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Cholesterol remains a vital molecule required for life; however, increasing evidence exists implicating cholesterol in cancer development and progression. Numerous studies investigating the relationship between cholesterol and cancer in 2-dimensional (2D) culture settings exist, however these models display inherent limitations highlighting the incipient need to develop better models to study disease pathogenesis. Due to the multifaceted role cholesterol plays in the cell, researchers have begun utilizing 3-dimensional (3D) culture systems, namely, spheroids and organoids to recapitulate cellular architecture and function. This review aims to describe current studies exploring the relationship between cancer and cholesterol in a variety of cancer types using 3D culture systems. We briefly discuss cholesterol dyshomeostasis in cancer and introduce 3D in-vitro culture systems. Following this, we discuss studies performed in cancerous spheroid and organoid models that focused on cholesterol, highlighting the dynamic role cholesterol plays in various cancer types. Finally, we attempt to provide potential gaps in research that should be explored in this rapidly evolving field of study.
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1 Introduction

Despite significant efforts and progress made by researchers globally, cancer is still one of the leading causes of mortality worldwide (1). The 2020 Global Cancer Observatory (GLOBOCAN) cancer statistics documented 19.3 million new cancer cases and approximately 10 million cancer-related deaths (2). The global cancer incidence is expected to increase by 47% from 2020 to 2040, with majority of cancer cases being observed in transitioning countries due to demographic changes and socioeconomic development (1, 2).

Cancer is described as a heterogeneous disease as cancerous cells can acquire a broad range of capabilities during the multistep development into a tumor. These acquired capabilities are collated into 14 biological hallmarks, namely, sustained proliferative signaling, promoting inflammation, evading growth suppressors, angiogenesis induction, enabling replicative immortality, deregulated cellular energetics, activating invasion and metastasis (3). The additional hallmarks include avoiding destruction by the immune system, evasion of cell death, senescent cells, polymorphic microbiomes, non-mutational epigenetic reprogramming, unlocking phenotypic plasticity and lastly the ability to cause or allow genetic mutations that will contribute to genomic instability (4). Reprogramming of cholesterol metabolism is crucial to facilitating these hallmarks leading to increased cell proliferation, migration and invasion as well as drug resistance (5). Drug resistance is largely associated with the heterogeneity of cancer and its advanced capabilities to reprogram various signaling pathways in a highly efficient manner (6). The factors that mediate such resistance include suppression of apoptosis, altered drug metabolism, alteration of epigenetic and drug targets, enhanced DNA replication and repair systems and differences observed in individuals genetic makeup (Figure 1) (7). These factors work synergistically resulting in decreased efficacy of conventional therapeutics, which ultimately manifests in disease relapse.




Figure 1 | Cholesterol as a Contributing Factor to Drug Resistance. Molecular mechanisms of drug resistance in cancer include tumors having enhanced drug efflux capabilities, drug target mutations, hyperactivation of survival pathways, increased metabolism of xenobiotics leading to drug detoxification and concomitant inactivation can cause drug resistance in cancer. Additionally inherited genetic instability, epithelial-mesenchymal transition (EMT), inactivation of apoptotic pathways and mutagenicity of tumor cells. Cholesterol is also a contributing factor due to altered cholesterol metabolism that can cause increased lipid mediators that retain proliferative signaling, increased tumor growth, enhanced risk of metastasis and increased cancer aggressiveness.



Interestingly, as cancer develops, the cancerous cells particularly need to adapt their metabolic requirements to facilitate sustained growth. By altering various metabolic pathways, cancerous cells are able to successfully enable tumor initiation, promotion and progression, however, this is dependent on nutrient availability and tumor site (8). It has been established that lipid metabolism is often dramatically altered in cells undergoing neoplastic transformation as this allows for increased de novo lipogenesis, fatty acid uptake and oxidation, resulting in increased energy production and lipid accumulation (9). By altering lipid metabolism, cancerous cells can provide sufficient phospholipids for cellular membranes and lipid mediators that sustain proliferation and various signaling pathways respectively. A particular molecule of interest is cholesterol due to its various roles in the membrane and signal transduction pathways. As cancerous cells are highly proliferative, it can be suggested that an abundance of cholesterol can be used to fulfil the increased demand of substrates required for membrane biosynthesis and growth (10). Various enzymes and genes required for de novo cholesterol biosynthesis are upregulated in several cancer types indicating a link between cancer growth and development (9). Cancerous cells are also able to increase cholesterol storage and uptake ultimately compromising cholesterol homeostasis, specifically during cancer development and progression (10, 11).

Molecular mechanisms pertaining to cancer and metabolic processes such as cholesterol metabolism have largely been elucidated through 2D culture systems. However, these models provide an over simplified understanding of the complex pathways that occur within the body (12, 13). Furthermore, these model systems are cultured on hard plastics and cannot recapitulate chemical and mechanical cues that allow for cell-cell and cell-extracellular matrix (ECM) interactions (13). Often these models do not capture all the existing tumor subtypes due to high proliferation rates, variation in chromosome arrangements and alterations in gene expression upon high passage rates (14). As a result, drugs that are discovered are often those that target anti-proliferation instead of broad-spectrum anticancer compounds (14). Therefore, lately the focus has shifted to 3D culture systems such as spheroids and organoids. Spheroids are more complex than standard 2D cell culture as they are able to mimic tumor features and present with gene expression patterns closer to original tumors (15). Spheroids are derived from cells and form by spontaneous aggregation, which is then followed by the binding of cell surface integrins to the ECM (16). In contrast, organoids are 3D, self-organizing, organotypic cultures that are derived from stem cells or adult stem cells (17, 18). Organoids are also able to mimic biochemical and physical cues of tissue development and homeostasis of the corresponding in vivo organ from which they were derived and provide a more holistic representation of the cell-type heterogeneity in various organs (17, 18).

This review aims to summarize cholesterol metabolism and its role in cancer development and the result of dysregulated cholesterol metabolism with a particular focus on the use of spheroid and organoid cultures as models.




2 Cholesterol metabolism and dyshomeostasis in cancer

Cholesterol is an important molecule in the human body and is biosynthesized by all mammalian cells (19, 20). This molecule is predominantly localized in cell membranes and is involved in the fluidity, rigidity and permeability of cell membranes as well as maintaining cellular homeostasis (19–21). Cholesterol is also able to bind to various transmembrane proteins, resulting in maintenance or alterations to their conformations, and it is able to interact with various sterol transport proteins that are capable of cholesterol transport and distribution (20, 22). Therefore, cholesterol is capable of modulating cell surface protein homeodynamics. Beyond the aforementioned roles, cholesterol is often associated with glycosylphosphatidylinositol (GPI) anchored proteins and sphingolipids, which form dynamic, microdomains termed lipid rafts that are crucial for cellular signaling (20, 22). A simplified representation of cholesterol synthesis and storage is illustrated in Figure 2. For a more comprehensive overview of cholesterol synthesis and homeostasis, the reader is referred to our previous publication (11).




