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Abstract

:

Adrenocortical carcinoma (ACC) and pheochromocytoma (PCC) are malignancies originating from distinct layers of the adrenal gland. ACCs arise from the adrenal cortex, are often detected at advanced stages and are associated with poor prognosis. PCCs are mostly benign, arise from the adrenal medulla and have a variable prognosis, with 10% of PCCs resulting in metastasis. Genetic background strongly influences metastasis of PCCs, and no reliable biomarkers that predict metastatic behavior exist to date. Current therapeutic strategies for both ACCs and PCCs are overall limited. Thus, novel preclinical models and drug screening approaches need to be established to aid in the identification of more promising drugs and treatment schemes. In this review, we summarize the currently available human and murine cell lines for both tumor entities.
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1. Introduction


The adrenal gland is composed of the steroid hormone-secreting cortex and the catecholamine-secreting medulla (Figure 1). Adrenal-derived hormones are essential to regulate vital functions of the organism, including stress response, blood pressure and metabolism. Various benign and malignant tumors can originate from the adrenals, among them the highly malignant adrenocortical carcinoma (ACC) arising from the secretory cells of the adrenal cortex with an incidence rate of 0.5–2 cases per million and pheochromocytomas (PCCS) originating from the chromaffin cells of the adrenal medulla with an incidence rate of 0.8 cases per million yearly [1].



ACC is often diagnosed at advanced and metastatic stages. While surgical resection is the treatment of choice, the high number of recurrences and advanced staging often require systemic treatment strategies. Unfortunately, these remain inefficient in many cases, resulting in a 5-year survival rate of less than 44% [2]. For a long time, preclinical research was hampered due to the lack of appropriate in vitro models. However, currently, the field is rapidly progressing with six cell lines derived from human ACC which better reflect the complexities of this aggressive disease.



PCCs are mostly benign, with a malignancy rate of around 10%, strongly dependent on the genetic background/molecular cluster. Left untreated, these tumors can lead to life-threatening emergencies due to high catecholamine release and cardiovascular comorbidities [3]. Metastasis occurs in less than 15% of patients, whereas the rate of tumor recurrence after resection is 6–16% and correlates with primary tumor size and genetic background [4,5]. Nevertheless, all PCCs are considered to have the ability to spread to distant sites since no reliable predictors for metastatic behavior exist to date [6]. Surgical resection is the first-line therapy against PCCs, while chemotherapies, radionuclide therapies, and tyrosine kinase inhibitors are used to treat metastatic cases with reasonable but limited efficiency [7]. The availability of a greater variety of preclinical cell line models, especially from human tumors, would significantly support the discovery of new biomarkers and novel therapeutic strategies. However, human cell lines for PCCs remain unavailable.




2. Adrenal Cortex


2.1. Rodent Cell Lines


In 1966, the first rodent model of ACC was the Y1 mouse cell line established from a mouse exposed to radiation [8]. These cells have an epithelial-like morphology, are unresponsive to ACTH stimulation, have a partially functional steroid biosynthesis pathway and produce corticosterone and aldosterone [9,10]. For many years, Y1 cells were the only available in vitro adrenal model [11,12,13,14,15]. Later, ATC1 [16] and ATC7 [17] were generated from adrenocortical tumors of transgenic mice expressing SV40-Tag under the akd1b7 (aldo-keto reductase 1B7) promoter. Both cell lines synthesize and secrete corticosterone in response to ACTH and prolactin (ATC1 only). Additionally, both cell lines exhibit the phenotype of zona fasciculate cells and, therefore, they are mostly used in mechanistic and functional studies of the adrenal [18,19,20,21]. For example, Fudulu et al. investigated how immune cells influence steroidogenic gene expression [22], while Hazel et al. explored pulsatile ACTH stimulation of steroidogenic gene expression [23]. Most recently, ATC7 was used in a study on the role of HOX genes in the formation of ACC [24]. Thus, these recent cell lines have been primarily used to understand the regulation of the steroidogenic pathway.



