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Abstract
As a result of intense genetic studies of families with specific mutations, the road to better
therapeutic intervention for pheochromocytoma (PHEOs) and parangangliomas (PGLs) has more
recently become populated with several promising molecular targets. Consequently a change in
paradigm from a previous view on nonspecific therapy has shifted towards more selective
molecular targeted therapies. In particular, malignant PHEOs/PGLs, more specifically the tumors
that result from mutations in succinate dehydrogenase subunit B (SDHB), are a clear concern, and
novel therapies should be developed to address this problem. Here we summarize current and
future therapeutic approaches.
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INTRODUCTION
Pheochromocytomas (PHEOs) are catecholamine-producing tumors that are most commonly
located in the adrenal gland; extra-adrenal tumors are classified as paragangliomas (PGLs)
[1]. Recently, several outstanding discoveries have been made that have substantially
improved and changed our approach to understanding the pathogenesis, genetics, diagnosis,
localization, and experimental treatment options of these tumors. Metastatic PHEOs or
PGLs are diagnosed based on the presence of tumor cells of chromaffin origin in a location
outside the site of normal development (adrenal medulla and the sympathetic chain),
including mainly the lungs, spleen, bones, and liver [2]. Although frequently non-metastatic
and slow growing in most cases, in selected patient populations (especially those with
SDHB mutations), up to 90% of patients can develop metastatic disease. PHEOs or PGLs
presenting with various succinate dehydrogenase B (SDHB) gene mutations have a very
high likelihood to develop metastatic disease, commonly in the bones, lymphatic nodes,
lungs, and liver [2]. Other hereditary PHEOs or PGLs, mainly those related to
neurofibromatosis type 1 (NF1) and multiple endocrine neoplasia type 2 (MEN 2), have
much lower tendencies to metastasize [3]. Despite a vast interest and effort to develop new
therapeutic approaches to treat metastatic PHEO and PGL, data is either limited or still at an
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experimental level, although there are some promising results and observations. In general,
current data suggests there is no long term survival benefit between CVD chemotherapy-
treated and untreated patients [4]; although there is an initial benefit from this regimen in
malignant PHEOs (with a response rate of about 70%–80%), relapse occurs most of the time
[5].

The use of novel targeted therapy has been explored with different results. For example,
disappointing results has been observed with the use of the mTORC1 inhibitor everolimus
[6]; at the same time, investigation, especially in advanced disease, of the oral multitarget
inhibitor sunitinib has gained some interest, and clinical studies are underway to define its
role in the treatment of PHEO and PGL.

In an effort to understand the malignant transformation of PHEO cells, we can distinguish
two main forces which confer a survival advantage of these tumor cells over other cell
populations: 1) induction of proliferation and 2) inhibition of apoptosis. In the following
paragraphs we will attempt to illustrate how these two heavily regulated events can direct
strategies in our search for effective treatment for malignant PHEOs and PGLs.

Current Therapeutic Approaches
Surgical removal of primary tumors and metastatic foci is a mainstay in the management of
malignant PHEOs and PGLs [7]. For unresectable tumors (i.e. bone metastasis;
encroachment of a major vascular branch), radioactive isotope treatment with [131I]-MIBG
could be given [8]. A 30% tumor response rate, 45% biochemical response rate, and 76%
rate of symptomatic relief has been reported with a mean of 158 mCi single therapy dose
and a mean of 3.3 +/− 2.2 doses administered [9]. An increase in the dose to 492–1,160 mCi
has yielded a better tumor response rate of 67% and a 5-year survival rate of 75%, but also
increased the myelosuppresive side effect [10]. Only those with positive MIBG uptake will
respond to MIBG treatment, but unfortunately not every lesion will be identified by the
uptake of the isotope; consequently this treatment option is limited and dependent on
positive uptake on the initial scan [11, 12].