Figure 2 | Deregulated Cholesterol Homeostasis in Cancer. (A) In healthy cells, normal cholesterol synthesis is required for various metabolic requirements. Cholesterol synthesis is initiated as citrate is converted to acetyl-coenzyme A and this is converted to lanosterol in a series of reactions that occur in the endoplasmic reticulum. Sterol regulatory element binding proteins (SREBPs) are a group of transcription factors that are responsible for regulating lipogenesis and lipid uptake. When cholesterol levels within the cells are low, cholesterol biosynthesis will be induced by SREBP2 and the lipid isoform (nSREBP2) will bind to the sterol response elements to trigger the expression of lipogenesis target genes, which include HMGCR, LDLR and PCSK-9. HMGCR catalyzes the rate-limiting step in cholesterol biosynthesis and LDLR imports cholesterol from the cellular environments, of which both will result in increased sterol levels within the cell. SREBP cleavage-activating protein (SCAP) is responsible for controlling intracellular biosynthesis of cholesterol, fatty acids and triglycerides whereas PCSK-9 is responsible for regulating LDLR by lysosomal degradation or inhibition of endocytic recycling of LDLR. To prevent excess accumulation of cholesterol within cells, acyl-CoA:cholesterol acyltransferase (ACAT) will convert excess free cholesterol into cholesterol esters (CEs). CEs will be shuttled by cholesteryl ester transfer protein (CETP) to lipid droplets that may be stored. Additionally, ATP-binding cassette subfamily C member 1 will transport cholesterol to HDL where cholesterol may be eliminated instead of being stored and scavenger receptor, class B type 1 (SRB1) will mediate the selective uptake of HDL-derived CEs into cells as required. (B) In cancerous cells, abnormal cholesterol synthesis is necessary to maintain their metabolic requirements. Cancerous cells can upregulate cholesterol synthesis to allow for rapid cell division and growth. HMGCR and LDLR are upregulated to ensure sufficient cholesterol biosynthesis and uptake, respectively, while ACAT and CETP will also be upregulated to ensure the excess cholesterol is safely stored. Lipid rafts have also been shown to be upregulated in cancerous cells to potentially allow for drug resistance, metastasis, and development due to the role that lipid rafts play in signaling.



Interestingly, cholesterol dyshomeostasis has become a key requirement for cancer initiation and progression whereby the synthesis and regulation of cholesterol is altered to meet the required metabolic demands of actively dividing cancerous cells (Figure 2) (23). Numerous studies are emerging, illustrating the roles of cholesterol dyshomeostasis in a variety of cancer types (24–27). One of the most widely studied regulators of cholesterol metabolism is sterol response element-binding proteins (SREBPs), which regulate the expression of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) (28, 29). SREBPs are able to promote HMGCR and low-density lipoprotein receptor (LDLR) transcription (29, 30). This facilitates increased cholesterol synthesis as well as increasing the intake of low-density lipoprotein (LDL), resulting in increased cholesterol within cells to facilitate increased cell proliferation and metabolism as required for tumor growth (29, 30). Furthermore, proprotein-convertase-subtilisin-kexin type-9 (PCSK9), which is responsible for regulating the LDLR, induces lysosomal degradation of LDLR resulting in increased LDL levels in the plasma membrane (31, 32). These increased levels of plasma LDL may result in hypercholesterolemia which could facilitate tumor cell growth (33).

Importantly, cells have developed various mechanisms to eliminate excess cholesterol as extremely high levels of free cholesterol in the cell membrane can change the physiochemical properties of the membrane, thereby affecting its function (34, 35). A relatively quick means of lowering the free cholesterol pool is through cholesterol esterification resulting in the formation of cholesteryl esters (CEs) (36). Cancer cells preferentially form CEs for storage and reuse in the form of lipid droplets, hence, it is hypothesized that this is a method in which cancerous cells are able to maintain and meet their required metabolic demands (35–37). Cholesterol esterification is facilitated by acyl-CoA:cholesterol acyltransferase (ACAT) and the cholesteryl ester transfer protein (CETP) is important for stabilizing CEs as well as promoting the storage of CEs as lipid droplets, which is less toxic to cells (38). Extracellularly, CETP mediates shuttling of CEs as well as triglycerides between high-density lipoprotein (HDL) and LDL. Alterations in the expression of ACAT and CETP have been documented in CE-rich breast cancer tumors (39). Furthermore, increased CE levels have been documented in pancreatic, breast and prostate cancer as well as glioma and leukemia (39). Additionally, CEs also potentiate phosphoinositide 3-kinase (PI3K)-dependent SREBP activity, which fuels the aggressiveness of cancer (36). These deregulations in cholesterol homeostasis facilitate the accumulation of cholesterol that result in poor patient prognosis and survival (21).

The dysregulation of cholesterol metabolism has significant implications on drug resistance. Cancerous cells are able to use cholesterol as well as oxygenated derivatives of cholesterol to facilitate drug resistance. This may be through signaling pathways that contribute to drug resistance or through directly affecting multi-drug transporters expression and activity (23). Additionally, cholesterol also forms part of various signal transduction pathways, particularly those involved in cell proliferation and survival, through lipid rafts which may facilitate cancer drug resistance, metastasis and cancer development (40, 41). This can be justified by the abundance of lipid rafts in cancer cells when compared to their healthy counterparts as well as the abundance of other proteins associated with malignant tumors (40, 41). There have been numerous studies that have illustrated that lipid rafts mediate cancer drug resistance (11, 41–45). These studies particularly identified signaling molecules associated with alterations in cholesterol, via depletion or synthesis, affecting migration, invasion, proliferation and apoptosis of cancerous cells (11, 41–45). For a detailed review on the association between cholesterol and drug resistance in cancer, the reader is directed to our previous publication (23). For a more extensive review on lipids and cholesterol with particular focus on cancer and therapeutic intervention, the reader is directed to the review by Kopecka and colleagues (46) and by Zalba and ten Hagen (47).

Various models have been employed to study the above-mentioned processes and have led to a greater understanding of cholesterol and its functionalities and pitfalls with majority of these studies being conducted on 2D in vitro cell lines. With the emergence of more robust 3D in vitro models, this potentiates further investigation into the dynamic role cholesterol has in a 3D setting.