Mouse cell line models of ACC have been crucial to adrenal cancer research, particularly since Y1 was introduced some five decades ago when human primary cells were not available. Nonetheless, differences exist between rodent and human adrenal cells. For example, cytochrome P450 17A1 (CYP17A1), a crucial enzyme in the production of glucocorticoids and sex steroids, is differentially expressed between humans and rodents [25,26,27,28,29]. Due to variations in the expression of CYP17A1 in rodents (ranging from completely absent to lowly expressed), cortisol and androgens are hardly produced in the adrenals of mice and rats. Therefore, cortisol is the most abundant glucocorticoid in humans, while corticosterone is predominant in rodents [25]. As for androgens, unlike human adrenals, which produce and secrete sex steroids and vast amounts of androgen precursors (DHEA, DHEAS) [30], adrenal androgen production in adult mice and rats is rather low/non-existent and highly strain-dependent [27,28,29]. This variation has led to the debatable view that adult mice do not have a comparatively functional zona reticularis to adult humans [31]. Although CYP17A1 can be expressed in Y1 cells treated with compounds that target DNA methylation, androgen precursors could not be detected [32]. Consistently, in vitro rodent cell line models of ACC are devoid of the capability to secrete androgens, as mentioned above. In contrast, ACCs synthesize and secrete various steroid hormones and precursor metabolites from the steroidogenic pathway, alone or in combination [33,34,35,36]. In fact, steroid profiling by LC-MS/MS (liquid chromatography tandem mass spectrometry) or GC-MS (gas chromatography–mass spectrometry) in either serum or urine, respectively, can be a tool to discriminate between benign or malignant disease as well as detect recurrent or progressive disease [35,37,38,39]. As will be discussed next (also depicted in Figure 1), human cell lines of ACC reflect many of these characteristics by secreting various combinations of glucocorticoids, mineralocorticoids or androgens and numerous steroid precursors.




2.2. Human Cell Lines


NCI-H295. NCI-H295 was the first human adult ACC cell line established from a primary ACC surgically removed from a female patient in 1980 and subsequently reported in 1990 by Gazdar and colleagues (Figure 2) [40]. Over the years, different sub-strains from the original NCI-H295 cells were generated by modulating growth conditions, the most commonly used being H295R and H295A, H295RA, HA13, HAC15, and HAC50. Growth condition and passage number are highly relevant for the identity of NCI-H295 since the ability of drugs to affect cell survival varies according to these two parameters [41]. Of note, unlike the parental clone, the resulting sub-strains grow in adhesion [42]. Interestingly, HAC13, HAC-15, and HAC50 display high responsiveness to Angiotensin II and K+ stimulation as well as a modest ACTH response with an increase in steroidogenic enzyme expression [43]. Over the years, NCI-H295 became the gold-standard model in preclinical ACC research, as extensively reviewed in [2,42,44]. As demonstrated already in the original publication, this cell line produces all major adrenal hormones [40]. Most recent studies elucidated the transcriptome profile of this cell line when exposed to different cortisol biosynthesis inhibitors and identified new compounds as Cyp11B1- and 2-inhibitors [45,46]. Additionally, NCI-H295R cells were used to understand the role of the Cn/NFATC4 pathway in CYP11B2 expression and aldosterone synthesis [47]. Another highly interesting in vitro and in vivo study uncovered how oncogenic drivers use tissue-specific partners to regulate ACC subtype differentiation and that these can be reversed by pharmacologic inhibition of EZH2 [48].



The tumorigenic activity of NCI-H295 cells was demonstrated for the first time in the original publication by the injection of NCI-H295 cells and subsequent successful engraftment of the xenografts in athymic nude mice [40]. The ability of these cells to grow in murine xenograft models has since been widely used, as exemplified here [49,50,51,52,53,54]. However, consistent with its origin, the NCI-H295 cell line does not form spontaneous metastases in murine models. Although not a true model of spontaneous metastatic ACC, nonetheless, the study of Morin and colleagues is of special interest, as they created a murine xenograft model of metastatic adrenocortical carcinoma via intrasplenic grafting of NCI-H295R cells in nude mice [55]. The lack of spontaneous metastatic activity of NCI-H295R was also recently confirmed in a xenograft model in Danio rerio embryos [56,57]. However, Ruggiero and colleagues demonstrated that overexpression of Steroidogenic Factor-1 (SF-1) in NCI-H295R increases their invasive capacity in vitro and in the Danio rerio xenograft model. Invasiveness is reduced following the inactivation of fascin (FASCN1), identifying this actin-binding protein as a promising molecular target in ACC [58]. The establishment of new ACC cell lines and patient-derived xenografts (PDXs) originating from metastatic diseases (see below) has allowed us to overcome model limitations regarding metastatic properties and disease, as will be outlined in more detail below.



