDA-

231 (ATCC, USA, Virginia) and MCF-7 (ATCC, USA, Virginia), and one mouse breast cancer 

cell line, 4T1 (ATCC, USA, Virginia). 

 Both cell lines were grown in Dulbecco's Modified Eagle Medium (DMEM) (Thermo Fisher 

Scientific) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 1% 

penicillin-streptomycin (Thermo Fisher Scientific) at 37°C with 5% CO2. Cells were passaged 

routinely to maintain 50-80 % confluency.  

For passaging, cells were first washed with PBS and then suspended using 0.25% trypsin (Thermo 

Fisher Scientific, USA, Massachusetts) until cells detached, and then trypsin was inactivated with 

DMEM + FBS + penicillin-streptomycin. 

For plating, cells were treated in the same way of passaging and after trypsinization cells were 

counted using a haemocytometer and resuspended in the appropriate volume of media in order to 

seed 2x10^5 cells in 6-well plates for LDLR protein and gene expression experiment and in 24-

well plates for migration assay. 1x10^5 cells in 12-well plates were used for cholesterol 

quantification experiments and 0.5x10^5 in 24-well plates for proliferation assay.  

For cholesterol enrichment and depletion, with Methyl Β Cyclodextrin: cholesterol complexes 

and LDL, the day after plating, the culture medium was changed to an FBS-free DMEM 

supplemented with 1% penicillin-streptomycin. One hour later of medium change, LDL 

(Calbiochem) was added in a final concentration of 0.1 mg/ml to its respective well, except for 

the negative and positive control, added in a final concentration of 0.2 mM. The cells were then 

incubated for 6 hours at stable physiological conditions. In experiment two, LDL was added to 

its respective well 22 hours after the medium change and IFNγ addition. The cells were then 

incubated for 2 hours at stable physiological conditions. 

 

Total cholesterol quantification with Amplex® Red Cholesterol assay 

The Amplex® Red Cholesterol Assay Kit gives us a simple fluorometric method for quantifying 

cholesterol through fluorescence reading. The assay is based on a reaction that detects both free 

cholesterol and cholesteryl esters. Cholesteryl esters are hydrolyzed by cholesterol esterase to 

cholesterol, which is further oxidized by cholesterol oxidase to produce H2O2. H2O2 is then 

detected using Amplex® Red reagent which in the presence of horseradish peroxidase (HRP), 

produces highly fluorescent resorufin. 

For cholesterol extraction, cells were first placed on ice, washed with ice-cold PBS 2 times, and 

then lysed with Amplex® Red reaction buffer 1x (Invitrogen). Lysates were centrifuged at 12000 

rpm for 20 minutes at 4°C. The supernatants were extracted and stored at -20°C until they were 

needed for subsequent steps. 

Wells from a 96-well plate was used with 5 μl of each sample, or with cholesterol reference 

standard in known concentrations diluted in reaction buffer. A working solution containing 2 
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U/mL HRP, 2 U/mL cholesterol oxidase, and 0.2 U/mL cholesterol esterase was added to each 

well. 50μL of sample and 50μL of the working solution was used to start the reaction. Next, the 

reactions were incubated for at least 30 minutes at 37°C, protected from the light. The 

fluorescence intensity was analyzed at an excitation wavelength in the range of 530–560 nm and 

emission detection at 590 nm using a Tecan Plate Reader (model Infinite M200, Tecan, 

Switzerland, Männedorf). To make calibration curves, the relation between cholesterol reference 

standard concentrations and fluorescence intensities were used, which enabled the quantification 

of the extracted cholesterol. 

 

Incubation with cytokines and LDL 

 The day after plating, the medium was changed to a fetal bovine serum-free DMEM 

supplemented with 1% penicillin-streptomycin, and each cytokine was added to its respective 

well, except for the untreated and LDL conditions, that remained cytokine-free. TGF-β 

(Peprotech, USA, New Jersey), IL-1β (Peprotech), IFN-γ (Peprotech) and IL10 (Peprotech) were 

added in a final concentration of 5 ng/ml in the wells, and for TNF-α (Peprotech), was added in a 

final concentration of 50 ng/ml. LDL was used in a final concentration of 0.1 mg/mL. The cells 

were then incubated for 24 hours at stable physiological conditions. 

 

Protein Extraction  

For protein extraction, cells were first placed on ice, washed with ice-cold PBS 2 times, and then 

lysed with RIPA buffer (Merck) that was prepared with cOmplete™ Protease Inhibitor Cocktail 

(Roche, Switzerland, Basel) or when necessary with phosphatase inhibitors. Lysates were then 

moved to a cold eppendorf on ice and centrifuged at 12000 rpm for 20 minutes at 4 °C. The 

supernatants were extracted to new mini-eppendorfs to which a solution of Laemmli (Bio-Rad) 

with 2% dithiothreitol (Bio-Rad) was added in a proportion of 1 portion of  Laemli to  4 portions 

of lysate. The resulting solutions were heated at 95°C for 5 minutes and stored at -20°C until they 

were needed for subsequent steps. 

