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Molecular and Therapeutic Advances in the Diagnosis and
Management of Malignant Pheochromocytomas and Paragangliomas
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Discuss the advances in molecular genetics which have uncovered new hereditary and germline
mutations contributing to the development of pheochromocytoma and paraganglioma and
identify the genotype/phenotype patterns which facilitate more accurate determination of
malignant potential.

Learning Objectives

Describe the current imaging modalities used in the diagnosis of pheochromocytoma and
paraganglioma and evaluate the efficacy of functional imaging modalities according to tumor
genotype.

Evaluate the current preclinical molecular research contributing to the selection of targeted
therapies for malignant pheochromocytoma and paraganglioma.

/ABSTRACT

Pheochromocytomas (PCCs) and paragangliomas (PGLs) are
rare catecholamine-secreting tumors derived from chromaf-
fin cells originatingin the neural crest. These tumorsrepresent
asignificant diagnosticand therapeutic challenge because the
diagnosis of malignancy is frequently made in retrospect by
the development of metastatic or recurrent disease. Com-
plete surgical resection offers the only potential for cure; how-
ever, recurrence can occur even after apparently successful
resection of the primary tumor. The prognosis for malignant
disease is poor because traditional treatment modalities
have been limited. The last decade has witnessed exciting
discoveries in the study of PCCs and PGLs; advances in mo-
lecular genetics have uncovered hereditary and germline
mutations of at least 10 genes that contribute to the devel-

opment of these tumors, and increasing knowledge of gen-
otype-phenotypeinteractions has facilitated more accurate
determination of malignant potential. Elucidating the molec-
ular mechanisms responsible for malignant transformation in
these tumors has opened avenues of investigation into tar-
geted therapeutics that show promising results. There have
also been significant advances in functional and radiological
imagingandinthe surgical approach to adrenalectomy, which
remains the mainstay of treatment for PCC. In this review, we
discuss the currently available diagnostic and therapeutic op-
tions for patients with malignant PCCs and PGLs and detail the
molecular rationale and clinical evidence for novel and emerg-
ing diagnosticand therapeutic strategies. The Oncologist 2013;
18:391-407

Implications for Practice: Malignant pheochromocytoma and paraganglioma represent a significant management challenge.
The diagnosis of malignancy is frequently made in retrospect and traditional treatment modalities have been limited. Recent ex-
citing advances in molecular genetics have uncovered hereditary and germline mutations of at least 10 genes that contribute to
the development of these tumors. Increasing knowledge of genotype-phenotype interactions facilitates more accurate determi-
nation of malignant potential and has prompted investigation into targeted therapeutics with promising results. There have also
been significant advances in functional and radiological imaging and in the surgical approach to adrenalectomy, which remains
the mainstay of treatment for pheochromocytoma. Due to the rarity of this tumor, large-scale clinical studies that would progress
clinical practice arerare, and the requirement forinternational collaborationis crucial. The need for large-scale international mul-
ticenter studies to effectively exploit the molecular and genetic knowledge gained in this area is highlighted in this review.

INTRODUCTION

chromaffin cells originatinginthe neural crest [1]. These tu-
mors can occur in any anatomical location of sympathetic/

Pheochromocytomas (PCCs) and paragangliomas (PGLs)
are rare catecholamine-secreting tumors derived from
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parasympathetic nervous tissue. Since their original
description in 1886, they have had many designations, in-
cluding pheochromocytoma, chaemodectoma, glomus tu-
mors, and paragangliomas. The World Health Organization
(WHO) has recently recommended that the term pheochro-
mocytoma be reserved for intra-adrenal tumors, with all
others defined as sympathetic or parasympathetic para-
gangliomas further categorized by site (pelvis, abdomen,
mediastinum/thorax, head and neck) to ensure consistency
in research [1]. Their incidence has been reported as 0.4—
9.5 per millionfor PCCs [1-5] and 1.5 per million for PGLs [6,
7]. PCCs/PGLs are present in 0.1%—1% of patients with hy-
pertension [8, 9], whereas undiagnosed lesions account for
approximately 5% of adrenal incidentalomas [10]. There is
apeakincidenceinthethird and fourth decades of life, with
equal incidence in men and women [11].

