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Abstract

Pheochromocytomas/paragangliomas (PPGLs) are rare neuroendocrine tumours linked to
more than 15 susceptibility genes. PPGLs present with very different genotype/phenotype
correlations. Certainly, depending on the mutated gene, and the activated intracellular
signalling pathways, as well as their metastatic potential, each tumour is immensely
different. One of the major challenges in in vitro research, whatever the study field, is to
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choose the best cellular model for that study. Unfortunately, most of the time there is not
‘a best’ cell model. Thus, in order to avoid observations that could be related to and/or
dependent on a specific cell line, researchers often perform the same experiments using
different cell lines simultaneously. The situation is even more complicated when there
are only very few cell models obtained in different species for a disease. This is the case
for PPGLs. In this review, we will describe the characteristics of the different cell lines and

of mouse models, trying to understand if there is one that is more appropriate to use,
depending on which aspect of the tumours one is trying to investigate.
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Introduction

In 2017, the World Health Organization (WHO) of
Endocrine Tumours recognised anatomic criteria for PPGL
classification (1). Pheochromocytomas (PCCs) are tumours
originating from the neural crest-derived chromaffin cells
within the adrenal medulla. They commonly produce one
or more catecholamines: dopamine (DA), noradrenaline
(NA or norepinephrine) or adrenaline (A or epinephrine).
The presence of secretory granules at ultrastructure is a
diagnostic feature of pheochromocytoma. Paragangliomas
(PGLs) derive from extra-adrenal paraganglia cells and
can be further classified according to their clinical and
biological characteristics. In fact, they can be categorised
into two main classes. The first one is Head and Neck
(HN)-PGLs. They owe their name to their usual association
with branches of the vagus and glossopharyngeal nerves,
and typically lack catecholamine secretion (2). They are
mostly found at the bifurcation of the common carotid
artery, where the carotid body is located, but they may

also form in the jugular, tympanic, vagal, or laryngeal
paraganglia (3) or in other locations (4, 5). The second
class is Sympathetic PGLs that form in sympathetic
paraganglia and are biochemically active, since they
secrete catecholamines. Despite showing a ubiquitous
distribution, from the skull base to the pelvic floor,
approximately 85% develop below the diaphragm
(3). The standard treatment of PPGLs is the surgical
removal of the tumour (6). Since there is no histological
system that is currently endorsed for understanding the
biological aggressiveness of these tumours, all PPGLs
have metastatic potential and their metastatic nature is
determined by the presence or lack of distant metastases
in sites where normal paraganglia are not found, more
specifically bone and histologically confirmed lymph
nodes (1). Unfortunately, there is no available cure for
metastatic lesions, and understanding the cancer driver
events is crucial for the development of targeted therapies.
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Pheochromocytomas and
paragangliomas (PPGLs)

PCC and PPGLs are with variable
aggressiveness characterised by a large spectrum of
hereditary predisposition. Indeed, over one-third of PPGLs
are associated with inherited susceptibility genes, which is
the highest rate among all tumour types (7). Mutations
have been identified in more than 15 genes and, based on
gene profiling, PPGLs can be assigned to three different
‘clusters’ (for recent reviews on the genetic/phenotype
correlations of PPGLs see: (8, 9, 10)). PPGLs with
mutations in genes encoding the hypoxia-inducible factor
(HIF) 2a, von Hippel-Lindau tumour suppressor (VHL),
prolyl hydroxylase domain (PHD), fumarate hydratase
(FH), and succinate dehydrogenase subunits (SDHx) are
included in cluster 1. These tumours are characterised
by the activation of pseudohypoxic pathways and
by an immature catecholamine-secreting phenotype.
Intriguingly, tumours mutated in one of the enzymes
involved in the Krebs cycle are more aggressive than
others, showing an elevated metastatic potential. Cluster 2
includes PPGLs with mutations in the RE arranged during
Transfection (RET) proto-oncogene, Neurofibromatosis
type 1 (NFI) tumour suppressor gene, TransMEMbrane
protein (TMEM127) gene, Harvey rat sarcoma viral
oncogene homolog (HRAS) and MYC Associated Factor
X (MAX) gene. Cluster 2 PPGLs show activated MAPK
and mTOR signalling pathways, are mostly benign and
exhibit a mature catecholamine phenotype with strong
expression of phenylethanolamine N-methyltransferase
(PNMT), which is the enzyme that converts NA to A.
Recently, introducing also a cluster 3 has been suggested,
which includes tumours associated with mutations in the
Mastermind Like Transcriptional Coactivator 3 (MAML3)
gene, which is involved in the Wnt signalling pathway.
These PPGLs are characterised by a high Ki67 expression,
aggressive behaviour and early metastatic dissemination.