Patients with a substantial number of metastases (multiple metastatic foci) or with recurrent
disease will require systemic chemotherapeutic intervention. Of all the possible
combinations that have been tried, chemotherapy with combined cyclophosphamide,
vincristine, and dacarbazine (CVD) has emerged as the best option [13]. A tumor response
rate of 55% and biochemical response rate of 72% was reported in a 22-year follow-up
analysis of 18 patients performed at the National Institutes of Health [4]. However, this
moderate response rate still does not meet the real clinical needs of these patients, and more
effective options should be sought and explored.

Future Therapeutic Options
Our better understanding of the biology of these tumors opens the possibility of using more
selective targeted therapeutic options, with the promise of superior efficacy and substantially
reduced adverse effects. We can schematically classify these novel therapeutic strategies as
either preventing the transformed cells from dividing indefinitely (anti-proliferative
therapeutic strategies) or enhancing programmed cell death (pro-apoptotic therapeutic
strategies) (Figure 1).

1) Anti-proliferative therapeutic strategies—Several pathways are involved in
increased proliferative activity in different tissue environment conditions and are potential
and promising therapeutic targets for PHEOs and PGLs. Two major clusters can be derived
from transcriptome profiling of different PHEO and PGL tumor tissues [14]. One of them,
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identified as Cluster 2 (which includes RET, NF1, TMEM127, and MAX), is believed to
increase HIFα expression by increasing signal transduction in the PI3K/AKT/mTORC1
pathway [15–18]. The other cluster, identified as Cluster 1, increases HIFα accumulation
either by interrupting ubiquitylation (SDHx and SDHAF2) or as a result of a direct defect in
the ubiquitylation system (VHL), thereby inhibiting its proteosomal degradation. For the
chromaffin cells that develop into PHEOs and PGLs, HIFα stabilization seems to be a
recurrent motif and an important unifying phenomenon at the intersection of all the genes
described so far in the hereditary forms of the disease. However, much remains to be
clarified about the biology of HIFα induction. Common and specific target genes have been
described for HIF1α and HIF2α [19–22], the two main isoforms described, but
experimental work also suggests that some functions of these two isoforms may be opposing
[23, 24]. Care must be taken in deciding which one to block, as it appears that different
PHEO/PGL genotypes preferentially express either of the isoforms, and even possibly at
various titer ranges [25]. It is worth noting that although cluster 1 was grouped based on the
pseudohypoxic signature of these tumors, PHEOs/PGLs with SDHB mutations appear to
have more HIF2α, in contrast to those with VHL mutations, where HIF1α and its common
target genes predominate [26]. This finding is consistent with a recent analysis of expression
profiles of patient subsets with defined gene mutations (Pacak, unpublished).

Unfortunately, at the moment there are no clinically available selective compounds directly
targeting only the HIF protein, but several approaches targeting proteins connected to the
HIF pathway have been investigated. These indirect approaches to target the HIF protein
include inhibitors of mTOR. In particular, mTORC1, which is a complex of mTOR with
raptor, Pras40, and mLST8, is activated by Akt through the upstream activation of PI3K,
leading to p70S6 phosphorylation and stimulating cell proliferation and pro-survival
signaling. Under hypoxic conditions (which upregulate HIFα) or in patients with SDHB
mutations, the same pathway is activated. More recently, mutations in TMEM127, which is
associated with mTORC1 downregulation, have been demonstrated in patients affected by
pheochromocytoma [27]. Moreover, in vitro experiments demonstrated that mTORC1
inhibition leads to a repression of HIFα stabilization [28, 29]. Together, these findings
support the use of inhibitors of this important pathway. However, early clinical experience
with the mTORC1 inhibitor everolimus in a small number of patients with progressive
malignant PHEOs resulted in disease progression [6]. Two potential explanations for this
treatment failure have been proposed. Firstly, mTORC1 repression only inhibits HIF1α but
appears to have no effect on HIF2α [30], and the latter is generally regarded as the more
oncogenic of the two isoforms [31]. Secondly, a compensatory activation of a parallel
signaling pathway involved in cell growth, RAS/RAF/ERK, was noted when mTORC1 was
inhibited [32]. To address these concerns, an agent that inhibits both mTORC-1 and -2 (e.g.
AZD-8055) can potentially be a rewarding option. Alternatively, considering the
compensatory ERK activation through PI3K, a combination with an ERK inhibitor (e.g.
AEZS-131) to prevent any feedback loop that the transformed cells could use to their
advantage is a viable choice. Combination treatment, like the ones mentioned, can also
potentially decrease the likelihood of the cancer cells developing resistance over time.
Increased dependence on glycolysis, which has been observed in several tumors and
constitutes another important hallmark of cancer, is currently under investigation, with the
hope to select a few molecular targets for future therapy.