The classic symptoms experienced by patients with se-
cretory PCCs and sympathetic PGLs result from excessive
circulating catecholamines. Symptoms, including head-
aches, palpitations, diaphoresis, and anxiety, are typically in-
termittent in nature. Up to 21% of PCC may be asymptomatic
[12,13], which may occur due to desensitization of the cardio-
vascular system to high circulating catecholamine levels [14].
Interestingly, symptoms are more likely to occur in women
[15]. If not treated, this catecholamine excess can result in a
hypertensive crisis, which can lead to stroke or fatality. Para-
sympathetic PGLs are a distinct subgroup predominantly
foundinthe headand neckregion, 95% of which are nonsecre-
tory. These PGLs present in an alternative fashion that may be
dictated by their specific location, such as tinnitus and hearing
loss in patients with tympanic PGLs or cranial nerve deficits in
those with jugular PGLs [16, 17].

Some PCCs and PGLs may be malignant. The trueincidence
of malignancy is difficult to accurately determine; it has tradi-
tionally been cited as 10% [1], but it may range from 2.4% to
50%, depending on the definition of malignancy used and the
specific population in question [18 —20]. One of the main diag-
nostic challenges has been the recognition of malignant po-
tential. Malignant PCCs/PGLs have been described as those
that exhibit local invasion, have metastasized, or have re-
curred [21-23]. WHO currently defines malignant disease
only by the presence of metastases; therefore, the diagnosisis
often made only in retrospect.

The overall 5-year survival for patients with PCCs is ap-
proximately 89% [24]. It is worse for patients with malignant
PCCs/PGLs, with 5-year survival rates varying between 20%
and 70% [16, 25-27]. Patients with visceral metastatic disease
have a worse prognosis than those with skeletal metastases
[28]. Metastatic disease is the main factor associated with de-
creased survival; because it carries such a poor prognosis [24],
accurately distinguishing benign from malignant tumors at
the time of diagnosis may ensure appropriate treatment and
adequate follow-up.

Thisreview focusesonrecentdevelopmentsinthe diagno-
sis of malignant PCCs and PGLs, encompassing biochemical,
radiological, histological, and molecular analysis. In addition,
newer treatment modalities and advances in individual tar-
geted therapies will be discussed.
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GENETIC MUTATIONS IN MALIGNANT
PHEOCHROMOCYTOMAS AND PARAGANGLIOMAS
Recentadvancesin malignant PCCs and PGLs can be largely at-
tributed to the discovery of novel genetic mutations and the
recognition that at least 30% have a genetic origin and are de-
rived from a spectrum of at least ten germline mutations (Ta-
ble 1) [29, 30]. Approximately 10% are associated with familial
syndromes that have an autosomal dominant inheritance, in-
cluding multiple endocrine neoplasia (MEN) 2A and 2B, Von
Hippel Lindau syndrome (VHL), and neurofibromatosis type 1
(NF-1;Table 1) [31, 32]. Furthermore, up to 25% of apparently
sporadic cases result from germline loss-of-function mutation
in the genes encoding the subunits A[F2], B, C, and D of succi-
nate dehyrdogenase (SDH) [11, 33—-35]. Finally, novel genes
such as transmembrane protein 127 (TMEM127) [36], kinesin
family member 1B (KIF1B)[37], EGL nine homolog 1 (EGLN1/
PDH?2) [38], MYC-associated factor X (MAX) [39], and hypoxia
inducible factor 2« (EPAS/HIF2A) [40] have also been recently
implicated in the development of PCCs/PGLs.