3 3D models to study cancer

Spheroids are classified as spherical cancer cell aggregates that are self-assembled and can grow on low-attachment culture plates or in suspension culture (48). Growth of cancer cells as spheroids allows for them to be in close proximity to one another, forming a “mass”, allowing for the accumulation of cell-generated collagen that spheroids may use to anchor themselves (49). This allows spheroids to be integrated in a broad range of platforms, such as microfluidics and embedding in scaffolds to study a spectrum of diseases (15). Spheroid models are more complex than standard 2D cell culture due to their advanced capabilities that allow them to mimic tumor features, such as cell-cell and cell-ECM interactions, physio-chemical gradients have also been observed and gene expression patterns are much closer to original tumors than 2D cell lines (15). The ECM is also capable of forming cell-binding sites that are capable of controlling cell adhesion and migration (50). There are also differences in physical and physiological properties between 2D and 3D cultures (50, 51). This affects their sensitivity to drugs, with 2D cells being more sensitive in comparison to their 3D counterparts. This is due to 2D cells being unable to maintain normal morphology in comparison to 3D cell culture as well as there is differences in the organization of surface receptors present on the cells (50).

Organoids are well-known as 3D, self-organizing, organotypic cultures that have been derived from pluripotent stem cells or adult stem cells and are able to mimic its corresponding in vivo organ (17, 18). They are grown in culture in a basement membrane matrix and further supplemented with various growth factors to mimic the stem cell niches and provide a representation of the differentiated cell-type heterogeneity in particular organs (17, 18). The brief culture methods for spheroids and organoids are illustrated in Figure 3.




Figure 3 | Spheroid Culture vs. Organoid Culture. (A) Spheroid culture. Spheroids are cultured by obtaining single cells from primary cells or from stable cell lines. The cells are naturally able to form aggregates and can do so in suspension culture. The aggregates will become more defined spheroids as the culture progresses. (B) Organoid culture. Tissue that is biopsied from patients will be digested into cells and the cells of interest can be harvested. These cells are then seeded in a ECM-mimicking substrate (BME), which will result in the formation of domes. The stem cells will be present in the domes and as the culture progresses it will give rise to organoids.



Organoids can also be derived from patients, making them patient specific, and can be obtained from any individual suffering from a variety of carcinomas (52). Organoid applications include, but are not limited to, drug screening, biobanking, to study rare cell lines, modelling disease development, pre-clinical models and to further personalized medicine (12, 18, 53–55). Organoids allow for cells to retain their natural shape and have been shown to resemble the organs from which they have been grown from (56). By using stem cells to recapitulate whole organs in the form of organoids, they aid in studying the mechanisms of drug metabolism, cell differentiation and expression levels that closely resemble the organ (56–58). Importantly, organoids can be used to overcome the challenges of gene and protein expression level variations, as they closely resemble those that would be observed in vivo (58). Furthermore, organoids as a 3D culture system has led to new insights in the field of drug discovery as drug molecules interact with the ECM and a large proportion of drug discovery relies on this interaction (58). Using organoids, that are grown in reconstituted basement membrane matrix, may allow researchers to better understand the metabolism and the effect drug molecules have on particular tissues and organs (58). By using organoids in drug discovery, cells that are present in these organoids retain their physiological properties and maintain a normal morphology. For a summary related to the advantages and limitations of the aforementioned models, the reader is directed to Table 1 below.


Table 1 | Comparisons summary of 2D culture and 3D culture.






4 The utility of 3D models in studying molecular mechanisms of cholesterol in cancer

As mentioned above, the complex role cholesterol plays in cancer development, progression, and drug resistance through its association with various signaling pathways has been documented in published literature. Granted the difference in properties of cells cultured in 2D vs 3D it is not surprising that 3D cultures would display altered metabolic processes and hence present with different physiological outcomes when compared with 2D cultures. Interestingly, emerging experimental evidence implicates cholesterol as a crucial metabolite in supporting the growth and malignancy of cancer cells in 3D. Seeing that 3D models present with a more accurate depiction of human pathophysiology these models are increasingly being employed. The use of spheroid and organoid models is currently employed in many translational applications to delineate the role of cholesterol in cancer. This will be expanded on below.



4.1 Cholesterol contributes to the proliferative and malignant potential of 3D cultures

Reprogramming of cellular energetics is emerging as a crucial hallmark that cancer cells subvert to facilitate disease progression. Upon carcinogenesis, the finely tuned mechanisms of cholesterol regulation are altered based on the energetic requirements of actively dividing cancerous cells. A fine example of this is documented in epithelial ovarian cancer (EOC), where these cancer cells are inherently sensitive to the levels of cholesterol with the existence of an upper threshold (76). When this threshold is surpassed, excessive levels of cholesterol can suppress tumour growth. This is evidenced by reduced spheroid growth and migratory capacity upon depletion of ATP binding cassette subfamily A member 1 (ABCA1) (76). Authors consequently postulate the potential of exploiting this cholesterol dependency for cancers that are susceptible to cholesterol-rich environments.

Interestingly, evidence exists indicating differential regulation of cholesterol metabolism in cells when cultured in 2D vs 3D. To illustrate this a recent study conducted by Byutaite and Petrikaite (77) demonstrated the differential response to statin treatment when breast cancer cells were cultured in 2D vs 3D spheroids. When both MCF-7 and MDA-MB-231 cell lines were cultured as monolayers, treatment with various statin classes had a significant effect as opposed to when these cell lines were cultured in 3D (77). In spheroids, the increased concentrations of lovastatin and simvastatin halted growth of MDA-MB-231 cells and increased concentrations of mevastatin and pitavastatin impeded growth of MCF-7 cells (77). Interestingly, in prostate cancer, gene expression profiles associated with epithelial to mesenchymal transition (EMT) differed following rosuvastatin treatment in 2D vs 3D cultures thereby potentiating greater insights from studying the cellular EMT process in a spheroid culture system as opposed to as an adherent monolayer (78).

Furthermore, the importance of cholesterol in colorectal cancer (CRC) tumorigenesis cannot be understated. Wang and colleagues, (79), demonstrated that cholesterol acts as a mitogen for intestinal stem cells (ISCs). Using mice models and intestinal organoids, authors elucidate that increased cellular cholesterol content in vivo (dietary cholesterol or cholesterol synthesis) stimulates crypt organoid formation by promoting ISC proliferation. Authors further implicated the phospholipid remodeling enzyme lysophosphatidylcholine acyltransferase 3 (Lpcat3) in increased cholesterol membrane saturation and activation of the cholesterol biosynthesis pathway thereby promoting proliferation of ISCs (79). It was further hypothesized that post-transcriptional activation of SREBP2 is likely the causative agent of enhanced expression of cholesterol biosynthesis (79). In another study, Wen and colleagues (80) documented that silencing of SREBPs 1 and 2 led to a significant alteration in metabolism affecting glycolysis, mitochondrial respiration as well as fatty acid oxidation (80). Furthermore, silencing of SREBPs led to a significant reduction in spheroid formation efficiency. This was justified by the reduced expression of cancer stem cell (CSC)-related genes including CD44, CD133, leucine-rich repeat containing G protein-coupled receptor 5 (LGR5), and AXIS inhibition protein 2 (AXIN2) (80). This study hence implicated SREBP-dependent lipid biosynthesis in CRC tumorigenesis. Several studies support this view highlighting increased activity of the mevalonate pathway in CSCs of CRC. In the same light, it has been hypothesized that crosstalk exists between polyamine metabolism and the cholesterol synthesis pathways via SREBP2 which govern the proliferative and malignant potential of cells (81). In DLD-1 spheroids administering spermine (polyamine synthesis inhibitor) APCHA, inhibited 25-hydroxycholesterol (25-HC)-induced apoptosis in a SREBP2 manner. This inhibition resulted in increased transcriptional activity of SREBP2 and reduced apoptosis in DLD-1 spheroids (81).