Other main players in cell proliferation are the tyrosine kinase receptors (RTKs), including
RET (Rearranged during Transformation), platelet-derived growth factor receptor (PDGFR),
KIT (v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog), and epidermal
growth factor receptor (EGFR). Activation of downstream signaling molecules, such as Ras
and BRAF (v-raf murine sarcoma viral oncogene analog B1), can be involved in their
pathogenesis as well. Much attention has been devoted recently to these proteins, because
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they are potential targets for targeted molecular therapy by novel drugs. Some identified
genes of susceptibility for hereditary PHEOs/PGLs are RTKs or directly involved with
RTKs, which naturally puts them into consideration in planning therapeutic strategies.

Among RTKs a prominent role is played by the protooncogene RET, which is primarily
expressed in neural crest cells (including parasympathetic and sympathetic ganglion cells)
and urogenital cells [33]. Its ligands are growth factors of the glial cell line-derived
neurotrophic factor (GDNF) family, including GDNF, artemin, neurturin, and persephin;
these ligands bind and activate RET in conjunction with one of the GPI-linked co-receptors,
identified as GDNF-family alpha (GFRα) receptors [34]. The formation of this three-part
complex (ligand, Ret, and GFRα receptors), with subsequent dimerization, induces the
autophosphorylation of the RET receptor on several intracellular tyrosine residues.
Consequently, several intracellular adaptors dock on specific phosphotyrosine residues,
connecting the receptor with several cellular pathways, including nodal mediator of tumor
cell migration and metastasis [35].

Mutations in the RET gene, and subsequent ligand-independent activation of the gene
product, cause multiple endocrine neoplasia type 2 (MEN 2), a hereditary cancer syndrome
classified into three subtypes based on clinical presentation: 1) MEN 2A; 2) MEN 2B; and
3) familiar medullary thyroid carcinoma (FMTC). PHEO develops in about 50% of patients
with MEN 2A and MEN 2B, with a strong correlation between the position of the RET
mutation and the clinical phenotype [36]. High levels of RET have been identified in a
murine PHEO cell line (MPC) derived from neurofibromatosis knockout mice [37], and
these represent one of the best cellular models we have for testing novel therapeutic
strategies. In comparison, normal mouse chromaffin cells express very low levels of RET. In
the MPC cell line, the receptor was found to be highly respondent to the ligand GDNF, with
an effect comparable to those obtained in primary human PHEO cell cultures.

Overall, RET represents a potential target in patients affected by PHEO. At the moment
several tyrosine kinase inhibitors of the RET receptor are in clinical development [38].
These drugs target other kinases beside RET, with the advantage of simultaneously blocking
several pathways involved in tumorigenesis. In particular the drug ZD6474 (vandetanib) has
demonstrated promising results in vitro and in vivo [39]. This agent is able to inhibit other
RTKs at the same time, including VEGFR2 (KDR), VEGFR3 (Flt-4), and VEGFR1 (Flt-1),
and at higher concentrations, EGFR. Recently Vitagliano et al. [40] demonstrated the effect
of this drug in medullary thyroid carcinoma cells harboring RET mutations. The co-
existence of MTC and PHEO in MEN 2 syndrome suggests that ZD6474 is a good candidate
drug to test in PHEO tumors as well.