Considering all patients with SDH mutations, the subunit
affected dictates the clinical features of disease (Table 1),
and the likelihood of malignancy is strongly influenced by
the underlying genetic aberration. SDHA mutations, initially
described in autosomal recessively inherited juvenile enceph-
alopathy [41], were thought to be absent from patients with
PCCs/PGLs. However, more recent reports implicate
heterozygous germline mutations in SDHA in PCCs/PGLs and
head and neck PGLs [42, 43]. Succinte dehydrogenase com-
plex assembly factor 2 (SDHAF2) encodes an evolutionarily
highly conserved flavin-adenine dinucleotide factor [44] and is
involved in the flavination of SDHA. The loss of SDHAF2 results
in loss of SDH function with reduced stability of the SDH com-
plexandareductioninthe subunitexpression. Ithasbeensub-
sequently demonstrated that a missense mutation in the
conserved region of SDHAF2 [c.232G>A (p.Gly78Arg)] is asso-
ciated with head and neck PGLs [45, 46].

SDHB mutations are presentin approximately 1.7%—6.7%
of patients with apparently sporadic PCCs [30]. Although ini-
tially thought to have a high clinical penetrance, increased
testing of these cases indicates a penetrance of 25%—40%
[47]. SDHB mutations exhibit the highest frequency of malig-
nancy. Approximately 20% of mutation carriers will develop
malignant disease and up to 50% of patients with a malignant
PCCs/PGLs harbor a germline SDHB mutation [20, 48-51]. In
addition to PCCs and PGLs, SDHB mutations are also associ-
ated with renal cell carcinoma, which can have an aggressive
phenotype in young patients [49, 52]. It has been recom-
mended that patients with SDHB mutations be offered surveil-
lance screening for renal cell carcinoma [53].

SDHD and SDHC mutations were initially described in head
and neck PGLs but have since been reported in adrenal PCCs
and PGLs at othersites[35, 49, 54-55]. The delineation of spe-
cific SDH subunit mutations has led to an improved under-
standing of disease associations. PCCs/PGLs can be found in
association with gastrointestinal stromal tumors (GISTs) and
pulmonary chondromainthe Carneytriad [56], whereas SDHB
and SDHC mutations are present in approximately 12% of pa-
tients with GISTs without PDGFRA receptor mutations [57,
58].
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Table 1. Genetic mutations associated with pheochromocytomas and paragangliomas

Frequencyof  PCC/PGL
Gene Syndrome Penetrance malignancy characteristics Associated tumors
VHL Von Hippel-Lindau Autosomal dominant <10% Young age Retinal Angioma
variable expression (mean: 28 yr)
Age-dependent penetrance Bilateral Hemangioblastoma
Multifocal Clear-cell renal
carcinoma
No increased
malignancy risk
NF1 Neurofibromatosis Autosomal dominant <10% Mean age: 41 yr Neurofibroma
Von-Recklinghausen Bilateral disease Neurofibrosarcoma
disease common
Extra-adrenal PGLrare Glioma
Astrocytoma
Carcinoid
Leukemia
RET Multiple endocrine Autosomal dominant <5% Mean age: 40 yr Medullary thyroid
neoplasia type 2 cancer
Extra-adrenal  Hyperparathyroidism
PGLrare
No increased Mucosal neuromas
malignancy risk
Amyloidosis
Cutaneous lichen
SDHC PGL3 Autosomal Dominant <5% Mean age: 46 yr GISTs
Extra-adrenal
Head and neck PGLs
SDHD PGL4 Autosomal dominant with <5% Mean age: 35 yr Papillary thyroid
parent of origin effect cancer
Multifocal GISTs
Bilateral
Extra-adrenal
Head and Neck PGLs
SDHB PGL1 Autosomal dominant 34%-70% Extra-adrenal Renal cell
carcinomas
Increased malignancy  GISTs
risk
Bilateral if adrenal
SDHAF2 PGL2 Autosomal dominant with Uncertain Extra-adrenal GISTs
parent of origin effect
Head and
neck PGLs
TMEM 127 Autosomal dominant ~5% Adrenal
Bilateral
MAX Autosomal dominant ~10% Adrenal
Bilateral

Abbreviations: GIST, gastrointestinal stromal tumor; PCC, pheochromocytoma; PGL, paraganglioma.