In addition to biosynthesis, recent studies have implicated the cholesterol transporter ABCA1 in CRC disease aggressiveness. This is evidenced by the increased mitotic population and invasive potential in spheroids overexpressing ABCA1 (82). The malignant potential conferred on spheroids through ABCA1 overexpression is reliant on caveolin-1 stability which functions as a focal adhesion regulator (82). ABCA1 overexpression could facilitate increased levels of plasma membrane cholesterol which would consequently affect membrane composition, fluidity, and flexibility to confer spheroids with invasive potential (83). Furthermore, evidence exists implicating cholesterol efflux pump ATP-binding cassette subfamily G member 1 (ABCG1) in modulating tumor growth of rapidly metastatic colon cancer (84). Using tumor organoids, ABCG1 was shown to be elevated within the stemness-enhancing tumor environment, in contrast to ABCG1 depletion that lowered cellular aggregation and tumor organoid growth (84). Decreased tumor organoid growth was attributed to the autocrine accumulation of cytotoxic extracellular vesicles. Seeing that redundant and toxic substance accumulation can facilitate tumor regression, targeting ABCG1 could be viewed as a novel therapeutic strategy to eradicate CRC (84).

Pancreatic cancers display an inherent reliance on cholesterol uptake and metabolism to facilitate proliferation and viability. Several studies conducted emphasize the importance of cholesterol in pancreatic cancer (85–87). The mevalonate pathway has been implicated in niche-factor mediated proliferation and differentiation in pancreatic ductal adenocarcinoma (PDAC) organoids. Furthermore, niche factor dependency showed a correlation with tumor-differentiation grade (88). On this basis, authors proposed the use of subtype-based therapeutic strategies to combat PDAC (88). In a different study, Oni and colleagues (89), illustrated using pancreatic organoids, that sterol O-acyltransferase 1 (SOAT1) is fundamental to sustain the mevalonate pathway by converting cholesterol to chemically inactive CEs consequently promoting PDAC progression (89). PDAC has been described as an extremely lethal malignancy with a dismal prognosis and lack of effective therapies. Moreover, tumor suppressor protein 53 (p53) mutant PDAC cells that have undergone p53 loss of heterozygosity display mevalonate pathway dependency, where silencing of SOAT1 downregulates the expression of mevalonate pathway genes and affects cell proliferation and tumor progression (89). This highlights a potential therapeutic target for PDAC by inhibiting SOAT1. In addition to SOAT1, the cholesterol uptake regulator Niemann-Pick C1-Like 1 (NPC1L1) is significantly upregulated in PDAC. Utilizing a classical patient-derived xenograft (PDX) model authors demonstrated an upregulation of genes involved in lipid metabolism and cholesterol homeostasis namely peroxisome proliferator-activated receptor gamma (PPARG) and nuclear receptor subfamily 1 group H member 3 (NR1H3) (LXRα) potentiating cross talk between stromal and cancer cells leading to cholesterol uptake (90). Consequently, treating PDAC organoids with ezetimibe (NPC1L1 inhibitor) significantly affected organoid growth and viability, making NPC1L1 a potential therapeutic target in PDAC (90).

Coupled with cholesterol, the metabolites of cholesterol also play a role in tumor progression. Cholesterol sulphate is one such metabolite synthesized by the enzyme sulfotransferase family 2B member 1 (SULT2B1b). In prostate cancer organoids, the expression of SULT2B1b inversely correlates with cancer progression (91). SULT2B1b is further associated with characteristics of malignant prostate cancer. Interestingly, a strong positive correlation between SULT2B1b and epithelial differentiation was also documented (91).

It can be noted that culturing of cells in 3D has facilitated novel insights into the role of cholesterol in cancer progression and malignancy. Several processes are subverted by cancer cells including those involved in cholesterol biosynthesis, influx, metabolism, and efflux. Importantly, the differential regulation of cholesterol metabolism in 2D vs 3D cultures highlights the incipient need to further study processes linked to cholesterol metabolism in 3D cultures as findings reported from 2D settings might not accurately mimic physiological conditions. Importantly, even though cancer cells are dependent on cholesterol, an inherent limit does exist where excessive levels of cholesterol can suppress tumor growth. In some cancers active mechanisms exist to convert excess cholesterol to chemically inactive CEs to promote tumor progression. Consequently, exploring further mechanisms of cholesterol regulation in 3D cultures is an area that should be actively pursued to delineate the role of cholesterol in cancer. Based on the multifaceted role of cholesterol in the cell, we attempt to provide a mechanistic view of cholesterol in cancer by elaborating on the transcriptomic alterations observed in 3D models.




4.2 Alterations to the cellular cholesterol transcriptome in 3D cancer models

Alterations to the transcriptome proves crucial in delineating the role of functional elements of the genome to disease pathogenesis (92). Importantly, understanding the underlying molecular dynamics that dictate cancer initiation and progression is pivotal to developing effective therapies for cancer eradication. Subsequently, culturing of 3D spheroid and organoid models have proved useful in elucidating alterations to the cholesterol transcriptome that consequently mediate cancer pathogenesis.

In a study employing tumor spheroids derived from breast cancer, culturing cells in a 3D environment, led to a significant alteration in the transcriptome of breast cancer cells with one of the major changes being deregulated cholesterol homeostasis (93). These findings are supported by a study conducted by Ehmsen et al. (94), where authors delineated the crucial role cholesterol plays in the propagation of triple negative breast cancer (TNBC) stem cells (94). TNBC cells cultured as mammospheres display increased expression of several genes involved in cholesterol biosynthesis including 3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1), farnesyl diphosphate synthase (FDPS), farnesyl-diphosphate farnesyltransferase 1 (FDFT1), lanosterol synthase (LSS), NAD(P) Dependent Steroid Dehydrogenase-Like (NSDHL), emopamil binding protein (EBP), and 7-dehydrocholesterol reductase (DHCR7) (94). Importantly, a significant correlation was observed between high expression of these genes (5 out of 7 except, LSS and DCHR7) and shorter relapse-free survival in the basal-like breast cancer cohort. Moreover, treating these mammospheres with statins led to a decrease in mammosphere growth and formation efficiency hence potentiating targeting cholesterol biosynthesis as an attractive therapeutic for TNBC stem cells (94). Furthermore, Dattilo et al. (95) demonstrated that the cholesterol biosynthesis pathway was transcriptionally activated in TNBC mammosphere models and proved essential in facilitating cell survival and migration. Increased expression of squalene epoxidase (SQLE) and Mevalonate Diphosphate Decarboxylase (MVD) genes in the mammosphere model correlated to increased expression of these genes in a TNBC cohort, which was associated with lower probabilities of relapse-free survival and distal metastasis-free survival consequently linking this pathway to aggressive TNBC. Importantly, elevated expression of SQLE and MVD was documented as a common signature in all breast cancer subtypes, potentiating the significance of cholesterol as a therapeutic target in breast cancer (95).