NCI-H295 cells are characterized by a large deletion in the TP53 gene [59,60,61,62] and by an activating CTNNB1 mutation [60,62,63] (Table 1). Nicolson et al. published more recently a comprehensive analysis of the mutational landscape of NCI-H295 based on whole-exome sequencing [64]. From a pharmacological point of view, NCI-H295 cells are sensitive to mitotane [65,66,67]. However, as recently demonstrated by Dedhia et al. [68], NCI-H295R spheroid constructs encapsulated in a 3D hydrogel scaffold exhibit reduced sensitivity to mitotane and the first-line chemotherapy agents etoposide, doxorubicin and cisplatin (EDP). Furthermore, these NCI-H295R constructs had increased cortisol synthesis [68]. Therefore, the NCI-H295 cell line is extremely useful in such studies aimed at investigating the mechanism of mitotane [69] or to evaluate newer formulations of this adrenolytic drug [70,71]. For over 25 years, NCI-H295 and its derivatives have been and still remain the gold standard human ACC cell model. However, nowadays, NCI-H295 cells are rarely used as the sole preclinical model to identify new potential drug targets of ACC [72,73,74,75,76], and indeed, they are more and more implemented together with the next-generation models, outlined in the following sections.



MUC-1. The first adult human metastatic ACC model was developed by Hantel and colleagues and reported in 2016 as MUC-1 (Figure 2) [77]. The tumor sample originated from a neck metastasis of a male patient in progression following treatment with the clinical gold standard for advanced and metastatic disease EDP plus mitotane (EDP-M). The model was originally established as both patient-derived tissue xenograft-(PDTX) and as a cell line. Consistent with the characteristics of the original patient tumor, the model was reported from the beginning to be extremely drug-resistant against EDP-M in vitro [77] as well as against IGF1-receptor inhibition and liposomal doxorubicin in vivo [78]. Further pharmacological analysis revealed broad drug resistance against various chemotherapeutic drugs commonly applied in clinical studies but also phytochemicals, targeted therapeutic drugs and combinatorial regimens, outlining for this cell line high drug resistance against pharmacotherapy [56,79,80,81,82,83,84,85,86,87,88,89]. This feature renders MUC-1 very useful in pharmacological investigations since the identification of effective therapies in ACC in the context of advanced and multidrug-resistant disease remains challenging. Interestingly, MUC-1 cells, together with NCI-H295R cells, were recently used in the development and validation of a high-throughput multi-well plate-based format for multidimensional cell modeling for different endocrine cells and tissue sources [90]. In another recent study, Fei et al. co-cultured MUC-1 and NCI-H295R cells with adipose stem cells (ASCs) [91]. By comparing the results from these two co-cultures, one can observe quite different interplays between tumor cells and adipose tissue resulting from primary and metastatic ACC [91]. Additionally, at a metabolic level, MUC-1 cells display different mechanisms for cholesterol and lipid droplet handling than NCI-H295R cells. In particular, in MUC-1 cells, the lipid droplets contain triacylglycerol with low amounts of cholesteryl ester. Since the effectiveness of mitotane has been attributed to the toxic intracellular accumulation of free cholesterol, this difference was proposed as part of the mechanism of resistance to mitotane in MUC-1 cells [88]. Furthermore, it has been demonstrated that pharmacological modulation of the estrogen-related alpha receptor-in variance to NCI-H295R does not cause a reduction in ATP consumption in MUC-1 but increases glycolysis activity, indicating increased cellular plasticity at the metabolic level [92].