Angiogenesis is a major player in the development of several tumors, and in particular in the
formation of tumor metastases, which frequently develop in patients carrying SDHB
mutations. The vascular endothelial growth factor (VEGFR) family is a major player in
angiogenesis, and its role in several cancers is well established. PHEOs are highly
vascularized tumors, and angiogenesis in these tumors has been associated with a malignant
phenotype [41]. The rat PHEO cell line PC12, which has been a valuable model for this
disease for several years, as well as human PHEO specimens, express vascular endothelial
growth factor (VEGF), and follow-up studies have been shown to mediate angiogenesis in
this tumor, both in vitro and in vivo, via VEGF [42, 43].

More recently, Takekoshi et al. (REF) have analyzed the expression of VEGF and its
receptors in several PHEOs; compared with normal adrenomedullary tissue, these tumors
expressed higher levels of Flk-1/KDR and Flt-1, suggesting that expression of both the
receptors and the ligands have an important role in the pathogenesis of these tumors.
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Interestingly, using antibodies against VEGF was able to reduce tumor angiogenesis and
tumor proliferation in a xenograft mouse model of PHEOs [44].

The tyrosine kinase c-Kit is another example of an RTK involved in the pathogenesis of
PHEOs and PGLs. C-Kit (also identified as cluster of differentiation or CD117) is the
receptor for stem cell factor (SCF), and altered forms of this receptor have been associated
with some types of cancers, including leukemias, gastrointestinal stromal tumors (GIST),
seminomas, and melanomas. Matsude et al. have demonstrated the presence of c-Kit in
normal adult adrenal medullary tissue and positivity in one PHEO sample [45]. More
recently, Tavanger et al. [46] have demonstrated no correlation between c-Kit
immunohistochemical staining and tumor malignancy. Consistent with these findings, the
use of the tyrosine kinase inhibitor imatinib has demonstrated no activity in several
neuroendocrine tumors, including PHEOs, raising questions about the utility of such
inhibitors in these tumors [47].

Another notable PHEO/PGL malignant marker is v-erb-b2 erythroblastic leukemia viral
oncogene homolog 2 or ERBB2 (Her2/Neu), an RTK involved in cell growth and
differentiation. ERBB2 was reported to induce bilateral PHEOs in mice [15], and
overexpression of ERBB2 is found in human malignant PHEOs [48, 49]. No clinical study
to date, however, has been done to evaluate ERBB2 as a treatment target in malignant
PHEOs, but several molecular therapies selective for this receptor are already available and
can potentially be implemented in mini-clinical trials.

Recently Sunitinib, a potent multi-RTK inhibitor FDA-approved for metastatic renal cell
carcinoma (RCC), has been used in patients with PHEOs associated with VHL mutations
[50]. However, disappointing results with Sunitinib have been observed among patients with
SDHB mutations, probably due to the lack of overexpression of the molecular targets of this
drug compared to patients with VHL mutations (unpublished observations). Lesions with
defective VHL protein have a predominant overexpression of HIF1α [26], as in clear cell
RCC [51], and subsequently increased RTKs involved in neoangiogenesis [52]. Considering
reports describing xenograft experiments using several receptor tyrosine kinase inhibitors
(TKIs) that have demonstrated the ability to block metastatic foci in mouse models [53, 54],
we expect growth in the number of clinical trails using RTKs and their ligands as targets,
either alone or in combination with traditional chemotherapy or radiotherapy.