 

Total protein quantification with Lowry protein assay 

 The total protein quantity was determined using the DC Protein Assay (Biorad) which is based 

on the Lowry protein assay. Wells from a 96-well plate was used with a portion of each sample, 

or with bovine serum albumin (BSA) (Merck) in known concentrations diluted in RIPA lysis 

buffer. Both A’ (made from A and S solutions in a proportion of 98% and 2%, respectively) and 

B solutions (Bio-Rad) were added to each well in a concentration of five times and forty times 

the amount of sample or BSA, respectively. After 15 minutes the absorbances were analyzed at a 

wavelength of 750 nm using a Tecan Plate Reader. To make calibration curves, the relation 

between BSA concentrations and absorbances were used, which enabled the quantification of the 

extracted protein. 
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Western Blot assay 

 The total extracted proteins were separated using 10% SDS-PAGE gels, which were made using 

acrylamide (Bio-Rad), Tris hydrochloride buffers (Tris-HCl) (Bio-Rad), sodium dodecyl sulfate 

(SDS) (Thermo Fisher Scientific), ammonium persulfate (APS) (Merck) and 

tetramethylethylenediamine (TEMED) (NZYTech, Portugal, Lisbon). A Precision Plus Protein™ 

Dual Color Standards ladder (Bio-Rad) was used to access the proteins’ molecular weight. The 

electrophoreses were followed by protein transference to nitrocellulose membranes at 40V for 1h 

and 30min in 20% methanol (Avantor, USA, Pennsylvania), 10% Tris/L glycine buffer (Bio-Rad). 

The membranes were blocked afterwards using a 5% milk solution made from powdered milk 

(Nestlé, Switzerland, 7 Vevey) in TBST (10% Tris-buffered saline 10x/0,01% Tween-20) for one 

hour at room temperature followed by a rinse with TBST. The membranes were then incubated 

with the primary antibodies: goat anti-human LDLR (Novus Biologicals, USA, Colorado),  mouse 

anti-human PCSK9 (ThermoFisher, USA, Massachusetts), rabbit anti-human STAT1, rabbit anti-

human pSTAT1, rabbit anti-human AKT, rabbit anti-human pAKT, rabbit anti-human S6, mouse 

anti-human pS6 (1:1000 in TBST) and mouse anti-human β-Actin (Merck) (1:5000 in TBST) 

O/N at 4°C followed by three 10 minutes washes with TBST. Upon this, membranes were 

incubated with the secondary antibodies: donkey anti-goat horseradish peroxidase-labelled (Santa 

Cruz Biotechnology, USA, Texas) and Goat anti-mouse horseradish peroxidase-labelled 

(Promega, USA, Wisconsin), respectively, (1:5000 in 5% milk solution), for 1 hour at room 

temperature, followed by three 10 minutes washes with TBST. Finally, enhanced 

chemiluminescence (ECL) detection reagents (GE Healthcare, USA, Chicago) were mixed and 

the membranes were immersed in them for one minute before the chemiluminescence was 

detected using an Amersham Imager 680 (GE Healthcare). To analyze the Western Blot results, 

band intensities were obtained using the image analysis program ImageJ, which provided the 

absolute intensity. The absolute intensities were then normalized using β-actin as a baseline for 

protein production and, afterwards, each sample’s normalized intensity was normalized again 

using the control intensity in order to represent the relative intensity and to better observe up- and 

downregulations compared to the control sample. 

 

Immunofluorescence 

Frozen mouse tumour (4T1) slices were used to visualize LDLR expression throughout the 

tumour and also to see if there was any co-localization between immune cells and LDLR 

expression of tumour cells. For this, firstly.  a perimeter around the tumour sections was drawn 

with a PAP pen and then the sections were fixed using paraformaldehyde (Merck) (4% in PBS) 

for 20 minutes, followed by one wash in PBS. The sections were then subjected to a blocking 

process using BSA (Merck) to reduce the background signal in fluorescence microscopy. Next, 

samples were incubated with the primary antibodies: goat anti-mouse LDLR, rat anti-mouse 

CD11b, and rat anti-mouse NKp44+. For this, samples were immersed in a small drop of a 1:100 

solution of primary antibody in PBS, stored O/N at 4°C in a humid chamber. The slides were then 

washed 3 times with PBS and for the second incubation, a mix was made using the secondary 

fluorophore labelled antibody anti-goat and anti-rat which emitted light at a wavelength of 633nm 

and 488nm, respectively, in a concentration of 1:500 (Alexa, Thermo Fisher Scientific) in PBS. 