In addition to syndromic and familial mutations, novel
genes associated with pheochromocytoma have recently
been described. TMEM127 is a tumor suppressor gene lo-
cated on chromosome 2g11 and has been linked to a clinical
phenotype of adrenal PCCs [36]. The function of TMEM127 is
thoughttoinvolve protein trafficking and it has been shown to
aberrantly activate the MTOR signaling pathway [36, 59, 60].
TMEM127 mutations are predominantly associated with
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pheochromocytomas that are frequently bilateral and typi-
cally carry a low risk of malignancy (2%) [36, 60].
KIF1Bf3 is a tumor suppressor gene located on chromo-

some 1p36.22 that is required for neuronal apoptosis and is
frequently deleted in neural crest-derived tumors. Schlisio et
al. reported two distinct KIF1B( mutations in patients with
PCCs [37]; in these cases, the PCCs were bilateral with no evi-
dence of metastases. Germline KIF1B3 mutations also have
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been reported in association with other tumors, including
neuroblastoma and lung adenocarcinoma [61].

Dysregulation of hypoxia-inducible factor (HIF) transcrip-
tionfactorshasbeeninvestigatedinrelationto PCCsand PGLs;
agermline EGLN1/PDH2 mutation was reported inassociation
with congenital erythrocytosis and recurrent extra-adrenal
PGLs [38]. However, a mutation analysis of EGLN1/PDH2,
EGLN2/PDH1 and EGLN3/PDH3 in 82 patients with features of
inherited PGLs detected no pathogenic mutations, suggesting
that mutations in these genes may not be a frequent cause of
inherited PCCs/PGLs [62]. Other novel mutations of genes in
the hypoxia sensing pathway have been reported in associa-
tion with PCCs/PGLs; somatic gain-of-function mutations in
EPAS1/HIF-2A have been reported in two patients with poly-
cythemia and PGLs [40]. Lorenzo et al. have also reported a
novel inherited germline HIF2A mutation in a polycythemic
patient who developed PGL [63].

Another recently described gene implicated in hereditary
pheochromocytoma is MAX [39]. MAX protein is a cofactor of
the proto-oncogene MYCand is a key component of the MYC-
MAX-MXD1 network that regulates cell proliferation and dif-
ferentiation, exhibiting crosstalk with the mammalian target
of rapamycin (mTOR) pathway. Burchinon et al. [64] reported
amulticentre series of 1,694 patients with PCCs/PGLsin whom
MAX was sequenced. They ascertained that MAX germline
mutationsare presentin 1.12% of cases of PCC/PGLin patients
with no other known mutation. Burchinon et al. recom-
mended that MAX should now be considered in the genetic
workup of patients with PCCs/PGLs. The identification of
TMEM127 and MAX emphasize thelikelihood thatthere are
multiple pathways implicated in the development of PCC/
PGL.

The correlation between genetic mutations and bio-
chemical phenotype in hereditary PCCs/PGLs may
provide an opportunity for more streamlined genetic
testing and earlier identification of malignant poten-
tial. The biochemical phenotype may have the poten-
tial to determine which of the genetic mutations is
more likely in patients without a known familial mu-
tation and could therefore also be used to rationalize
genetic testing.

Uncoveringthe genetic complexity of these tumors pro-
vides invaluable insight into the factors that are associated
with and drive malignant progression. This knowledge is
the foundation for progress in the diagnosis and treatment
of malignant PCCs/PGLs.

Di1AGNOSIS OF MALIGNANT PCCs/PGLs

Biochemistry

Traditional diagnostic testing for PCCs/PGLs has focused on
catecholamine metabolism. It has been accepted that mea-
surements of metanephrines (O-methylated metabolites of
catecholamines) are superior diagnostic markers to both the
parent catecholamines and other metabolites, including va-
nillymandelicacid [65—-67]. Therefore, itisrecommended that
standard initial testing for PCCs/PGLs should include measure-
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ments of plasma-free and/or urinary-fractionated metaneph-
rines [28]. Plasma-free metanephrines in particular have
demonstrated high diagnostic sensitivity [68 —70], but there is
no clear evidence suggesting they are more accurate than
urinary-free or urinary-deconjugated metanephrines. The
main diagnostic challenge in PCCs/PGLs is recognition of
malignant disease. Interest has focused on the possibility
that biochemical information may help elucidate future
malignant potential.