rare tumours

Tumour biology

As reported previously, a common feature of cluster
1 tumours is the activation of HIFs. For this reason,
scientists refer to them as pseudohypoxia-driven tumours.
Physiologically, in response to low extracellular oxygen
levels (i.e. hypoxia), HIF activated pathways are induced.
In cluster 1 tumours, HIF pathways are activated regardless
of the extracellular oxygen concentration, a condition
defined as pseudohypoxia. HIFs are heterodimeric
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transcription factors and their inducible components
(HIFlaand HIF2a) are very closely regulated by proteasomal
degradation, which occurs after their hydroxylation by the
enzyme PHD1/2. Mutations in some of the susceptibility
genes cause an impairment of the Krebs cycle, resulting
in an accumulation of the oncometabolites succinate,
fumarate, or 2-hydroxyglutarate, that in turn leads to the
inhibition of PHD1/2. Inactivation of PHD1/2 results in a
decrease of HIF-a hydroxylation that cannot be degraded
any longer (11, 12, 13, 14). Therefore, cluster 1 mutations
promote angiogenesis, tumour invasion, and metastasis.

Mutations of genes belonging to cluster 2 lead to
activation of the phosphatidylinositol-3-kinase (PI3K)/AKT,
mammalian target of rapamycin (mTORC1)/p70S6
kinase (p70S6K), and RAS/RAF/ERK signalling pathways,
which in turn promote cell proliferation, survival, cancer
development and angiogenesis.

The adrenal gland is the body’s only significant source
of circulating A. Tumours of cluster 2 are predominantly
intra-adrenal and thus secrete A, while the extra-adrenal
ones produce NA and/or dopamine. Conversely, cluster
1 tumours, even those occurring in the adrenal gland,
which are often associated with VHL mutations, do not
produce significant A (15).

Tumours mutated for the Cold Shock Domain-
containing E1 (CSDEI) and the MAML3 fusion genes
belong to cluster 3. MAML3 mutations lead to over-
activation of Wnt and Hedgehog signalling and MAML3-
mutated PPGLs showed elevated Ki-67 expression,
aggressive behaviour and early metastatic spread. CSDE1
mutations lead to over-activation of p-catenin, a target
of Wnt signalling, and favour tumour proliferation,
invasion, and metastases. The catecholamine phenotype
of these tumours is rather unknown (15).

Cell models
Rat pheochromocytoma (PC12)

The adrenal rat pheochromocytoma (PC12) cell line was
originally isolated from a PCC developed in an irradiated
rat in 1976 (16). This cell line has the characteristic
of precursor cells for both sympathetic neurons and
chromaffin cells.
neuronal phenotype in response to nerve growth factor
(NGF) (17), which causes these cells to extend long
processes and become electrically excitable (18). In
contrast, dexamethasone (DEX) treatment induces a more
endocrine-like phenotype and upregulates catecholamine

PC12 can differentiate towards a
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synthesis and storage (19, 20). The responsiveness to NGF
and DEX by PC12 cells has allowed them to be used as
a model of neuronal differentiation and pluripotency.
Chromaffin cells and sympathetic neurons derived from
the neural crest and the lineages diverge very early,
nevertheless, some transdifferentiation can occur (21, 22,
23). These cells are widely utilised as a model to study
synthesis, storage, and secretion of catecholamines and
regulation of nervous system development. In addition,
PC12 cells are also used for the study of the differentiation
effects on exocytotic vesicles and, since PC12 cells present
some advantages over other cell models for neurosecretion,
including chromaffin cells, it is likely that PC12 will
continue to be used as a model to study exocytosis (24).
PC12 cells are important also for PPGLs studies. Indeed,
they express several of the catecholamine biosynthetic
enzymes, including tyrosine hydroxylase (TH) along
with the enzymes converting L-DOPA to DA and DA to
NA, that is, aromatic L-amino acid decarboxylase (AADC)
and DA p-hydroxylase (DBH), respectively. However, the
final enzyme in the catecholamine biosynthetic pathway,
PNMT, which produces A from NA, is not expressed in
these cells. Indeed, PC12 cells are noradrenergic (16).
Nevertheless, dexamethasone promotes the expression
of the catecholamine biosynthetic enzymes, including
PNMT (25). Of note, in these cells, functional MAX
protein is not expressed. Hopewell and colleagues have
identified a homozygous mutation of MAX gene, which is
consistent with the aberrant processing of MAX transcripts
in these cells. It has been suggested that the loss of MAX
expression may have been a selected event either in the
development of the rat PCC or during subsequent cell
culturing in vitro (26).