The Slides were incubated in small drops of the mix for 1 hour at room temperature and then 

covered with a drop of  VECTASHIELD® Antifade Mounting Medium with 4′,6-diamidino-2- 

phenylindole (DAPI) (Vector Laboratories, USA, California) and finally with a coverslip. The 
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coverslip was subsequently fixed to the slide with nail polish. The microscope slides were 

visualized in a Zeiss Cell Observer fluorescence microscope. 

 

RNA extraction and cDNA preparation 

The extraction of RNA was performed on MDA-231 cell samples with NZY Total RNA Isolation 

kit, following the manufacturer's instructions. The RNA was quantified by spectrophotometry in 

NanoDrop (ThermoFisher), using its analysis software. The quality of the samples was evaluated 

by the A260 / A280 ratio. The cDNA was prepared using the NZYTech kit, according to the 

manufacturer's instructions. The obtained cDNA was stored at -20 ° C until later analysis. 

 

Real-Time PCR 

 Transcripts LDLR and PCSK9 were selected. For these, primers (Forward-

GATACCAAGGGCGTGAAGAG, Reverse-AAGCCATGAACAGGATCCAC) and (Forward-

CATGTCTTCCATGGCCTTCT, Reverse-GTAGTCGACATGGGGCAACT) were used, 

respectively. RT-qPCR was performed on a MicroAmp Optical 384-Well Reaction Plate (Applied 

Biosystems), using a real-time PCR ViiA 7. Two technical repeats were performed. The reaction 

mix was composed of 5uL of NZYSpeedy qPCR Green Master Mix, 0.8 μl of forward primer (10 

µM), 0.8 uL of reverse primer (10 µM), diluted cDNA and water to make the final volume of 10 

μl. cDNA concentration in the mix was 800 ng mL-1. The running consisted of 1 cycle at 95°C 

for 2 min and 40 cycles at 95 °C for 5s, followed by 15s at 65 °C. The values were exported to 

Excel and the quantification of the relative gene expression was done through the ΔΔCt method 

(Livak and Schmittgen 2001). RNase P was used as a reference gene. It was considered that a fold 

expression higher than 1 represented an upregulation of the considered gene. 

 

Proliferation Assay 

MDA-231 cells were seeded at a density of 0.5 x 10^5 cells/mL in round bottom 24-well plates 

in 500uL DMEM + FBS 10%. After 24h of incubation, the medium was replaced by DMEM only 

and the conditions were added (LDL, IFNγ and LDL+IFNγ). The number of viable and not viable 

cells were counted with hemocytometer at 0h, 24h, 48h and 72h using the trypan blue exclusion 

assay. 

 

Wound Healing Assay 

MDA-231 cells were seeded at a density of 2 x 10^5 cells/mL in round bottoms in 500uL DMEM 

+ FBS 10%. After 24h of incubation, the medium was replaced by DMEM only for 24h. Two 

hundred microliters tips were used to make a scratch in the centre of the well and after washing 

with PBS, the medium was replaced by DMEM supplemented with Mitomycin C (Merck) at a 

final concentration of 0.5uM to block cell proliferation and with the conditions (LDL, IFNγ and 

LDL+IFNγ). Cells were observed under 4x objective on Zeiss Primovert microscope coupled with 

the Zeiss AxioCam. The pictures were taken at 0h, 12h, 24h and 36h. 
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Results 

LDLR regulation by cholesterol in BC cells 

 In order to study the sterol-dependent regulation of LDLR expression in breast cancer cells, 

MDA-MB-231 cells and MCF7 cells were exposed to either Mehyl-Beta-Cyclodextrin + 

cholesterol complexes or to LDL. As both treatments were able to increase intracellular 

cholesterol levels when compared to control (Figure 1) we then adressed the expression levels  of 

LDLR upon LDL treatment by western blotting. 

 

 

 

 

 

 

 

Figure 1– Intracellular cholesterol modulation by exogenous cholesterol in breast cancer cells.   Cholesterol 

quantification in MDA-231 cells (left, n=3) and MCF-7 cells (right, n=2) upon treatment with Methyl Beta 

Cyclodextrin:cholesterol (MBCD+cholesterol) complexes and LDL. Each bar represents the mean ± SD of 

cholesterol/protein values.  