Genotype/Mutation Correlations

The pattern of metabolite secretion may be used to guide the
identification of specific genetic mutations [71, 72]. Astudy by
Eisenhofer et al. [72] measured free plasma concentrations of
O-methylated metabolites in 173 patients with hereditary
PCCs/PGLs; they demonstrated that patients with NF-1 and
MEN-2 could be discriminated from those with VHL and SDH
mutations in 99% of cases by the combination of normeta-
nephrine and metanephrine, whereas measurements of
plasma methoxytyramine further discriminated those pa-
tients with SDH mutations in 78% of cases. The authors found
that the biochemical profile in patients with MEN-2 and NF-1
was characterized by increased plasma metanephrine con-
centrations (increased epinephrine production). In contrast,
patients with VHL demonstrated solitary increases in
normetanephrine, whereas 70% of patients with an SDH mu-
tation demonstrated additional or solitary increases in me-
thoxytyramine (dopamine production). More recently, it was
reported that PCCs/PGLs associated with MAX mutations are
characterized by substantial increases in normetanephrine
and may be associated with normal or minor increases in
metanephrine [64].

The correlation between genetic mutations and biochem-
ical phenotype in hereditary PCCs/PGLs may provide an op-
portunity for more streamlined genetic testing and earlier
identification of malignant potential. The biochemical pheno-
type may have the potential to determine which of the genetic
mutations is more likely in patients without a known familial
mutation and could therefore also be used to rationalize ge-
netic testing.

Biochemical Markers of Malignancy

The search for biochemical markers of malignancy has been
the focus of many researchersin the last decade but continues
toremain elusive. Catecholamines (urinary and plasma), chro-
mogranin, and novel markers, such as methoxytyramine, have
been explored. However, accurate markers remain difficult to
identify.

PCCs/PGLs are diagnosed biochemically by the measure-
ment of plasma or 24-hour urinary excretion of catecholamine
metabolites [28]. However, there is evidence that malignant
PCCs may exhibit enzyme deficiencies that inhibit catechol-
amine metabolism, resulting in secretion of more premature
catecholamines. High dopamine levels have been shown in
malignant PCCs resulting from decreased expression of dopa-
mine-B-hydroxylase [73]. Furthermore, high levels of dopa-
mine secretion are associated with malignancy and a shorter
metastasis-free interval in patients with PCCs/PGLs [74-76].

John et al. demonstrated that patients with high preoper-
ative 24-hour urinary dopamine levels have an increased like-
lihood of having a malignant PCC [77], proposing this as a
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potential preoperative marker of malignancy. However, in an
analysis of 120 patients with PCCs, Januszewicz et al. demon-
strated that, despite increased urinary dopamine excretion in
all patients with malignant PCCs, high levels were also ob-
served in a subset of patients with benign tumors [78]. These
findings are supported by a recent report by Zelinka et al. [76],
who analyzed the dimension and biochemical profile of 41
metastatic and 108 benign PCCs; they found no difference in
dopamine secretion between benign and malignant tumors,
indicating that measurement of dopamine secretion does not
have satisfactory discriminatory potential as a marker of ma-
lignancy.

Rao et al. [79] evaluated the diagnostic and prognostic
value of chromogranin A in patients with PCCs/PGLs. They
demonstrated that levels rose significantly between normal
controls, benign pheochromocytomas, and malignant pheo-
chromocytomas. These results, demonstrated in a small
group of patients, have failed to be replicated. Although ele-
vated levels of many granin-derived peptides are found in
PCCs/PGLs, they rarely help to discriminate between benign
and malignant tumors [80]. Recently, EM66, a secretogranin
lI-derived peptide present in chromaffin cells, has shown the
most promise in early studies in distinguishing between be-
nign and malignant disease [81, 82]. Malignant disease dem-
onstrated lower gene expression and protein transcription,
but this has yet to translate into a measurable circulating bio-
marker.