Another interesting strategy, currently under investigation, has recently emerged, which
takes advantage of the capacity of chaperone proteins to correctly fold therapeutically
relevant oncoproteins. The proteins, collectively called heat shock proteins (HSPs), are
cellular chaperones that are important for housekeeping functions, including protein
transportation, assembly, and folding [55]. HSPs are frequently overexpressed and activated
in cancer cells, suggesting a role in the process of malignant transformation. While HSP90 is
present in a latent, uncomplexed state in normal cells [56], it is completely activated and part
of multichaperone complexes in cancer cells [57]. HSP90 is a key protein in several
pathways of cell proliferation, survival, and tumor progression, and consequently it has been
recognized as a central nodal target for cancer therapy [58]. In particular, overexpression of
HSP90 has been observed in malignant PHEOs compared with benign disease [59], and it
has been identified as a promising therapeutic target for PHEOs [60, 61]. Several HSP90
inhibitors have been developed in the last decade, and several clinical trials are ongoing and
could potentially include patients with malignant PHEOs/PGLs.

More recently, we investigated the ability of LB1, a small molecule inhibitor of serine/
threonine protein phosphatase 2A (PP2A), to inhibit mouse PHEO cells (MPC) in vitro and
in vivo in a mouse model of metastatic PHEO alone and in combination with temozolomide
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(TMZ) [62]. When LB1 or TMZ were used separately or in combination, they only modestly
inhibited MPC cell proliferation. However, in vivo, the combination of both drugs markedly
reduced the rate of increase of metastatic (hepatic) tumor volume in all animals. There was a
slight or no inhibitory effect on tumor growth in vivo when these drugs were used
separately. Inhibition of PP2A was associated with the prevention of G1/S phase arrest and
of mitotic arrest mediated by Plk-1. We proposed that a transient pharmacologic inhibition
of PP2A could represent a new approach for enhancing the efficacy of non-specific cancer
chemotherapy regimens against a broad spectrum of low growth fraction of PHEO/PGL
tumors commonly resistant to cytotoxic drugs.

Carboxypeptidase E is another molecular target we could use in the treatment of metastatic
PHEO/PGL [63]. We found an increased expression of an N-terminal splice isoform (CPE-
DN) in various human metastatic tumor cell lines, and suppression of this gene in these cell
lines with siRNA led to inhibition of growth and invasion in xenograft mouse models [64].
It appears that CPE-DN increases neural precursor expressed, developmentally down-
regulated 9 or NEDD9 by interacting with histone deacetylase 1 and -2 (HDAC 1 and -2),
another potential molecular target for metastatic PHEO. As a side note, NEDD9 has been
associated with tumor progression on various cancer types [65]. High copy numbers of CPE-
DN mRNA were observed in metastatic PHEO/PGL, and interestingly high copy numbers in
benign tumors are able to predict recurrence or metastatic disease.

2) Pro-apoptotic therapeutic strategies—Despite the two major clusters derived from
transcriptome profiling of different PHEO and PGL tissues [14], as described above, other
groups have suggested that the susceptibility genes described so far converge into a common
pathway [66]. In this model, mutations in the PHEO susceptibility genes RET, VHL, NF1
and SDHx are responsible for a defective apoptotic pathway in neuronal progenitor cells, a
process that usually occurs upon withdrawal of nerve growth factor (NGF) during
embryogenesis and is mediated by c-Jun. This finding is consistent with an increase in JunB,
modulator of c-JUN, among cells with defective pVHL. JunB also promotes survival in rat
PHEO cells after NGF withdrawal. In addition, SDHx mutations, as observed in PHEO/
PGL, cause accumulation of succinate, which in turn inhibits EGLN3; this process
subsequently inhibits apoptosis [66]. It is interesting to note that the kinesin KIF1Bbeta,
whose loss of function has been described to cause one rare form of hereditary PHEO/PGL,
was described to act downstream of EGLN3 [67]. Several molecules along this
developmental pathway are potential drug targets that should be further explored for
induction of cell-specific apoptosis in PHEOs/PGLs. The escape from programmed cell
death through inhibition of HIF-prolyl hydroxylase 3 (PHD3) or EGLN3 establishes an
important link between the two pathways. This is an example of how better knowledge of
the molecular pathways involved in pathogenesis of PHEO can guide the selection of
successful drug combinations.