 

 As such, cells were exposed to LDL overtime and a western blot for the LDLR was performed, 

as well as cholesterol quantification at each time point (Figure 2A, 2B). The immunoblots 

revealed a band with a molecular weight (MW) of a bit over 150 kD when incubated with the 

anti-LDLR antibody (Figure 2C). Overall,  the results obtained suggest that, in MDA-231, LDLR 

is downregulated by LDL. These results suggest that a normal negative feedback loop is taking 

place in this cell line upon exposure to LDL.  When treated with LDL, cells start to internalize 

cholesterol and consuming it. As time passes, the increase in cholesterol in the cells will induce, 

through the SREBP, the inhibition of the LDLR gene expression, decreasing the amount of LDL 

receptors in the membrane, which in turn decreases the internalization of cholesterol.  
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Figure 2 – A) Cholesterol quantification in breast cancer cells MDA-231 treated with or without LDL for 1 hour, 6 

hours, 12 hours and 24 hours. B) Relative cholesterol values (which are calculated by the ratio between LDL and 

control) in comparison with the control 0 hours. C) Immunoblot bands and their respective LDLR band quantification 

for MDA-231 cell line, treated with LDL and lysed at 1 hour, 6 hours, 12 hours and 24 hours. D) Relative LDLR 

expression values (which are calculated by the ratio between LDL and control) in comparison with the control 0 hours. 

The upper band in the immunoblot corresponds to LDLR while the lower band corresponds to β-actin. The values 

determined in the band intensity quantification correspond to the ratio between the intensities of the LDLR band and 

the β-actin band. n=1. 
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LDLR regulation by cytokines 

After having confirmed that we are able to detect variations of the LDLR expression upon stimuli 

in both the MDA-231 and the MCF7 cell lines we then tested our main hypothesis. That TME 

cytokines  modulate the expression of the LDLR. For that we tested a small panel of cytokines: 

IFNγ, IL1β, TNFα, TGFβ and IL10 and western blot to analyse the LDLR expression. At this step 

we also included a third breast cancer cell line, the mouse 4T1 cell line (Figure 3C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Immunoblot bands and their respective relative LDLR band quantification for both MDA-231 (A), MCF-7 

(B) and 4T1 (C) cell lines, treated with various cytokines. The upper band in the immunoblot corresponds to LDLR 

while the lower band corresponds to β-actin. The values determined in the band intensity quantification correspond to 

the relative LDLR band intensity values (which are calculated by the ratio between the intensities of the LDLR band 

and the β-actin band) in comparison with the control band’s relative intensity. n=3, * p value <0.05. 

 

 Before analysing the effect of each cytokine on LDLR expression we tested whether any of these 

cytokines at the concentrations used were either toxic or dramatically affected cell division on 

these cell lines. For this, we used a sulforhodamine B assay, that allows the measurement of 

protein mass upon different stimuli.  We could not detect any major effect of any of the cytokines 

used in protein mass which suggested that any of these cytokines was killing or dramatically 

inhibiting cell proliferation (Supplementary figure 1). We also checked whether any of these 

cytokines would promote cholesterol synthesis, by measuring intracellular cholesterol levels upon 

24 hours treatment with the cytokine panel in the absence of serum and we did not observe any 

increase in cholesterol content, suggesting, that none of the cytokines induces cholesterol 
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synthesis (Supplementary figure 2). As for LDLR expression, the result of three independent 

experiments using the three different cell lines showed a statistically significant upregulation of 

LDLR in MDA-231, MCF-7 and 4T1 cells treated with IFNγ. IL10 treatment also led to increased 

expression of LDLR in cell lines in the MDA-231 and MCF-7. TGFβ and TNFα, in turn, presented 

highly variable values both between lines and within the cell line itself.   

 

IFNγ induces cholesterol uptake by BC cells 

 Having identified IFNγ as an inducer of LDLR expression we then tested whether this would 

have functional consequences. For this we chose the MDA-231 cell line, as the majority of data 

from our lab on the effect of LDL on breast cancer aggressive behaviour was obtained using this 

cell line.  The first consequence of IFNγ-induced LDLR expression we tested was whether IFNγ 

leads to increased LDL uptake. For that, we used different concentrations of IFNγ and exposed 

cells to IFNγ for 22 hours. After this, we added LDL for two hours and finally collected cells for 

cholesterol quantification. (Figure 4). 

 

 

Figure 4 – Amplex Red 

Cholesterol Quantification Assay 

for MDA-231. A) Cells were 

treated with LDL only (positive 

control) and with LDL paired with 

IFN-γ in different concentrations 

(1, 5 and 10 ng/mL). In the 

negative control (C) neither IFN-γ 

or LDL was added.  n=1. B) Cells 

were treated with LDL only, IFN-

γ only (5ng/mL),  LDL paired with 

IFN-γ, LDL paired with αLDLR 

and LDL paired with IFN-γ and 

αLDLR. n=5. IFN-γ was added for 

24h, αLDLR for 2h:30min and 

LDL for 2h. 