Eisenhofer et al. [83] explored the utility of catecholamine
and metabolite measurements as biomarkers for malignant
PCCs/PGLs in a cohort of 365 patients, 105 of whom had me-
tastases. Plasma methoxytyramine, the O-methylated metab-
olite of dopamine demonstrated analmost fivefoldincreasein
the presence of metastatic disease. Furthermore, although in-
creased plasma methoxytyramine was associated with SDHB
mutations and extra-adrenal disease, it remained predictive
of malignancy in the absence of SDHB mutations. Consider-
ation should therefore be given to measuring plasma me-
thoxytyraminein all patients with SDH mutations and patients
in whom malignancy is suspected. However, long-term fol-
low-up studies will be required to establish the prognostic util-
ity of this biomarker.

Radiology

The role of radiological imaging in PCCs and PGLs is to localize
the primary tumor, evaluate for multifocal or metastatic dis-
ease, and determine management strategies in patients with
metastatic disease. Computed tomography (CT) and magnetic
resonance imaging (MRI) are sufficiently sensitive to localize
the primary tumor, with sensitivities of 98%—100% for adrenal
PCCs; MRI is more sensitive than CT for extra-adrenal PGLs
(93% vs. 90%) [84]. However, these modalities are limited by
lower specificity (approximately 70%) due to the high inci-
dence of adrenal incidentalomas [85]. Functional imaging is
often required to evaluate the extent of disease and to accu-
rately stage patients. Increased knowledge of the molecular/
genetic basis of the malignant disease has affected the
approach to radiological investigation. The reported sensitivi-
ties of functional imaging of PCCs/PGLs may vary depending
on the patient population involved and associated underlying
genetic mutations [86, 87].
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Metaiodobenzylguanidine Scintigraphy

Chromaffin cells express human norepinephrine transport-
ers; viathe latter, the catecholamine precursor metaiodoben-
zylguanidine (MIBG) is transported into the cells and stored in
cytoplasmic granules by vesicular monoamine transporters
[88]. Thus, I31/1*22 MIBG has been used for the last two de-
cades to image neuroendocrine tumors [89] because uptake
reflects adrenergic innervation or catecholamine excretion.
MIBG scintigraphy has a sensitivity and specificity of 94% (95%
Cl: 91%-97%) and 92% (95% Cl: 87%—98%), respectively [90].
Although the sensitivity of 1> MIBG is superior to I*** for the
detection of metastases, the overall sensitivity is decreased in
malignancy [91]. Thisreduced sensitivity may resultfrom a de-
creased expression of noradrenaline transporters in malig-
nant PCCs/PGLs, dedifferentiation, or genotype/phenotype
differences. VHL-associated PCCs/PGLs are also more likely to
be negative on MIGBimaging, but thisis thoughttobeduetoa
lower noradrenaline transporter expression [92]. Similarly,
patients with SDHB mutations also have a high rate of false-
negative MIBG imaging results because of an absence of itsin-
tracellular transporter [93]. False-negative rates of 60% I'**
MIBG for have been reported for patients with hereditary
PCCs/PGLs compared to 6% in patients with sporadic PCCs/
PGLs [94]. For this reason, alternative imaging modalities
should be considered for patients with known mutations in
whom malignancy is suspected.

Positron Emission Tomography

Positron emission tomography (PET) has recently been used
for the localization of PCCs/PGLs, particularly in patients for
whom MIBG scanning is negative. Based on the measurement
of biologically active, tracer-labeled molecules, this functional
imaging modality is in widespread use in oncology. The most
commonly used PET reagent is 18F-fluoro-2-deoxy-d-glucose
(FDG), a nonspecific tracer that enters the cell via glucose
transporters and undergoes phosphorylation to become 18F-
FD-6P. The accumulation of this reagent is an index of in-
creased glucose metabolism and is seen in malignant and
inflammatory tissue. Recently, more specific PET reagents (in-
volved in the metabolism of catecholamines) have been eval-
uated for the investigation of PCCs/PGLs.