Mouse pheochromocytoma cell line (MPC) and
mouse tumour tissue cells (MTT)

In 1994, Jacks et al. constructed a mouse strain with a
knock-out (KO) mutation of Nf1, the murine counterpart
of NF1 (27). This mutation was associated with the frequent
development of PCCs. Tischler et al. characterised these
tumours and isolated cells cultured in vitro (28). A few
years later, in the same laboratory, five mouse PCC cell
lines (MPC) were stabilised from primary cultures of PCCs
arising in mice with a Nf1 heterozygous KO mutation.
The cell line generally employed for the preclinical
studies pertaining to human tumours is MPC4/30/PRR.
These cells typically showed extensive spontaneous
neuronal differentiation and expressed neurofibromin.
Nevertheless, subsequent studies demonstrated that the
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wild type Nf1 allele was not present, possibly indicating
that the protein produced was functionally defective (29).

MPC is a valid tool for studying genes and signalling
pathways that regulate cell growth and differentiation in
adrenal medullary neoplasms, and are a unique model for
studying the regulation of PNMT expression (30). Indeed,
a particularly interesting characteristic of the mouse PCCs
is positive staining for PNMT and their ability to produce
A. Moreover, MPC is also considered as a useful model
for studying neurotransmitter release and neuroendocrine
secretion (20).

The less differentiated derivative of MPC, designated
as MTT (for mouse tumour tissue-derived) cells, was
then established from MPC tumour tissue formed after
reinjection of the original cell line into nude mice. These
cells are characterised by the development of solid organ
metastatic lesions, predominantly in the liver, 4 weeks
after injection. The MTT cells maintain a PCC phenotype,
as confirmed by measuring intracellular catecholamines,
by evaluating the expression of TH and PNMT along with
monitoring the presence of dense-core secretory granules.
Furthermore, gene expression array analysis on MTT
revealed genes that may be crucial for the development
of an aggressive and more malignant phenotype of
PCC (31). The MPC and MTT lines are complementary
for drug testing purposes, in that MTT best reflects
aggressive metastases, while MPC is better differentiated
and more comparable to slow-growing, hormonally
active metastases (32). Another interesting aspect of MPC
and MTT is that they do not express HIF2a, but only
HIF1a (13).

Several cell lines were then derived from MPC and
MTT to improve and diversify research studies, with a
particular interest in SDHB mutations, because mutations
in this gene represent a high-risk factor for malignancy
and poor prognosis (33, 34). To assess possible associations
between SDHB gene mutations and invasiveness, Richter
and colleagues established an MTT SDHB knockdown by
viral transduction with lentiviral particles (35). Of note,
one of the shortcomings of silencing the SDHB subunit
in an Nf1 heterozygous KO mouse is the mixing of the
phenotypes of clusters 1 and 2. By exploiting the MPC
and MTT characteristic of spontaneously forming clusters
in cultures, we generated, for the first time, PCC spheroids
with homogeneous size and geometry, as shown in Fig.
1 (36). In contrast to cultures, tumour cell spheroids
mimic the tumour mass and better represent the cells’
organisation within the tumour, forming a necrotic core,
an external zone with proliferating cells and clear margins.
This characteristic allows the operator to easily manipulate
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Figure 1

Cluster and spheroid formation. (A)
Representative image of MTT cells that
spontaneously form clusters when cultured in
monolayer. (B) Induction of spheroids by

8 days centrifugation of 5 x 103 MTT cells/well for 10 min

200 pm

at 220 g in 96-well plate with low adherence
round bottom. (C) After 48 h, spheroids assume a
compact and rigid shape with clear edges, and
they can be easily manipulated. In time, it is
possible to observe an increase of spheroids
mass, and the formation of a necrotic core
surrounded by a proliferating cell crown. All
images are representative.