 

 

 

 

An increase in the total cholesterol was observed in every condition when compared to the control. 

Also, for every condition treated with LDL and IFNγ, independently of the cytokine concentration 

used, there was an increase of the total cholesterol when compared to the condition with LDL 

only (Figure 4A). The IFNγ concentration that presented the highest cholesterol content was 5 

ng/mL, which was the concentration used from now on. Next, we wanted to see if the higher 

cholesterol uptake was, in fact, due to the increase of LDLR expression through IFNγ. For this, 

we use an LDLR blocker, αLDLR (Figure 4B). We can observe that the blocker is working, as it 

reversed the effect when added with LDL. Cells treated only with IFNγ are shown again to not 

affect intracellular cholesterol levels. Overall the results suggest that the increased expression of 

LDLR through IFNγ leads to increased LDL internalization and cholesterol accumulation on cells. 
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Knowing this we then tested whether this increased LDL uptake would lead to a more aggressive 

behaviour by tumour cells. For that we performed proliferation and migration assays. As for 

proliferation MDA-231 cells numbers were measured after 24 hours and 48 hours. As shown in 

Figure 5, cells were seeded (0.5 x 10^5 cells/well) under 4 different conditions (C, LDL, IFNγ 

and IFNγ + LDL) and cell counts were performed 24 and 48 hours after seeding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 – Proliferation Assay for MDA-231. Cells 

were treated with LDL only, with IFNγ only and with 

LDL paired with IFN-γ. In the negative control neither 

IFN-γ or LDL was added. Cells were count at 0h, 24h  

and 48h) with an hemocytometer and with trypan blue 

to exclude the dead cells. Graphics show cell counts  

over time (A), at 24 hours (B) and at 48 hours (C). n=3, 

* p < 0.05. 

 

 

 

As expected, LDL increased cell proliferation in breast cancer cells, while IFNγ decreased 

proliferation compared to control. However, it was observed that the highest increase in cell 

proliferation, after 48h, was in cells treated with IFNγ + LDL, however, it’s not statistically 

significant. This result may indicate that the increased uptake of LDL-cholesterol, due to the 

action of IFNγ on the LDLR, is also increasing the rate of proliferation of breast cancer cells. 
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In the migration assay, we used the wound healing assay, which examines cell migration in 

response to the mechanical scratch. Images of scratch areas from the time point 0h and 24h are 

illustrated in Figure 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 – Wound healing Assay for MDA-231. A) Cells 

untreated (negative control). B) Cells treated with LDL only. 

C) Cells treated with IFNγ only. D) Cells treated with LDL 

paired with IFN-γ. The pictures were taken at 0h and 24h. E) 

Quantification of wound closure. The values were calculated 

by measurement of wound area and then divide the values of 

0h by the values of 24h. The results are normalized to control.  

n=3 

 

 

Even without showing statistically significant results, our data suggest that treatment with LDL 

(Figure 6B) and IFNγ (Figure 6C) caused an induction of cell migration relative to the control 

(Figure 6A). In the condition where LDL + IFNγ was added (Figure 6D) there was a tendency for 

an even further increased closing of the wound. The rate of wound closure was quantified and is 

represented in a histogram in Figure 6E. These results suggest that, in addition to the effect of 

LDL in promoting the migratory behavior of breast cancer cells as expected, the effect of IFNγ 

together with LDL further enhances this behavior. However, even though it is not possible to say 

whether this is due to the fact that IFNγ leads to more uptake of LDL through the LDLR, because 

IFNγ alone induces more cell migration. In sum, there seems to be a trend towards increased 

migration, but the experiment would have to be optimized and the “n” increased, since LDL, 

which should give an increase in migration (positive control), does not give a statistically 

significant increase.  
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Having identified IFNγ as a regulator of LDLR expression we then explored the molecular 

mechanisms by which this occurs. As a first question, we addressed whether this is happening 

due to an effect at the level of gene expression or the level of post-transcriptionally level. To know 

if IFNγ was acting at the level of the LDLR gene, a real-time RT-PCR analysis was performed on 

MDA-231 cells (Figure 7A). For this, 2 genes were selected to study, LDLR and PCSK9. Cells 

were treated with IFNγ or LDL  for 24h. 

 

 

 

 

 

 

 

 

 

 

Figure 7 – A) LDLR and PCSK9 gene expression in MDA-231 cells treated with IFNγ or LDL when compared to 

control, for 24 hours. The values represented in the graph were obtained by RT-qPCR. Values were normalized to the 

Ct values of a reference gene, RNAseP. An increase in expression compared to the control is only considered when the 

value is higher than 1, represented by a dashed line. n=1. B) Immunoblot bands and their respective relative PCSK9 

band quantification for MDA-231 cell line, treated with IFNγ. The upper band in the immunoblot corresponds to 

PCSK9 while the lower band corresponds to β-actin. The values determined in the band intensity quantification 

correspond to the relative PCSK9 band intensity values (which are calculated by the ratio between the intensities of the 

PCSK9 band and the β-actin band) in comparison with the control band’s relative intensity. n=3.  