Shulkin et al. [95] was the first to report the advantages of
18F-FDG imaging in PCCs/PGLs that do not accumulate MIBG.
The uptake of 18F-FDG is not related to tumor secretory sta-
tus; its superiority in malignant PCCs that do not accumulate
132 or 1*22 MIBG has been confirmed [87, 96]. For patients with
SDHB-associated PCCs/PGLs, 18F-FDG PET is superior to I*3*-
MIBG, I**3-MIBG, 111In-pentetreotide, and 18F-FDA in de-
tecting metastatic lesions, with a reported sensitivity
approaching 100% [96]. The high sensitivity of 18F-FDG PET in
SDHB-mutated tumors may be partially explained by loss of
function of the SDH complex, which is involved in energy-pro-
ducing metabolic processes (tricyclic acid cycle and oxidative
phosphorylation). This impaired energy production may
cause the cells to switch to glycolysis with resultant increased
activity of glucose transporters and increased glucose uptake
[97]. FDG-PET is considered to be the preferred functional im-
aging modality for staging and treatment monitoring of SDHB-
related metastatic PGLs.
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The catecholamine precursors dihydroxyphenylalanine
(DOPA) and dopamine are both transported into chromaffin
cells by the human norepinephrine transporters. When la-
beled with 18F, PCCsand PGLs can be detected with a high sen-
sitivity and specificity. 18F-fluorodopamine (FDA)-PET has
been shown to be superior to MIBG for localization of meta-
static disease [98, 99]. The sensitivity of 18F-FDA-PET for met-
astatic PCCs/PGLs ranges from 88%—100% per patient or 70%—
97% on a per-lesion basis [86,98-99]. Itis especially useful for
theidentification of bony metastatic disease, for whichitis su-
perior to CT, MRI, 18F-FDG, and *2*/*31|-MIBG [100].

The sensitivity and specificity of 18F-dihydroxyphenylala-
nine (FDOPA) for malignant PCCs/PGLs is significantly affected
by genotype. Initial reports suggested limited utility in meta-
static disease [101], which may have been due to inclusion of
SDHB patients. More recent reports indicate a high false-neg-
ative rate for 18F-DOPA scans in SDHB patients in contrast to
non-SDHB patients, for whom F-DOPA has the highest sensi-
tivity of 93% compared to FDA (76%), FDG (62%), or MIBG
(59%) [86].

Somatostatin Receptor Imaging

PCCs/PGLs express somatostatin receptors, predominantly
SSTR2, SSTR3, and SSTR5, which represent the molecular basis
for the use of somatostatin analogues for both localization of
disease and treatment for specific subgroups of these pa-
tients. Labeling the somatostatin receptor imaging (SRS) with
indium-111 DTPA is widely used for the detection of neuroen-
docrine tumors [102]. Although it appears to have a lower de-
tection rate for malignant PCCs/PGLs than I'** MIBG [103], a
high sensitivity has been reportedin head and neck PCCs/PGLs
[104]. Recent reports on the use of positron-emitting 68Ga-
labeled somatostatin analogues (DOTATOC, DOTATATE, or
DOTANOC) show higher sensitivity for PCC/PGL detection
thanindium-111 dueto higher affinity and superior resolution
of PET [105, 106]. Reports of small series to date also indicate
that Ga-68 DOTATATE imaging may be superior to 1> MIBG in
the diagnosis and staging of metastatic PCCs/PGLs [107, 108].
These findings have yet to be validatedin larger series with ge-
notype data.