Mechanistic insights into the role of cholesterol in CRC disease pathogenesis is provided by Seo et al. (96), documenting increased expression of genes and proteins HMGCR, FDPS, geranylgeranyl diphosphate synthase 1 (GGPS1), and SQLE in tumor spheroids when compared to 2D adherent cultured cells (96). This was further validated by employing a clustered regularly interspaced short palindromic repeats (CRISPR) dropout screen with identification of HMGCR, FDPS, and GGPS1 as top-ranked essential genes in 3D CSC-enriched spheroids (76). Corroborating findings from spheroid models, an upregulation of SQLE is also documented in CRC patient-derived organoids, which is associated with poor prognosis. Mechanistically, SQLE was shown to promote CRC through the accumulation of calcitriol and stimulation of CYP24A1-mediated mitogen-activated protein kinase (MAPK) signaling in-vitro and in-vivo (97). SQLE levels have been shown to correlate with tumor stage indicating a pathological association of SQLE with colorectal cancer initiation but not metastasis (97, 98). Furthermore, treatment with a SQLE inhibitor terbinafine markedly decreased organoid number and viability (97). As SQLE is the second rate-limiting enzyme in the cholesterol biosynthesis pathway, this highlights SQLE as a potential therapeutic target for early stage CRC (99).

Additionally, an upregulation of cholesterol biosynthesis genes was documented in organoids and primary colon tumors (100). HMGCR is crucial for the survival and pluripotency of the organoids as uncovered by CRISPR screens. Further studies implicated transforming growth factor beta (TGF-β) signaling as the mechanistic link between increased cholesterol biosynthesis and colon CSC-enriched spheroids survival. Furthermore, positive correlations between stemness markers (ephrin receptor B2 (EphB2) and CD44) and cholesterol-biosynthesis genes (HMGCR, HMGCS1, FDPS, and FDFT1) were documented (76). While Seo et al. implicate mevalonate-pathway derived prenylation moieties in stemness potential, Gao et al. in addition to prenylation, document a crucial role for cholesterol in stemness (76, 96) potentiating further investigation into the role of cholesterol in CRC.

While several of the aforementioned studies explored one tissue type, the development of organoid models has more recently proved useful in modelling tissue dependent cholesterol-related transcriptomic changes in response to a therapeutic intervention. To illustrate this, Rodrigues and colleagues (101) investigated the mechanistic actions of gefitinib (tyrosine kinase inhibitor), in human colon and small intestine organoids. It was observed that these presented with opposite gene expression signatures following treatment (101). The small intestinal organoids displayed activation of cholesterol biosynthesis (increased expression of HMGCR, HMGCS1 and CYP51A1) in contrast to colon organoids where efflux (increased expression of ABCA1) was enhanced (101). The difference in metabolic response following treatment was attributed to the activation of AMP-activated protein kinase (AMPK) signaling in the colon but not the small intestine (101). Intriguingly, colon organoids were more sensitive to gefitinib in comparison to the small intestinal organoids, which suggests that increased cholesterol synthesis could serve as a potential mechanism to enhance resistance to gefitinib (101). Authors hence proposed that co-administration of chemotherapeutics and drugs targeting cholesterol may affect drug sensitivity and toxicity (101).

From a 3D culture perspective, an association between cholesterol and prostate cancer aetiology has also been documented. Co-culturing of prostate cancer spheroids with cancer-associated fibroblasts (CAFs) is seen as a reliable model for anti-androgen resistance. Neuwirt and colleagues (102), identify that CAFs induce an upregulation of cholesterol biosynthesis genes (3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2), DHCR7, 24-dehydrocholesterol reductase (DHCR24), methylsterol monooxygenase 1 (SC4MOL) and sterol-C5-desaturase (SC5DL)). Additionally, sterol biosynthesis genes (aldo-keto reductase family 1 member C3 (AKR1C3), aldo-keto reductase family 1 member C4 (AKR1C4), UDP-glucuronosyltransferase family 1 member A1 (UGT1A1), UDP-glucuronosyltransferase family 2 member B7 (UGT2B7), UDP-glucuronosyltransferase family 2 member B10 (UGT2B10), UDP-glucuronosyltransferase family 2 member B17 (UGT2B17)) are also upregulated to mediate androgen receptor targeted therapy resistance (102). Importantly, knockdown of HMGCS2 significantly impaired 3D spheroid growth whereas ectopic expression of HMGCS2 significantly increased LNCaP prostate cancer spheroid growth.

Seeing that the human brain contains the highest level of cholesterol in the body (103), it is not surprising to observe several studies implicating cholesterol in the maintenance of stemness and malignant potential. Shakya and colleagues employed spatial capture ribonucleic acid (RNA)-sequencing revealing several differences in lipid-related gene expression with increased expression of cholesterol homeostasis genes in glioblastoma (GBM) organoid core when compared to the cell population at the rim (104). Furthermore, the hypoxic organoid core displayed an accumulation of lipid droplets when compared to the rim. Further investigation by this group revealed that CSCs are enriched among cells with decreased lipid droplet accumulation, which occurs at the rim, and the accumulation of lipid droplets could be utilized as a means to classify the stemness state of glioblastoma cells (104). This can be attributed to the efficiency of GBM organoids in mimicking the perivascular niche (high oxygen, high nutrient content) where CSCs are typically found. In support of this study, Lewis et al. (105), identified a crucial role for SREBP1 in maintaining glioblastoma viability under oxygen and lipid-deplete conditions, where silencing of SREBP1 led to a significant reduction in spheroid growth (105). Furthermore, SREBP1 defines a gene signature that is associated with poor prognosis of glioblastoma multiforme. This is evidenced by SREBPs ability to regulate several cancer-related genes including genes involved in cholesterol and fatty acid metabolism, inflammation, cancer stem cell signalling, chemotaxis as well as oxidative stress (105). Studies conducted in glioblastoma also document increased levels of cholesterol in patient-derived spheroid cultures with increased gene expression noted in FDFT1, FDPS, and HMGCS1 relative to their differentiated counterparts (106). Further analysis highlighted the importance of FDPS in maintaining stemness of glioblastoma cells where knockdown or pharmacological inhibition of FDPS inhibited stemness and sphere formation efficiency (106). Similarly, extracranial tumours such as neuroblastomas display an inherent reliance on cholesterol for maintaining neuroblastoma sphere-forming cells (107). Sterol regulatory element-binding protein 2 (SREBF2) mediated a significant upregulation of HMGCS1, HMGCR, MVK, phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase 1 (PSAT1), phosphoserine phosphatase (PSPH), and serine hydroxymethyltransferase 2 (SHMT2) and consequently served as crucial transcriptional regulator in these cells (107). Importantly, increased expression of cholesterol-synthesis related genes is prevalent in individuals diagnosed with high-risk neoblastomas, and is significantly associated with a poor clinical outcome (107).