From a genetic point of view, a somatic deletion/frameshift mutation was found in the TP53 gene, while the gene encoding for β-catenin, CTNNB1, reflects wildtype [60,62,77] (Table 1). This feature made this cell line suitable for testing the activity of Polo/Like kinase 1 inhibitors (PLK1i), which have been shown to be more effective in tumors with TP53 mutation [93]. Indeed, Warmington and colleagues tested two PLK1i (rigosertib, a multi-target inhibitor, and poloxin, a new specific PLK1i) in a panel of human ACC cell lines comprised of cells with mutated or wild-type TP53 [89]. The response of this cell line to both compounds was poor, but it should be underlined that although MUC-1 cells have a mutation in the TP53 gene, the expression of the target (PLK1) was demonstrated to be poor. It can be furthermore cautiously speculated, upon evaluation of the activity of caspases 3/7 together with the proliferation and cell viability data, that upon treatment, the remaining MUC-1 cells might switch to a state of quiescence instead of undergoing cell death [89]. The same study also reported for MUC-1 a nonsense mutation in the ATRX gene, which is a central player in the regulating of DNA damage response and chromosomal stability [89]. In another recent study, Kerdivel et al. evaluated the molecular driver of DNA hypermethylation in ACC and the usefulness of DNA demethylating agents [94]. The results of this study revealed a low CpG island methylator phenotype for MUC-1 cells and a weak response to the demethylating agent.



In line with the patient’s clinical report, the MUC-1 cell line presents a comparably low but significant and inducible steroidogenic activity; however, high cellular plasticity maintains dynamic modulability. Thus, it is interesting to note an increased androgenic activity following forskolin exposure, with an abundant production of androgens, accompanied by an augmented gene expression of essential steroidogenic enzymes, androgen receptors and gonadotropin-releasing hormone receptors [62]. Moreover, a significant cortisol secretion was reported in vivo [77]. Recently, MUC-1 cells were reported to spontaneously form distant metastases in Danio rerio embryos three days after xenotransplantation into the zebrafish yolk sac [56,57]. In contrast, metastases were not observed in embryos xenografted with NCI-H295R. Interestingly, the number of metastasis-positive MUC-1 embryos was reduced following progesterone or trabectedin treatments [56,57], two drugs whose in vitro effects on ACC have already been demonstrated [69,79,82]. The results of the divergent metastatic capacities are in line with other recent findings reported on the activity and modulability of the CXCL12/CXCR4 axis in these two cell lines [81].



CU-ACC1 and CU-ACC2. Two cell models were established in 2018 from metastatic ACC in female patients, reported as CU-ACC1 and CU-ACC2 (Figure 2). The CU-ACC1 cells originate from a perinephric ACC metastasis, while CU-ACC2 cells were derived from a liver recurrence in a patient with Lynch syndrome with non-secreting primary ACC treated with mitotane [95]. Both models were established as PDTX in athymic nude mice as well as cell lines using ROCK inhibitor and feeder cells. Moreover, the CU-ACC2 PDX was used to set up the first humanized ACC PDTX mouse, aiming to elucidate the effects of immunotherapy in an ACC tumor microenvironment [96].



Secretome analysis revealed that CU-ACC1 produces higher levels of cortisol compared to NCI-H295R cells. In contrast, CU-ACC2 cells secrete only small amounts of cortisol, in line with the marginal gene expression of CYP11B1. Following stimulation with forskolin, CU-ACC1 increased cortisol secretion, while CU-ACC2 is refractory to cAMP-dependent stimuli [95]. Although CU-ACC2 is, thereby, defined as a rather low steroidogenic cell line, Weigand and colleagues detected elevated CYP11A1 expression and response to ketoconazole, a drug used in this study to inhibit steroidogenesis and reverse the effects of a ferroptosis inducer [97]. As reported by the authors, these data support the idea that this cell line has the characteristics of steroidogenic cells despite very low steroid production.