the spheroids and use them for performing experiments.
Moreover, chromaffin cell features of PCC cell lines remain
unchanged during cultivation under spheroid conditions
(37). However, multicellular spheroids have some
limitations. Although their spherical architecture is quite
similar to the ‘Zellballen’ pattern of PCCs, every spheroid
has central necrosis, which is absent in most PCCs or
present only focally, especially in aggressive tumours. The
presence of this core could be a confusing factor for a clear
distinction between pseudohypoxic cluster 1 and cluster
2. Nevertheless, it has been shown that three-dimensional
tumour cell spheroids provide an excellent in vitro model
to study the influence of hypoxia under conditions close
to the in vivo situation (37). Indeed, currently not much is
known about spheroids maintained in hypoxic conditions
and surely some further studies should be performed to
take advantage of this research field. Another advantage
of using spheroids is the excellent proven suitability of
this model for drug screenings (38, 39).

Progenitor cells derived from a human
pheochromocytoma (hPheo1)

Previous reports have shown that it is possible to
immortalise cells, with minimal alteration of the
phenotype, by introducing human telomerase reverse
transcriptase (hTERT) into human cells (40, 41). In 2013,
Ghayee et al. applied this technology in an attempt to
immortalise endocrine tumours and to develop a cell
line from a human PCC. In the end, they developed a
neuroendocrine progenitor cell line called hPheol, which
should be useful in dissecting the molecular pathways that
influence the growth and differentiation leading to PCC
(42). The characterisation of these hPheol cells showed
that genes associated with catecholamine synthesis were

highly expressed in the tumour tissue of origin, but most of
them were downregulated in hPheol cells. Nevertheless,
when hPheol cells were treated with NGF, they were able
to develop neurites and to express chromogranin A and
PNMT. Despite the lack of hormone production, these
cells might be useful for studying signalling pathways
controlling growth and metastasis as well as for studying
mechanisms of tumour development (43).

Immortalised chromaffin cells (imCC)

In 2013, Letouzé et al. generated an immortalised mouse
chromaffin cell line (imCC) harbouring a complete defect
in SDH. They created genetically modified mice in which
the endogenous SDHB exon 2 was flanked by LoxP sites.
Subsequently, chromaffin cells were isolated from the
adrenal medulla, and deleted for SDHB by Cre-mediated
recombination (12). This model was created in order
to investigate the mechanisms linking SDH deficiency
with tumour onset, and it is used to study the metabolic
plasticity of SDH-deficient cells. Later on, Morin et al.
demonstrated that, in these SDHB-deficient cells,
hypermethylation and pseudohypoxia act synergistically
leading to the acquisition of metastatic treats (44).

Rat SDH-deficient RSO cells

Recently, Powers et al. (45) developed two cell lines
of SDH-deficient chromaffin cells from rats with a
heterozygous germline SDHB mutation. Heterozygous
Sdhb+/— founder rats were generated with various
deletions in the rat SDHB gene: offspring were irradiated
and maintained until they were killed. Necropsies were
performed and tissue from five PCCs that appeared to be
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viable was injected subcutaneously into NOD scid gamma
(NSG) mice by using a previously described protocol
(46). To generate primary cell cultures, minced xenograft
tissue was dissociated in collagenase followed by trypsin
(30). The utilisation of xenografts to develop cell lines
served to expand tumour cell populations, because
the usually small primary tumours did not provide a
sufficient number of cells for adequate tests of growth
conditions. Two cell lines designated RS1/2 (for Sdhb
haploinsufficient), and RSO (for Rat Sdhb null) originated
from cultures of xenografts. The first RS1/2 cell line had
lost the mutated SDHB allele but retained the wild type
allele. These cells show some succinate accumulation
consistent with haploinsufficiency, but they cannot
be considered fully SDH-deficient. RS1/2 serves either
as a control for studies of RSO or as a potential tool for
studying patients’ tumours that may be haploinsufficient
for SDH, having undetermined driver mutations. On the
contrary, the RSO cell line is SDH-deficient. The genome,
transcriptome and metabolome of RSO closely resemble
those of SDHB-mutated human PPGLs, representing the
only real cell model deriving from cluster 1 tumours. The
features that RSO xenografts share with SDH-deficient
human PPGLs include identical histology, loss of SDHB
protein with retention of SDHA, and expression of the
neuroendocrine markers such as TH and chromogranin A.
Moreover, in RSO, cytoplasmic vacuoles and sparse, often
tiny, secretory granules are present. In contrast, RS1/2
cells have larger secretory granules and lack cytoplasmic
vacuoles. Interestingly, RSO cells grown in a serum-free
medium form tumour cell spheroids spontaneously,
which are able to grow in suspension.