From the above studies it can be stated that the deregulation of crucial cholesterol related genes including HMGCS1, FDFT1 and FDPS may serve as a common transcriptomic signature in the most common cancer types including breast, colorectal and brain. These genes should be prioritized in further studies delineating the role of cholesterol in cancer in several other cancer types that are yet to be investigated. It is important to emphasize, HMGCS1, FDFT1 and FDPS are commonly involved in cholesterol biosynthesis hence potentiating the use of therapeutics that target cholesterol biosynthesis as an effective therapeutic across several cancer types. In this light, studies conducted attempting to target cellular cholesterol in 3D models will be further elaborated on below.




4.3 Targeting cholesterol as an anti-cancer therapeutic in 3D cultures

Attempts at targeting aberrant cholesterol metabolism is an actively explored field in cancer. The most well elucidated means of achieving this is by employing a class of cholesterol synthesis inhibitors termed statins. These drugs serve as competitive inhibitors of HMGCR, by directly blocking the enzyme’s active site and impeding the conversion of HMG-CoA to mevalonate, which serves as the proximal and rate-limiting step of cholesterol biosynthesis (108). On this basis, evidence exists documenting therapeutic benefits associated with targeting cholesterol in CRC-derived spheroids. Studies conducted by Zhang et al. (109), document that treating CRC-derived spheroids with pitavastatin led to a dose-dependent reduction in spheroid growth (109). Furthermore, pitavastatin treatment reduced the expression of the multidrug resistance gene 1 (MDR1) protein in CSCs and further decreased the expression of CSC-related genes including octamer-binding transcription factor 4 (OCT4), sex determining region Y-box 2 (SOX2) and NK2-family homeobox transcription factor (NANOG) (109). Interestingly, recent evidence documents that targeting cholesterol through statin treatment facilitates the loss of stem cells and leads to the induction of differentiation in CRC organoids. Statins were seen to increase the secretory lineages such as the enteroendocrine and paneth cells and decrease the stem cell frequency. Additionally, many of the other identified drugs exhibited a mechanism of action targeting the cholesterol pathway and displayed a preferential therapeutic benefit by acting selectively on cancer and not wild type organoids (110). Authors hence postulate that differentiation induction may contribute crucially to determining drug efficacy. These findings can be further supported by studies conducted in prostate cancer, where administering simvastatin to cancer spheroids significantly impeded the growth of castration and enzalutamide resistant cells (102). Similarly, studies conducted by Deezagi and Safari (78), highlight therapeutic benefits associated with rosuvastatin administration in prostate cancer spheroids demonstrating decreased proliferation and spheroid formation efficiency following treatment with rosuvastatin (78).

Importantly, the targeting of cholesterol can also prove beneficial in restoring sensitivity to conventional therapeutics or in the event of synthetic lethality resulting in anti-tumour synergy. This is evidenced by Gao and colleagues as they document synergistic effects observed when a cholesterol targeting agent (lovastatin or zoledronate acid) is combined with a chemotherapeutic (5-fluorouracil) (100). Similarly in gastric cancer, combining docetaxel with lovastatin proved efficient in inhibiting spheroid growth and inducing apoptosis (111). Focusing on breast cancer organoids, studies implicate the nuclear receptor RAR-related orphan receptor gamma (ROR-γ) as a crucial activator of the cholesterol biosynthesis pathway by mediating SREBP2 chromatin recruitment and subsequent activation (112). Consequently, ROR-γ inhibitors in combination with statins synergistically target TNBC cells resulting in tumor regression and suppression of metastasis. Importantly, these inhibitors preserve host cholesterol homeostasis making it an attractive targeted therapy for TNBC patients (112). Furthermore, there are beneficial effects of administering cyclodextrin nanocarriers to enhance the anticancer efficacy of erlotinib (commonly prescribed for small cell lung cancer). (113). This can be justified by cholesterols regulatory role on membrane cholesterol as well as the functionality of key drug efflux pumps. Hence, it can be educed that cholesterol biosynthesis could serve as a potential genetic vulnerability in cancer, potentiating the combination of cholesterol-targeting agents with other therapies.

A more recently developed approach of targeting cholesterol in cancer includes targeting the uptake of cholesterol in cancers that display an inherent reliance on LDLR-derived cholesterol. One such means of achieving this is by employing LDLR-targeting peptides. In silico and in vitro work in spheroids illustrate abundant LDLR expression in the epithelial compartment of patient PDAC irrespective of tumor size, stage or aggressiveness (114). Importantly, treatment with LDLR-targeting peptide FC (A680) VH417 resulted in selective targeting of PDAC tissue with high levels of desmoplasia. Furthermore, this peptide effectively distinguished chronic pancreatitis from pancreatic tumor eliminating hepto- and nephro-toxicity (114). Seeing that these peptides mimic the uptake process of LDL (LDLR- mediated endocytosis and transfer to the late endosomal/lysosomal compartment), this can be exploited to deliver anticancer molecules to lysosomes resulting in targeted drug delivery (114). In a different study, Lee et al. (2022) implicate the LDL-targeting drug lomitapide in facilitating hyperactivation of autophagy which suppresses tumor growth and increases cancer cell death in CRC organoids (115). This was attributed to direct inhibition of mammalian target of rapamycin (mTOR) kinase activity and consequent regulation of mTOR signaling. Interestingly lomitapide proved more effective than 5-fluorouracil in decreasing organoid viability hence potentiating the use of lomitapide as anticancer therapeutic in CRC (115).

Several of the summarised studies attempt to shed light on the dynamics of targeting cholesterol in 3D cultures. To date studies conducted have mainly focused on cholesterol synthesis inhibitors and LDL-targeting agents to reduce cellular cholesterol content resulting in reduced growth and stemness potential. Importantly, combining statin treatment with conventional therapies results in anti-tumor synergy potentiating the use of cholesterol targeting agents either as single or dual therapeutics in an attempt to combat tumorigenesis. Despite these positive results, treatment with statins has documented several side effects in the clinical setting, highlighting the incipient need to explore alternative means of targeting cellular cholesterol. One such way of achieving this is by employing cholesterol depletory agents termed cyclodextrins, an area our laboratory actively focuses on. Cyclodextrins have been used in 2D in-vitro and in-vivo studies depleting excess plasma membrane and lipid raft cholesterol from cancer cells. The decrease in membrane cholesterol leads to lipid raft disruption, which consequently affects cell signaling intermediates that cells subvert to promote tumorigenesis (116). Additionally, a decrease in membrane cholesterol levels is associated with increased drug permeability and consequently enhanced sensitivity in cancer cells (116, 117). On this basis, exploring this research area will provide crucial information pertaining to whether membrane cholesterol depletion rather than cholesterol synthesis inhibition could serve as a better approach to combat cancer progression.