From a genetic point of view, a G34R mutation within the ubiquitination recognition motif of the protein predicts a gain-of-function mutation in the CTNNB1 gene for CU-ACC1 (Table 1) [95]. In CU-ACC2, a predicted loss-of-function mutation for the TP53 gene is reported, as well as with a heterozygous deletion of exons 1–6 of the MSH2 gene, in line with the clinically reported Lynch syndrome (Table 1) [95]. CU-ACC1, representing a wild type model for TP53, was also implemented in the study relating to PLK1i already mentioned, proving to be poorly/not sensitive to the inhibition of this target [89]. Finally, these models have been implemented in several studies with the aim of finding potential pharmacological targets for ACC, in particular, Maternal Embryonic Leucine Zipper Kinase (MELK) [98], mitotic PDZ-binding kinase (PBK) [99] and Aurora kinase inhibition with blockade of the Wnt/β-catenin pathway [100].



JIL-2266. JIL-2266 cells were derived from a primary ACC in a female patient with severe Cushing’s syndrome and androgen excess who had undergone treatment with mitotane [101]. This cell line was first reported in 2021 and represents the second adult human primary ACC-derived cell line available today (Figure 2). The cell line is characterized by a high mutational burden, consistent with the reported germline mutation in the MUTYH gene in the donor patient. Moreover, a hemizygous stop-gain mutation in the TP53 gene and a somatic nucleotide variant in the ZNRF3 gene were reported (Table 1). In line with the clinical history, JIL-2266 cells were reported to be insensitive to mitotane. SF-1 expression analysis demonstrated an intermediate-to-low positivity for these cells, subsequently confirmed by Ruggiero and colleagues [58]. Endocrine characterization revealed medium- and passage-dependent adrenal hormone production. Cortisol production was not detected under any conditions [101].



TVBF-7. TVBF-7 cells, derived from a male ACC patient in progression after EDP-M therapy, are the most recently introduced ACC cell line (Figure 2) [62]. Endocrine characterization in direct comparison to NCI-H295R and MUC-1 showed that the glucocorticoid axis is highly active in TVBF-7 with abundant cortisol secretion. Moreover, TVBF-7 cells are unresponsive to ACTH and FSK stimulation, indicative of an autonomous glucocorticoid secretion profile. [62]. Mutational analysis revealed a non-sense APC mutation, suggestive of potentially altered Wnt/β-Catenin signaling in TVBF-7 cells, a pathway often affected in ACC. As mentioned above, other ACC cell models harbor CTNNB1 mutations; however, an APC mutation has only been identified in TVBF-7 cells so far (Table 1) [62].



This cell line was established from a primary culture initially referred to as ACC115m [86]. In this study by Rossini et al., TVBF-7 cells were found to express low levels of both the nuclear progesterone receptor (PgR) and the nuclear estrogen receptors ERα and Erβ. In line with decreased PgR expression, TVBF-7 are moderately sensitive to progesterone, which has cytotoxic activity in other ACC cell models. Interestingly, exposure of TVBF-7 to progesterone does not induce apoptosis as observed in NCI-H295R and MUC-1 but activates autophagic cell death [57]. Abate et al. later demonstrated that this cell model maintains the expression of the pocket proteins, a group of tumor-suppressing proteins composed of retinoblastoma proteins and P107 and P130 [56]. From a pharmacological point of view, the authors also demonstrated low sensitivity to mitotane, in line with the patient’s clinical history. As already mentioned, xenografts of different ACC cell lines were recently achieved in Danio rerio embryos in order to assess the effect of trabectedin and progesterone on the formation of metastasis. While NCI-H295R could not metastasize, besides MUC-1, TVBF-7 also had metastatic ability in this in vivo preclinical model. Interestingly, the two cell lines formed metastases in different anatomical regions of the embryo, particularly the pericardial zone for TVBF-7 and the tail for MUC-1 cells, reflecting again important characteristics of the original patient material obtained from local and distant metastases, respectively. Additionally, both cell lines secrete metalloproteinase-2 (MMP-2) in vitro, whose expression is known to correlate with ACC aggressiveness [57,102,103]. In direct comparison with NCI-H295R and MUC-1, TVBF-7 was also shown to form tumor spheroids in a high-throughput multi-well format, thereby also providing interesting features for 3D modeling in vitro [90].