Many different types of experimental therapeutic agents, either alone or in combination with
other therapeutic options, have been shown to have a significant effect on PHEO cell
apoptosis. For example, the HDAC inhibitors romidepsin and trichostatin A were studied to
assess their ability to enhance apoptosis induced by [123I]-MIBG uptake in a mouse model
of metastatic PHEO and found to profoundly increase the expression of the norepinephrine
transporter system (NET) and the uptake of [123I]-MIBG in vitro and in vivo [68]. We
concluded that HDAC inhibitors can enhance the therapeutic efficacy of [131I]-MIBG
treatment in patients with metastatic PHEO/PGL.

In another recent study we demonstrated that NFkB inhibition using either triptolide or
capsaicin led to NET upregulation and apoptosis induction in the three available PHEO cell
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lines: MTT, MPC, and PC12 [69]. Moreover, NFkB inhibition with triptolide resulted in a
significant reduction of liver metastases in an animal model of metastatic PHEO.

Apoptosis can also be induced in PHEOs/PGLs via inhibition of TNF receptor-associated
protein 1 (TRAP-1) [70]. This mitochondrial-specific HSP90 homolog is found to be
elevated among SDHx-related PHEO/PGLs. MPC expresses high levels of TRAP-1, and
treatment with gamitrinib, an HSP90 inhibitor, resulted in 90 to 95% cell death in two weeks
(Powers et al, USCAP 2011).

Somatostatin analogs are also promising agents in the treatment of PHEOs/PGLs, not only
because of their established use in neuroendocrine tumors, but more importantly because it
has been shown that PHEO tissues express more than one type of somatostatin receptor [71].
A study reported a more potent inducer of apoptosis, SOM230, in comparison to octreotide
[72]. SOM230 also markedly suppressed intracellular catecholamine levels. The superior
response profile of SOM230 is attributed to its ability to block 4 out of 5 somatostatin
receptor compared to octreotide or lanreotide, which are known to have high affinity to
somatostatin receptor 2 (sst2) [72].

Nutritional therapy for cancer has also been gaining momentum. Eicosapentanoic acid
(EPA), a polyunsaturated fatty acid sourced from aquatic animals, has been found to induce
apoptosis in the rat PHEO cell line PC12 [73]. It was postulated that lipid peroxidation with
subsequent cellular and DNA damage could account for the anticancer properties of EPA. It
is important to outline that, unlike the more widely used and approved chemotherapeutic
agents, EPA was reported to cause only negligible side effects [74], outlining the importance
of exploring this class of therapy more deeply.

Lastly, highly proliferative cells such as cancer cells are dependent on topoisomerases that
release torsional stress on the DNA double strand during replication. This presents a
potential drug target, whereby inhibition of this enzyme (e.g. with compounds such as
camptothecin) leads to irreversible DNA strand breaks and subsequent activation of
apoptotic pathways [75].

In conclusion, our clinical experience and the use of murine models of metastatic PHEOs
have helped to introduce new experimental treatment options, using proliferation inhibition
or apoptosis as a way to reduce tumor burden. First, using a combination of microCT and
[18F]-FDA PET in a mouse model of PHEOs [76], we optimized a useful approach to assess
various organs for metastatic lesions. More recently we introduced an animal model that
takes advantage of bioluminescence technology for the rapid in vivo investigation and
implementation of therapeutic options for PHEOs [77]. These models will greatly help the
PHEO community explore novel targeted therapies that have already shown promising
results in several other tumor types.
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Figure 1.
Normal tissue development is dependent on careful balance between proliferative and
apoptotic factors. Enhancement of proliferative activity and/or inhibition of pro-apoptotic
pathways tilt this balance towards oncogenesis. Restoration of this balance can be achieved
by strategically utilizing therapeutic agents that would inhibit unrestrained proliferation to
occur or allow cell death to proceed.
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