 

From the results, we can verify that the cells treated with LDL had a considerable decrease in 

LDLR and PCSK9 expression, as expected and as such serves as a positive control of the 

experiment. As for the treatment with IFNγ, we can observe that after 24h there is an increase in 

the expression of LDLR. As for PCSK9, the data suggest that IFNγ treatment also induces its 

expression.  In summary, this data suggest that IFNγ is inducing LDLR expression at the level of 

transcription, however, care needs to be taken to draw major conclusions, as the experiment 

should be repeated.  

At the same time, we also analyzed the expression of PCSK9 upon IFNγ treatment at the protein 

level by western blot (Figure 7B). It was previously verified that in these breast cancer cells, 

PCSK9 would also be involved in the degradation of LDLR. For this, a PCSK9 blocker, α-

PCSK9, was used and LDLR protein levels were then measured. We observed that with the 

blocking of PCSK9 there was a substantial increase in LDLR as expected (Supplementary figure 

3). The immunoblots revealed a band with a molecular weight of a bit over 55 kD when incubated 

with the anti-PCSK9 antibody. The results showed a tendency for a decrease of  PCSK9 upon 

IFNγ treatment, however, a big variation in the expression of PCSK9 throughout the repetitions 
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was observed and no statistically significant differences could be detected between experimental 

conditions. Taken together, our data suggest that  IFNγ regulate LDLR expression at the level of 

transcription and not through downregulation of PCSK9, however, repetition of these experiments 

are required.  

 

 

 

 

Figure 8 – Immunoblot 

bands of LDLR, pSTAT1, 

STAT1, pAKT, AKT, pS6 

and S6 for MDA-231 cell 

line, treated with IFNγ, LY, 

Ruxolitinib, Rapamycin 

and LDL for 24h. β-Actin 

were used as loading 

control. n=1. 

 

 

 

 

 

Finally, we analyzed which downstream signalling pathways were being activated upon IFNγ 

treatment and were related to IFNγ-induced increased LDLR expression. IFNγ is known to act 

mainly via the JAK/STAT1 signalling pathway, however less canonical signalling pathways 

downstream of IFNγ have been described. These include the activation of PI3K, AKT and mTOR.   

In order to identify which of such pathways was acting downstream of IFNγ in our system, a 

Western Blot assay was carried out using specific antibodies for phosphorylated STAT1, AKT 

and S6. Additionally, we also used different inhibitors for each of the pathways. Ruxolitinib an 

inhibitor of the JAK2, LY294002 an inhibitor of PI3K and Rapamycin an inhibitor of mTOR 

activity, to see if inhibiting any of these pathways would revert the IFNγ-induced LDLR 

expression (figure 8). With the results obtained, we can see that IFNγ is signalling through the 

JAK/STAT1 pathway as the cells treated with IFNγ had much more phosphorylated STAT1 than 

the control cells, and when this pathway was inhibited with Ruxolitinib, there was a reversion of 

the effect. As for the other pathways, our results do not demonstrate that IFNγ is inducing their 

activation, however, the use of the inhibitors suggest that all are associated with the regulation of 

LDLR expression as even without IFNγ stimuli, they lead to decreased LDLR expression.  
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LDLR expression in vivo 

As our last experiment, we characterized the LDLR expression in vivo in breast cancer tumour 

xenografts of the 4T1 cell line in immunocompetent mice with and without a high cholesterol 

diet. 

 

 

 

 
 

 

Figure 9 – 4T1 Tumour slides under fluorescence 

microscopy. The blue channel corresponds to the 

nucleus and the red channel corresponds to the 

LDLR. A) Tumour from a mouse fed with normal 

diet (10). B) Tumour from a mouse fed with high 

cholesterol diet (10). C) Tumour from a mouse fed 

with normal diet (40). 

 

 

 

  

The first goal of this experiment was to address the distribution of LDLR across the tumour 

(Figure 9). We were able to observe that LDLR is heterogeneously distributed across the tumours. 