At the transcriptional level, ACC can be divided into two molecular subgroups, C1A and C1B, depending on the molecular signature [104,105]. For example, the C1A group is enriched in transcriptional and mitotic cell cycle genes, while C1B is enriched in cell metabolism genes. Moreover, most tumors within the C1A subgroup exhibit a steroid phenotype [106]. Interestingly, in a recent study, TVBF-7, NCI-H295R and MUC-1 were classified in direct comparison to patient samples according to this molecular subgrouping. Based on their specific molecular signature and in line with their steroidogenic profiles, TVBF-7 and NCI-H295R cells were allocated to the C1A subgroup, while MUC-1 cells were classified to the C1B subgroup. Interestingly, exposure to forskolin or mitotane led to dynamic shifts on the C1B to C1A axis [107]. In sum, over the last years, the subsequently established panel of human ACC cell lines with their different characteristics (from primary tumor to metastatic origin), varying mutational status in essential genes and therapeutic sensitivities improved the preclinical landscape and allowed for an increasingly complex preclinical modeling of this disease.





3. Adrenal Medulla


3.1. Rodent Cell Lines


PC12. Although PCCs are very rare in rodents, they do occur spontaneously in response to chemical or radiation stimuli [108]. PC12 was the first rodent cell line derived in 1976 from adrenal PCC in an irradiated rat [109]. The line was difficult to establish since the cells did not readily adhere to tissue culture dishes and, therefore, were passaged multiple times in collagen-coated plates. PC12 cells synthesize and store the catecholamines norepinephrine and dopamine but not epinephrine. Additionally, these cells have the unique ability to develop neurites upon nerve growth factor (NGF) stimulation and upon withdrawal of the growth factor, the neurites degenerate and cell division continues. Therefore, PC12 cells are used in both adrenal functional studies as well as in developmental neurobiology [110,111,112,113,114,115]. Their phenotype and morphology resembles adrenal chromaffin cells and can be maintained over multiple generations. In preclinical studies, PC12 cells were used in mouse xenografts to determine the efficacy of radiotherapy [116] and receptor tyrosine kinase inhibitors sunitinib and sorafenib [117].



MPC/MTT. Mouse pheochromocytoma (MPC) refers to six cell lines derived from adrenal PCCs from different heterozygous NF1 knockout mice, with and without irradiation [118]. The cell lines exhibit various morphologies, from primitive progenitors to more differentiated chromaffin cells, and express cellular markers accordingly. Additionally, five out of six lines show basal and dexamethasome-stimulated expression of phenylethanolamine N-methyltransferase (PNMT), the enzyme responsible for converting norepinephrine to epinephrine. The cell lines have chromosomal abnormalities and express developmental genes from the nervous system [119]. Transcriptome analysis shows that the cell lines have distinct gene expression signatures between each other and normal adrenal chromaffin cells [120]. Following the xenograft of MPC cell lines, one MPC-derived liver tumor in mice was cultured in vitro and gave rise to the more aggressive MTT (mouse tumor tissue-derived) cell line [121]. MTT cells grow as clusters in 3D structures and are often cultured as spheroids. In mechanistic studies, migration of SDHB-deficient MTT cells grown as monolayers [122] or spheroids [123] was significantly enhanced in co-cultures with lactate-secreting cancer-activated fibroblasts. Both MPC and MTT have been used extensively to investigate signaling pathways and the action of therapeutic agents [124,125,126,127,128,129,130,131,132,133,134]. Additionally, the cell lines were used in studies in vitro and in vivo (mouse) to establish immunotherapy markers [135] and immunotherapeutic approaches against PCCs [136].



RS0. RS0 cells originated from an irradiated rat heterozygous for SDH [137]. These cells also grow as spheroids and require low to no serum or the addition of stem cell growth factors. Similar to human SDH-deficient PCCs, this cell line produces dopamine and low levels of norepinephrine. The cell line is well characterized at the genomic, transcriptomic and metabolomic levels [137].



imCC. imCC (immortalized mouse chromaffin cells) originate from a conditional SDHBlox/lox knockout mouse [138]. This cell line was developed by maintaining the adrenal medulla cells long-term in culture until proliferation was observed. The proliferating cells were then transduced with adenovirus-Cre, which rendered these cells homozygous null for SDHB. They are characterized by fast migratory capabilities, mesenchymal appearance and a phenotype/genotype similar to an epithelial-to-mesenchymal transition (ETM), which is in contrast to mature chromaffin cells [139]. imCC, along with MPC/MTT (monolayer and spheroid cultures) and fresh human patient-derived tumor primary cultures, were used together to assess the synergistic potential of tumor therapies [131].