Considering the pivotal role of cholesterol in cancer, the final subsection of the review focuses on some interesting insights obtained from existing disease models elucidating the importance of cholesterol in supporting cancer initiation and progression.




4.4 Relevance of 3D models to delineate the role of cholesterol in disease pathogenesis

Classical cell lines and animal model systems have served as the major driving force of cancer research up until the early twenty-first century. Despite the advantages of this culturing technique several limitations exist, resulting in the inception of 3D culturing techniques as a more physiologically relevant disease model. Following the successful establishment of human organoid systems, efforts are currently underway to model several relevant diseases with therapeutic intent. In the following section, we have attempted to summarize studies conducted implicating cholesterol in cancer pathogenesis.

The link between dietary cholesterol and cancer has been well established. While the association does vary between cancer types, in many cancer types excess dietary consumption of cholesterol is associated with cancer risk, one such cancer being CRC (118). Consequently, this has been exploited to identify a possible mechanism indicating how obesity drives CRC progression in mouse organoid models (119). Deregulations to the Wnt signaling pathway has been linked with an increased risk of developing obesity (120). In this study, administration of a small molecule, adiponectin receptor agonist (AdipoRon), was seen to attenuate Wnt signaling by decreasing the plasma membrane rigidity. Importantly, the Wnt signaling pathway is crucial to CRC onset. The decrease in plasma membrane rigidity corroborated with a decrease in plasma membrane free cholesterol and intracellular accumulation of cholesterol in lysosomes (119). This suggests that an aberrant Wnt signaling pathway in the highly obese population could thus be targeted as a potential means to prevent obesity-induced tumorigenesis.

In addition to modelling cancer initiation, the role of cholesterol in cancer progression has also been delineated through the use of organoid cultures. Work conducted in pancreatic cancer organoids provides evidence for a potential role of cholesterol in facilitating acinar to ductal metaplasia (121). Authors document increased production of acetyl-CoA in KRASG12D mutant acinar cells. Interestingly, ATP citrate lyase (ACLY) mediated production of acetyl-CoA mediates increased production of HMG-CoA thereby promoting acinar to ductal metaplasia (121). Consequently, depletion of ACLY decreased the production of acetyl-CoA and HMG-CoA, which impeded duct formation and preserved acinar morphology. In vivo this translated to decreased tumor burden and improved survival (121). On this basis, KRAS-driven metabolic alterations can be exploited as potential therapy in pancreatic cancer.

Interestingly, organoids have recently proved useful in studying interactions between human systems and microorganisms resulting in novel insights into the role of the microbiome in cancer etiology. Bacteria have the capability to manipulate cellular cholesterol levels to mediate carcinogenesis. Cholesterol can act as a mediator of inflammation in response to Helicobacter pylori (H.pylori) infection. Mechanistic investigations indicate that disruption of lipid rafts by H.pylori is attributed to the enzyme cholesterol-α-glucosyltransferase (122). Depletion of cholesterol impedes the assembly of interferon (IFN)-gamma (γ) receptors and further abrogates activation of the janus kinase/signal transducers and activators of transcription 1 (JAK/STAT1) signaling pathway in human organoids (122). Furthermore, the H. pylori mediated cholesterol depletion in addition to impeding the IFN-γ further inhibits the Type I IFN-response, interleukin (IL)-6 and IL-22. This consequently allows bacteria to escape the host inflammatory response and could serve as a potential mechanism whereby H. pylori mediates gastric carcinogenesis (122). This is consistent with evidence that patients that suffer with increased blood cholesterol often exhibit severe H. pylori-induced gastritis, resulting in inflammation of the gastrointestinal tract and may increase the risk of gastric cancer (122, 123). In another study conducted, beyond its direct oncogenic effects, SQLE has also shown to impact the gut microbiota leading to gut dysbiosis. This consequently leads to gut-barrier dysfunction promoting a pro-inflammatory state in the colon which further facilitated colon proliferation (124). Importantly, treating CRC cell lines and organoids with a SQLE inhibitor, terbinafine, in combination with either 5-fluorouracil or oxaliplatin potentiated a synergistic effect in impairing CRC carcinogenesis. This study further validates the importance of targeting SQLE as a potential means to improve chemotherapeutic efficacy in CRC (C. 124).

Based on the above studies (Figure 4) it is evident that the inception of 3D culture systems potentiates the use of these systems in understanding and delineating the complexities pertaining to cholesterol metabolism in cancer and serves as a more advanced model of disease modeling and anticancer screening. Numerous studies have highlighted the potential of organoids in biobanking, anticancer drug screening and the identification of prognostic biomarkers (12, 16, 125). The utilization of organoids may also be perceived as more advantageous in comparison to spheroids as relatively small amounts of tissue are required and are easily grown from patients from different regions of the patients’ tumor recapitulating tissue heterogeneity (16). While several crucial insights have been obtained thus far, further attempts must be enforced to study additional cancer types and to further elucidate the multifaceted role of cholesterol in cancer. This can be achieved by investigating the influence of cholesterol on supporting cellular and non-cellular components of the tumor microenvironment (TME) through co-culturing. Consequently, completing these studies will facilitate a wholistic view on the role of supporting cells in the tumor microenvironment and how they influence cholesterol metabolism to facilitate disease progression. Importantly, many studies are to be expected in the near future as this model becomes more widely used. Consequently, this provides a more efficient platform for the inception of personalized medicine approaches in a cancer setting.




Figure 4 | Summary of Cholesterol Related Research Utilizing 3D in-vitro Models. Based on literature, studies investigating the relationship between breast cancer and cholesterol, it was evident that increased cholesterol synthesis occurs via SREBP2 in organoids and that there is increased cholesterol biosynthesis gene expression in spheroids. The relationship between cholesterol synthesis and ovarian cancer has yet to be explored in organoids, but in a small study utilizing spheroids, it was shown that the ovarian cancer spheroids are dependent on cholesterol. In prostate cancer, the utilization of organoids has illustrated that cholesterol sulphate decreases SULT2B1b, which correlates to increased cancer progression and in spheroids it has illustrated increased expression of cholesterol biosynthesis genes and sterol biosynthesis genes. The use of intestinal organoids has shown that SQLE increases CRC progression, increased cellular cholesterol promoting ISC proliferation and increased ABCG1 promotes aggregation and growth of intestinal cancer cells, whereas spheroids have illustrated increased expression of cholesterol biosynthesis genes. In glioblastoma, the use of spheroids have illustrated increased expression of cholesterol biosynthesis genes and in organoids it was shown that there was increased expression of cholesterol homeostasis genes at the organoid core. In pancreatic cancer, organoids have been used to illustrate increased LDLR, SOAT1 sustains the mevalonate pathway and there is increased cholesterol esters present. In lung cancer, there are limited studies that explore the link between cholesterol and cancer, but a small study has illustrated that utilizing a cyclodextrin as a drug vehicle for delivery in cholesterol-rich erlotinib resistant small cell lung cancer cells can be a potentially useful therapeutic mechanism.