In the future, it will be interesting to see whether areas of high tumour cell LDLR expression 

correlate with areas of increased immune infiltrate and IFNγ production.  Also, as expected based 

on our in vitro data, cells can sense a high LDL environment and respond to it through a negative 

feedback loop that leads to decreased LDLR expression. This also strengths the specificity of the 

antibody and of the signal we detect.  
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Discussion and Conclusions 

It is becoming increasingly evident that the deregulation of cholesterol metabolism in 

cancer cells, in particular cholesterol uptake, have consequences for tumour progression 

[7-11]. How cholesterol uptake is regulated in breast cancer cells, is, however, largely 

understudied. The LDLR is the main receptor for LDL and, as mentioned LDLR 

expression is regulated, in non-malignant cells, by cholesterol levels in a negative 

feedback loop system [16]. Studies performed in other cell types, such as leukemias, 

prostate and Daudi Burkitt's lymphoma cells, have shown the existence of a defective 

negative feedback loop in response to external LDL [94-96]. Here we analysed whether 

this also happens in breast cancer, using two different cell lines. The results obtained 

show that the exposure to LDL leads to the downregulation of LDLR, from which we 

conclude that LDLR expression in these cells is regulated through the same sterol-

dependent pathway as described in normal cells. This pathway, as already cited, depends 

on the activation of SREBP by low cholesterol levels, which will then be transported to 

the nucleus where it induces LDLR transcription [14]. 

 As stated in the introduction, it is known that immune cells present at the TME play an 

important role in modulating cancer progression [5], however, the way it affects tumour 

cell cholesterol metabolism is unknown. The data presented in this work suggests that 

IFNγ promotes LDLR expression in breast cancer cells at the transcriptional level through 

JAK/STAT1 signal transduction. Regarding IFNγ, little is known about its influence on 

LDLR expression. It is known that this cytokine preferentially acts as a defense against 

the tumor, however, new studies have emerged that show a double face of IFNγ, which 

may at some point promote tumour progression [72]. It is known, that IFNγ can induce 

lipid deposition in mouse mesangial cells, partially through the upregulation of SREBP-

1 expression [97,98]. SREBP-1, in addition to SREBP-2, was also reported as an inducer 

of increased LDLR expression [99]. It has also been shown that IFNγ inhibits the 

expression of sortilin-1 in hepatocytes via JAK/STAT [100]. This protein, in turn, is 

responsible for the secretion of PCSK9 in hepatocytes, which leads to LDLR degradation 

[101]. Here by western blot, we see a tendency for decreased PCSK9 expression upon 

treatment with IFNγ treatment, however at the gene level a tendency to increased 

expression was observed. Even though we used Brefeldin A to block secretion before 

doing the western blot for PCSK9, considering that PCSK9 is a secreted protein, it would 

be relevant in the future to analyse the levels of secreted PCSK9 by ELISA. Another way 

of regulating LDLR through which IFNγ could act could be through the IDOL protein 

which, like PCSK9, induces LDLR degradation [102]. IFNγ may inhibit IDOL expression 

which in turn can increase LDLR expression. Regarding the other cytokines TGF-β, IL-

1β and TNFα, these cytokines were expected to increase the expression of LDLR based 

on other studies published in other types of cells [29-31]. Although there was a tendency 

for both TNFα and IL-1β induce LDLR expression, this showed a strong variability 

among different experiments and did not result in statistically significant changes as 

compared to the control situation. As we discovered that IFNγ increased LDLR 

expression we went to see if this would have functional implications in cells. First, we 
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found that the IFNγ-mediated upregulation of LDLR led to increased cholesterol uptake. 

This result is in line with studies carried out in hepatocytes, where it was seen that an 

overexpression of the ldlr gene in the liver induced the storage of cholesterol and 

intracellular lipids [103], and also with studies carried out in breast cancer cells where 

overexpression of LDLR facilitated uptake of LDL-cholesterol [32]. After confirming 

that the IFN-gamma-mediated increase in LDLR leads to increased cholesterol uptake we 

then questioned whether this would affect tumour cell behaviour such as proliferation rate 

and migratory capacity. Concerning proliferation what we were able to observe was that 

first of all, IFNγ seems to induce a cell growth arrest on this cancer cell type [104].  Cell 

growth arrest is reported to happen as a response to stress or DNA damage. This arrest 

happens so that the DNA repair machine can have time to repair the damaged DNA to 

avoid apoptosis. However, if the damage is too intense, the cell switches to apoptosis 

[105]. There are several molecular mechanisms that regulate the cell cycle, and it was 

found that IFNγ acts on several of these mechanisms, one of which is through cyclin-

dependent kinases (CDKs), which are protein kinases that, when fully activated, can 

phosphorylate and activate other proteins that allows the cell cycle advance beyond a 

checkpoint. More specifically, IFNγ inhibits the function of CDK4 and CDK2, thus 

preventing cell cycle progression [106]. However, when cells were treated with both LDL 

and IFNγ proliferated faster than cells treated with IFNγ alone or even than control cells, 

suggesting that exposure to LDL overcomes the cell cycle arrest induced by IFNγ. 