3.2. Human Cell Lines


Human chromaffin cells show little/no proliferation, rendering in vitro models for chromaffin cells as well as for PCCs difficult to establish. Initially, two cell lines were created from benign human PCCs, KNA and KAT45 [140,141]. Both cell lines expressed markers of chromaffin cells and could release catecholamines. However, these lines have not been used for tumor research in recent years [108]. The only available human PCC to date, known as hPheo1, was derived from an adrenal PCC and immortalized using human telomerase reverse transcriptase (hTERT) [142]. Culturing these cells in the presence of growth factors stimulates the expression of chromaffin cellular markers such as chromogranin-A together with PNMT, the only enzyme expressed from the catecholamine pathway. Moreover, the cells resemble mesenchymal, but not chromaffin, cells and differ at the genomic level from the original tumor. However, in transcriptomic comparisons with the original tumor and normal adrenal, hPheo1 does cluster with the original tumor, suggesting that it is more tumor-like than wild-type adrenal cells. hPheo1 cells have been used to understand the mechanisms involved in tumor development. For example, succinate dehydrogenase subunit B (SDHB) is an enzyme involved in mitochondrial bioenergetics and frequently mutated in metastatic PCC [143,144]. Knockdown of SDHB caused the cells to metabolize glutamine as a primary fuel source, decreased extracellular adhesion of the cells and significantly increased their proliferation [145]. Additionally, in hPeo1-SDHB-knockdown cells, membrane potential contributes to the aggressive migratory behavior of the cells, which can be normalized by treatment with glibenclamide, a specific potassium channel inhibitor [146]. Therefore, as the only human cell line available for PCC, hPeo1 cells play a role in understanding tumor progression. It is worth mentioning that, due to the lack of reliable human cell line models, fresh patient-derived PCC and paraganglioma primary cultures have been established in order to perform multiple drug testing and correlate drug responsiveness of the individual patient-derived tumor primary cultures with the genetic background [131,133,134].





4. Conclusions


Research on ACC and PCC are hot topics, particularly for the identification of biomarkers of tumor progression and effective therapies. Over the past decade, the development of new human ACC cell lines derived from both primary and metastatic diseases have prompted remarkable progress over the past in basic and translational research. Moreover, the recently established Danio rerio xenograft model has become a useful new tool for rapid drug screening. This model allows not only for the evaluation of drug effect on tumor growth but also on the mechanisms underlying the metastatic process, as the two metastasis-derived cell models retain the ability to form distal (MUC-1) and local (TVBF-7) metastasis in the embryo in contrast to the primary-derived cells (NCI-H295R), which remain confined to the injection site. If vast progress has been made in ACC; unfortunately, the same thing cannot be said for PCC to date. Indeed, the unmet need for the development of cellular models of human PCC remains open. However, although there is a lack of human PCC cell lines, several studies have been conducted using large panels of patient-derived primary cultures for extended culture periods [134,147]. Finally, a 3D in vitro model termed adrenoid, consisting of human ACC cells (NCI-H295R cells) and murine PCC cells (MTT cells), was recently generated [148]. This adrenoid, together with the other co-culturing models [22,90,91], represents a valuable tool and gives a view into the future of next-generation modeling within adrenal research.
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Figure 1. Overview of the adrenal gland and the human and rodent in vitro cell lines available. Profiles for mineralocorticoids, glucocorticoids and androgen secretion by each cell line as reported to date. NCI-H295 includes all sub-strains. Created with BioRender.com. 






Figure 1. Overview of the adrenal gland and the human and rodent in vitro cell lines available. Profiles for mineralocorticoids, glucocorticoids and androgen secretion by each cell line as reported to date. NCI-H295 includes all sub-strains. Created with BioRender.com.



[image: Endocrines 05 00019 g001]