Mouse models

For research purposes, animal preclinical models are
urgently needed, especially because PCC is a rare
condition with a limited availability of malignant
tissue. The development and proper characterisation of
animal models will determine their usefulness as a model
for preclinical trials (47). In the past 30 years, many
genetically engineered and allografted mouse models
have been generated to investigate the mechanisms of
PPGL tumourigenesis and test new therapeutic strategies.
Among them, only cluster 2-related predisposed models
have been successful. In fact, genetically engineered
mice with SDHB mutations have failed to develop SDH-
deficient PPGLs. Indeed, at present, cluster 1 mouse
models, that is, KOs for SDHx, FH, or VHL genes, are not
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available. The recent progress facilitated by the TALEN,
CRISPR/Cas9 or induced pluripotent stem cell (iPSCs)
technologies, will promote, most likely, an acceleration
of such models in the near future. Regarding SDH-
deficient mouse models, the first homozygous KO of
SDHD was lethal at an embryonic stage (48). Several years
later, a second SDHD KO mouse model was generated.
Two conditional SDHD KO were reported, but none of
these models resulted in PPGL development (49). Two
different teams published negative results regarding
engineering a SDHB-deficient mouse model (50, 51).
The failure to develop a pure SDHB KO model suggests
a cellular lethality of SDHB complete KO in mice. The
generation of a predisposed SDH-related model of PPGLs
probably requires a second hit that would allow PGL
tumourigenesis in rodents.

However, grafted models are available to study
cluster 1-related tumours. In a grafted model, human
(xenograft) or animal (xeno-/allograft) cancer cells
are transplanted either under the skin (ectopic) or
into the organ of tumour origin (orthotopic) using
immunodeficient rodents, such as athymic nude mice
or severely compromised immunodeficient (SCID) mice.
Regarding the engrafted mice, Giubellino et al. developed
a MTT derivative, known as MTT-luc and an additional
cell line expressing green fluorescent protein (GFP) and
firefly luciferase obtained by transducing the cells with
a pre-packaged lentiviral construct. It is intended to be
used for in vivo bioluminescence imaging of tumour
deposits. In vivo, implantation of tumour cells transfected
or transduced with the reported gene such as luciferase
or GFP allows sequential monitoring of tumour growth
within the viscera by measuring these photon signals.
This technology is reshaping efficacy evaluations and
drug-targ et al.orithms in drug animal testing for several
tumour types (52). Indeed, allografts with murine cell
lines remain the only feasible option to study, in vivo, the
behaviour of such tumours.

As described previosuly,
co-workers have developed xenograft models from PCCs
that arose in rats with a heterozygous germline mutation
in SDHB. Two distinct, serially transplantable, PCC
xenograft models, which have been designated as RSO
and RS1/2, were derived at 84 and 74 weeks, respectively,
from macro PCCs that arose in irradiated rats. RSO
xenografts histologically show sharply defined ‘Zellballen’
architecture, slightly clear cells and prominent blood
vessels closely resembling human PGLs, while RS1/2
shows more diffuse growth. RSO closely recapitulates the
genotype and phenotype of hereditary SDHB-mutated

recently Powers and
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human PPGLs and appears to be a promising model for
preclinical studies of these tumours (45).

Lussey-Lepoutre reported a detailed overview of
existing rodent models carrying the susceptibility genes
involved in human PPGLs and their contribution to
the improvement of PCC experimental research (53).
Briefly, in both the c-mos and MEN2B models, multiple
PCCs are associated with thyroid C-cell proliferations, as
in human MEN2A and MEN2B. However, some lines of
c-mos mice exclusively develop PCCs or exclusively C-cell
tumours, possibly due to differences in the transgene
integration site. Interestingly, Nf1 heterozygous KO mice,
which frequently develop PCCs (28), express high levels
of wild type RET (54), suggesting that an increase of the
downstream RET activated signalling pathways predispose
mice to developing PCC. Indeed, patients harbouring RET
gain of function mutations develop MEN 2 syndrome.