Whether this is linked to LDLR expression still needs investigation. Nevertheless, this is 

particularly interesting and may suggest that increased LDLR-mediated LDL uptake may 

be a mechanism of overcoming cell growth arrests, as it was revealed that LDL-stimulated 

cell proliferation was associated with significant increases in the expression of proteins 

that regulate cell cycle progression, such as CDK2 and CDK4, among others [107]. To 

note that this was observed using oxidized LDL, which is internalized preferentially via CD36 

and less via the LDLR. Concerning migration, we were able to see a tendency for IFNγ on 

its own to induce breast cancer cell migration, even in the absence of LDL in the growth 

media. It was found that in triple-negative breast cancer, overexpression of Stat1 is 

associated with increased lymph node invasion and metastasis, where IFNγ also 

significantly increased the capacity of MDA-231 cells to invade and migrate towards the 

serum through this JAK/STAT1 pathway [108]. LDL, after 24 hours, also increased the 

migration rate of breast cancer cells, as would be expected [7, 8]. When added together, 

LDL plus IFNγ, it could be observed that there was, in tendency, an even bigger increase 

in the migratory capacity of these cells, perhaps due to two positive forces that together 

drive this behaviour even further in the cells, but also perhaps due to the increased 

expression of LDLR caused by IFNγ, that internalizes more LDL. These results did not, 

however give statistically significant differences, even when comparing control with LDL 

treated cells. As such, more replicates need to be performed and and the assay further 

optimized to draw major conclusions. Also, more experiments such as to block the LDLR 

in order to observe a reversion of effect need to be performed. The same being true for 

the proliferation study. 
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 This work aimed to look at the regulation of LDLR expression and cholesterol uptake by 

LDLR. But there are other receptors that promote the internalization of LDL and it would 

be interesting in the future to look at their regulation as well [109]. In particular CD36, 

which appears to play an important role in tumour progression [110,111].  

In summary, cytokines present in TME are known to play an important role in modulating 

tumour progression. Within these cytokines we have IFNγ, which is mostly portrayed as 

an anti-tumour cytokine, involved in protection against cancer. However, several studies 

have shown the other face of IFNγ, that is, a more pro-tumour behaviour. Here we show 

that the induction of LDL uptake on tumour cells downstream of IFNγ could be a 

mechanism of escape from IFNγ cell cycle arrest, which would occur in areas with 

available LDL. Taken together, we believe our data will contribute to further characterize 

how cholesterol metabolism is regulated in breast cancer tumours and also increase our 

knowledge on the action of immunomodulatory cytokines of the TME. This may have 

consequences to the discovery and adaptation of new and existing anti-cancer therapies. 
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Supplementary data 

 

 

Supplementary figure 1- Sulforhodamine 

B assay for MDA-231. Cells were treated 

with different cytokines for 24h. The 

reletive number of cell mass were 

determined by fluorescence intensity. n=1.  

 

 

 

 

 

 

 

 

Supplementary figure 2– Amplex red assay. (Left) Cholesterol quantification in breast cancer cells (MDA-231 cell 

line). (Right) Cholesterol quantification in breast cancer cells (MCF-7 cell line). Both cell lines were treated with LDL 

or diferent cytokines for 24h. n=1 

 

 

 

 

 

 

 

 

Supplementary figure 3– Immunoblot bands and their respective relative LDLR band quantification for MDA-231 

cell line, treated with IFNγ or αPCSK9 for 24h. The upper band in the immunoblot corresponds to LDLR while the 

lower band corresponds to β-actin. The values determined in the band intensity quantification correspond to the relative 

LDLR band intensity values (which are calculated by the ratio between the intensities of the LDLR band and the β-

actin band) in comparison with the control band’s relative intensity. n=1 
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Supplementary figure 4- 4T1 Tumour slides under fluorescence 

microscopy (40). The blue channel corresponds to the nucleus, the 

red channel corresponds to the LDLR and the green channel 

corresponds to the respective imune cells or endothelial cells. A) 

Tumour from a mouse fed with normal diet expressing LDLR (red) 

and CD31 (green). B) Tumour from a mouse fed with high 

cholesterol diet expressing LDLR (red) and CD31 (green). C) 

Tumour from a mouse fed with normal diet, expressing LDLR (red) 

and CD11b (green). D) Tumour from a mouse fed with high 

cholesterol diet, expressing LDLR (red) and CD11b (green). E) 

Tumour from a mouse fed with normal diet, expressing LDLR (red) 

and NKp44+ (green). F) Tumour from a mouse fed with high 

cholesterol diet, expressing LDLR (red) and NKp44+ (green). 
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