5 Conclusions and future perspectives

Cholesterol is a crucial lipid known to maintain cellular homeostasis by regulating the survival and growth of cells. The abundance of cholesterol present in cancerous cells allows for not only increased growth and proliferation but maintains lipid raft integrity, which is crucial for numerous signaling pathways that dictate growth, proliferation, metastasis, and drug resistance. While several studies have been conducted elucidating the molecular mechanisms of cholesterol homeostasis, this has been predominantly explored in 2D cell line and mouse xenograft models which display inherent limitations.

To combat this, recent scientific advances elucidate the benefits associated with culturing cells in 3D systems as opposed to 2D models. The well explored 3D models investigated include spheroid and organoid cultures. Spheroids are derived from cell lines and can include mixtures of cell types and primary cells (16). Culturing spheroids obtains organ physiology as it is layers of heterogeneous cells, which briefly resembles 3D cellular organization (16). While spheroid cultures are derived from cell lines, organoid cultures are derived from human tissue and serve as a superior model to both 2D cell lines and spheroid cultures. The utility of organoids to studying disease progression and treatment is endless and have been increasingly employed in either basic or translational research. Despite the use of organoids in studying cancer biology, the novel applications of organoids are the utilization of lung organoids for lung disease that may be transplanted in these individuals instead of undergoing a lung transplant and the generation of vascularized brain organoids that can be utilized to study neurovascular interaction (126, 127). Additionally, the generation of skin organoids that have similar complexity of the skin (including the development of hair follicles) and eye organoids that could potentially be used to replace neurons lost in humans due to degenerative eye diseases, therefore providing a potential therapeutic option (128, 129). Furthermore, organoids can be stably cultured long-term, have proved useful in disease modelling, maintaining genetic and phenotypic heterogeneity and can elucidate inter- and intra-tumor heterogeneity. For this reason, they serve as a promising tool for personalized medicine and clinical applications.

From a 3D culture perspective, emerging evidence documenting the indispensable role of cholesterol as well as its metabolites in mediating cancer progression, development and drug resistance becomes known. By culturing organoids in 3D, this allows for mimicking oxygen, nutrient and drug exposure consequently ensuring an accurate physiological environment is maintained. This allows more informed therapeutic outcomes to be attained. In this light, several studies support the hypothesis that cholesterol metabolism could serve as a potential genetic vulnerability in 3D cultures, thereby potentiating the combination of cholesterol-targeting agents with chemotherapeutic agents. Furthermore, the use of these culture types allows for the identification of subtype-specific as well as a tissue-specific response to therapeutics. While the most well-explored cholesterol targeting agents are statins, these function as cholesterol synthesis inhibitors and have debilitating side effects on healthy cells. To combat this, novel cholesterol targeting agents should be explored.

Moreover, evidence exists implicating cholesterol and its metabolites in influencing components of the TME. In these supporting cells, the level of cholesterol is finely balanced with any perturbations proving detrimental to supporting cells of the TME. Consequently, the ability of organoids to be co-cultured with additional components from the microenvironment including fibroblasts, immune cells and endothelial cells allows to manipulate both cellular as well as tumor microenvironmental levels of cholesterol. The development of such models would assist in understanding the multifaceted role that cholesterol plays in the TME. Additionally, organoids can be co-cultured with microorganisms and the role of cholesterol in facilitating microbial infections and disease should also be further explored.

It is important to note, despite the potential use and applications of 3D culture, there are a number of considerations and limitations that would need to be overcome. One of the major limitations is the cost of 3D culture, which is exponentially more expensive than that of 2D culture (58). Hopefully, as 3D culture becomes more widely used and resources become more easily available the cost of this culture method would decrease thus allowing many more labs especially from the developing world to contribute effectively to substantiating 3D models as go to methods for progressing our understanding of disease biology. Another major limitation is the type of basement membrane used to mimic the ECM is derived from animal cells or is synthetically produced (75). The composition of the basement membrane extracts is undefined and there tends to be variations between batches, which can result in experimental variation (60, 130). This can ultimately affect the reproducibility of results that are generated. It is also important to note, that the chemical and physical properties of the ECM mimic used can interfere with downstream experiments, such as RNA extraction which can present with protein contamination from the ECM mimic (75). Furthermore, it can be difficult to recapitulate cell microenvironments and the addition of co-culturing adds an additional layer of complexity to an already complex culture method (58). Attempting to co-culture in addition to performing 3D culture requires rigorous optimization as cell ratios, cell growth rates and culture media requirements need to be considered in order to obtain functional tissues (75). An additional issue that arises is that cells isolated from normal tissue could potentially overgrow tumoral cells present in cancerous tissue (131). Hence it is of importance to ensure complete isolation of the correct type of cells (normal or tumoral cells) prior to culture and to characterize the cells being grown in-depth (131). Therefore, 3D culture models may serve as a good alternative to 2D cell culture, but it is important to understand the nature of the experiments performed as well as all chemical and physical properties that may influence the results generated. The culture media used between 2D and 3D cell culture is quite different, in that 3D culture media contains more growth factors and reagents required to ensure growth of specific cell types and stem cells. The more general culture media used for 2D cell culture contain sufficient nutrients for growth and can also be adjusted to include the required growth factors and reagents to support 3D culture. However, the culture media used will affect metabolism and cell growth, which may impact cholesterol metabolism and may be interesting to explore further (132).

In conclusion, there is strong evidence documenting the multi-faceted role of cholesterol in cancer. While a few studies have utilized 3D culture models to study the complex relationship between cancer and cholesterol, well-established links across cancer types and comparisons within 3D models are lacking. Additionally, limited studies are available delineating the role of cholesterol in the TME. Given that cancer cells express higher levels of cholesterol and the significance of cholesterol dyshomeostasis during initiation and progression of cancer, understanding the role of cholesterol in more complex culture methods may prove to be advantageous in justifying whether cholesterol could serve as a therapeutic vulnerability in cancer. Therefore, organoid cultures present a unique opportunity to investigate complex cellular pathways and interactions, with a potential to facilitate patient-centric translational benefits utilizing laboratory-based research.
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