PCCs in Pten KO mice show consistent deletions
in mouse chromosome 4 (55), which is homologous to
human chromosome 1p, the most frequent deletion in
human PCCs. ErbB2 and B-Raf proto-oncogenes mutated
mice are also able to develop PCCs (56, 57), as well as
those mutated in Rb, Trp53, VHL, and InK4a tumour
suppressor genes (58, 59).

Which model for which tumour?

For preclinical models, it is important to represent the
selected tumour cluster as closely as possible, because
each cluster is associated with distinctive signalling
pathways and metabolic characteristics. These specific
features represent potential drug targets (60, 61, 62)
or might be responsible for different responses to drug
treatments (63).

The generation of an increasing number of animal
and cellular models of PPGL has been seen in the past 30
years. Based on cluster classification, cluster 1-cell models
only recently became available, with the development
of the RSO cell line. Before that, only cluster 2 cell and
mouse models were available. RSO is, in fact, a new
xenograft and cell line model of SDH-deficient PCC from
rats with a heterozygous germline SDHB mutation. The
genome, transcriptome and metabolome of this model
closely resemble those of SDHB-mutated human PPGLs.
Nevertheless, further experimental data using this model
are needed to understand its importance in preclinical
PPGL research. Even if Tischler and colleagues have
always done their utmost to characterise their models
fully and openly, it should be noted and acknowledged
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that MPC, MTT and RSO cell lines all required irradiation
to induce tumours in the original animals. This approach
introduces unknown elements regarding the translation
of any results to the human situation.

About tumour cell spheroids, since necrosis is an
adverse factor correlated with risk of metastasis (64),
a 3D cell model is a good model for the study of PCC
metastasis because of the necrotic core in the middle of
the spheroids. On the other hand, the necrotic core can
represent a limitation for the study of PCC because it
creates an artificial hypoxic environment on the central
cells within the spheroid, thereby potentially muddying
the distinction between pseudohypoxic cluster 1 and
cluster 2. For this reason, monolayers may be equivalent
or superior for some types of studies.

Given the fact that PC12 and MPC cells are both
chromaffin cells, although they belong to different species,
these models are somehow comparable. Morphologically,
PC12 and MPC are different in size, shape and show
distinct adherence and clumping behaviours, which also
vary in response to different culture conditions. In fact,
they respond dissimilarly to growth substrates and to nerve
growth factor. MPC cells genetically and biochemically
resemble human PPGLs. For example, they express
substantial levels of the A synthesising enzyme, PNMT,
and they do not significantly respond to NGF. In contrast,
PC12 are noradrenergic and become excitable following
NGF treatment. A surprising finding is that MPC cell lines
express high levels of the receptor tyrosine kinase RET,
which is involved in the pathogenesis of human PCCs, in
hereditary MEN2. They also respond to the RET-activating
ligand by exhibiting RET phosphorylation, neurite
outgrowth, decreased proliferation, and altered expression
of catecholamine biosynthetic enzyme. Consequently,
cells undergo neuronal differentiation similar to what
has been observed in NGF-treated PC12. Usually, RET is
minimally expressed by normal mouse chromaffin cells
and its high expression in MPC cells suggests possible
relationships between two previously unrelated tumour
syndromes, neurofibromatosis and MEN2 (65). Moreover,
MPC and their metastatic derivative MTT cells naturally
lack HIF2a. On the contrary, the rat PC12 cell lines express
both HIF1a and HIF2a (13). These data indicate that PC12
cell lines could be utilised to study chromaffin cell or
sympathetic neuron biology, while MPC cell lines are a
useful model for the study of adrenergic tumours. The
major cell line characteristics are summarised in Table 1.

In addition to the fact that the in vitro conditions
are very different from those found in vivo, making
correlations among data obtained by different research
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Table 1 Schematic representation of the different cell line characteristics.

Cell Origin Genotype and cluster Catecholamine secretion Forming clusters/spheroids

PC12 Rat pheochromocytoma MAX chromosomal Dopamine, noradrenaline —
rearrangement or
translocation, cluster 2

MPC Mouse pheochromocytoma Heterozygous NF1 knock out, Noradrenaline, +
cluster 2 adrenaline

MTT Metastatic mouse Heterozygous NF1 knock out, Noradrenaline, +

pheochromocytoma cluster 2 adrenaline

hPheo1 Human pheochromocytoma hTERT immortalised, cluster 2 Not secreting -

imCC Mouse SDHB knock out, cluster 1 Not known -

RS 1/2 Rat pheochromocytoma Heterozygous SDHB knock As xenograft: dopamine, +/—
out, cluster 1 noradrenaline

RSO Rat pheochromocytoma SDHB knock out, cluster 1 As xenograft: dopamine, +

adrenaline

groups, even if acquired using the same cell lines, is not
easy for several reasons. Indeed, the same cell types in
different laboratories are often maintained in dissimilar
culture conditions, including medium composition, O,
or CO, levels and nutrient concentration (such as diverse
percentages of serum or factors added to the medium).
Another complication is the passage number. In fact, it is
good laboratory practice to work with early cell passages in
order to obtain reproducible effects under treatments and
avoid the accumulation of possible additional mutations
occurring over time. Cryopreservation of early passages,
whenever possible, is recommended. As an example,
PC12 cells were developed almost 50 years ago and have
been maintained in different culture media by some
laboratories. Therefore, the ability to induce PNMT may
vary according to passage number and the way cultures
have been maintained.

Moreover, the appropriate cell of origin is of primary
importance (66). Another variable to be considered when
working with cell lines is that modifying the gene expression
pattern, for example with the silencing of MTT cells with
shRNA anti-SDHB, leads to combining the characteristics
of the different clusters muddying the distinction between
cluster 1 and cluster 2. However, at the moment the cell
models described are the only ones available and they allow
us to study metabolic functions of PCC/PGL. Nevertheless,
interesting future perspectives consist in reintroducing in
RSO cells, by transfection, the wt SDHB subunit, in order to
clarify the metabolic features and functions of intracellular
pathways in the tumourigenesis processes.

Conclusions

Tumours do not exist as a homogeneous population of
malignant cells. Rather a tumour is characterised by a

changing microenvironment, resulting from an interplay
between a heterogeneous population of malignant cellsand
their assorted support of various tumour-associated cells,
including macrophages, fibroblasts, pericytes, endothelial
and immune cells. The multitude reciprocal interactions
between tumour cells and the tumour microenvironment
(TME) allow minor populations of tumour cells to evade
apoptosis and to develop resistance. Moreover, the TME is
rich in cytokines and growth factors, which are secreted
by either tumour cells or stromal cells and contribute
to aberrant growth, angiogenesis, metastasis and drug
resistance.

Given these considerations, the importance of
studying and targeting the microenvironment as a
possible anti-tumour therapy is increasingly clear.
Notably, MPC or MTT spheroid stability provides an
opportunity for a future generation of multicellular
spheroids consisting of PCC cells, endothelial cells
and/or fibroblasts that provide a closer model to the
in vivo situation within the tumour microenvironment.
Despite several attempts, in contrast with MPC and
MTT, PC12 cells are unable to form spheroids, even
using different methods for spheroid generation (37).
In addition, the new isolated RSO cells, in serum-free
medium, spontaneously form spheroid-like masses.
However, the possibility of handling these spheres and
their stability in culture must be further evaluated.
Besides spheroids, a future perspective for PCC studies
includes the possibility of developing organoids, which
better resemble the human adrenal gland, and that could
provide the opportunity to understand the role of the
adrenal cortex in modulating PCC onset.

With regard to imCC and hPheol cells, although they
seem to be promising models, all the data present in the
literature are limited to those coming from the research
groups that have isolated the two cell lines. In this case,
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further studies are necessary to make a proper comparison
with the other cell lines.

About the in vivo models, knock-in and knock-out
mice are useful models to investigate the pathogenesis of
human tumours including their metastatic potential, as
well as subcutaneous or tail vain injection of tumour cells
(allograft or xenograft) (67). The development of these
models is particularly challenging given the diverse causes
and manifestations of tumours.

Considering the dissimilarities among the different
models, it is still necessary to be very careful in drawing
general conclusions from the results obtained from any
single cell line.
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