Pathology

The histological diagnosis of PCCs/PGLs is relatively straight-
forward. Characteristically, tumor cells demonstrate a nested
Zellballen pattern surrounded by sustentacular cells, which
stain positive for S$100 protein on immunohistochemistry. Tu-
mors exhibit immunopositivity for synatophysin and chro-
mogranin A and may express neurofilament [109]. The differ-
entiation of PGLs from other neuroendocrine tumors may be
facilitated by immunopositivity for enzymes involved in cate-
cholamine synthesis, such as tyrosine hydroxylase [110, 111].
The difficulty therefore remains to correctly identify malig-
nantdisease. At present, thereare no absolute histological cri-
teria for the diagnosis of malignancy and no means to identify
PCCs/PGLs, which are at risk of recurrence or metastatic
spread using standard histopathological techniques. Contrib-
uting factors to this difficulty include the rarity of PCCs/PGLs,
their variable location in sites where basement membrane
penetration may not be assessable, and long latency to metas-
tasis.
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Table 2. Proposed Pheochromocytoma of the Adrenal
Gland Scaled Score (PASS)

Feature Score
Large nests of cells or diffuse growth >10% of tumor 2
volume

Necrosis (confluent or central in large cell nests) 2
High cellularity 2
Cellular monotony 2
Presence of spindle shaped tumor cells 2
Atypical mitotic figures (>3 per 10 high-power fields) 2
Extension of tumor into adjacent fat 2
Vascular invasion 1
Capsularinvasion 1
Profound nuclear pleomorphism 1
Nuclear hyperchromasia 1

Histological criteria are each given a score. The sum of the scores
groups adrenal pheochromocytomas into those with potential for
biologically aggressive behavior (PASS) and those likely to behave in
a benign fashion (PASS <4).

Histological Scoring Systems

Attempts have been madeto devise a histological algorithm or
scoring system to guide pathologists in the diagnosis of malig-
nancy. The Pheochromocytoma of the Adrenal Gland Scaled
Score (PASS), devised by Thompson in 2002 [21], is the most
widely accepted. PASS uses a range of histological criteria—
including tumor necrosis, mitotic rate, tumor cell spindling
and the presence of large cell nests—to group adrenal pheo-
chromocytomas into those with potential for biologically ag-
gressive behavior and those likely to behave in a benign
manner (Table 2). This system was devised using 100 pheo-
chromocytomas of the adrenal gland—50 histologically be-
nign and 50 histologically malignant—with each histological
feature given a weighted score of 1 or 2. The original report
cited a threshold score (PASS score) of 4, below which PCC ex-
hibited benign behavior. This scoring system has been evalu-
ated subsequently with varied results. Strong et al. [22] found
thatahigherthreshold of 6 was indicative of malignant behav-
ior but recommended that patients with a PASS score >4
should be closely followed. Wu et al. [112] found significantin-
terobserver and intraobserver variation in assignment of
PASS, with variable interpretation of the underlying compo-
nents. Thus, the reliability of this scoring system has not been
unequivocally established, and it is recommended that it be
used with caution.

An alternative scoring system was devised by Kimura et al.
[113] using both adrenal PCCs and extra-adrenal sympathetic
PGLs (Table 3). This model, developed using 146 tumors—38
of which were metastatic—combined histological criteria
with the tumor Ki67 sores and the type of catecholamine pro-
duced by the tumor. The higher the score achieved by individ-
ual tumors, the greater the correlation with metastatic
potential and patient survival, although there was less than
100% discrimination. This scoring system requires further val-
idation to determine its utility and applicability to the clinical
setting.
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Table 3. Scoring system devised for both
pheochromocytomas and extra-adrenal paragangliomas

Feature Score
Histological pattern
Uniform cell nests 0
Large irregular cell nests 1
Pseudorosettes 1
Cellularity
Low (<150 cells/mm?) 0
Moderate (150-250 cells/mm?) 1
High (more than 250 cells/mm?) 2
Necrosis (confluent or central in large cell nests) 2
Vascular/capsular invasion 1
Ki-67 Index
<1% or 20 cells per medium-power field 0
>1% or 20 cells per medium-power field 1
>3% or 50 cells per medium-power field 2
Catecholamine phenotype
Adrenergic 0
Noradrenergic or nonfunctional
Total possible score 10

Data from [113].

Immunohistochemical Markers of Malignancy

A multitude of immunohistochemical (IHC) markers of malig-
nancy in PCCs/PGLs have been proposed. However, not one
has emerged that can be translated into routine clinical prac-
tice. Neuroendocrine- and catecholamine-related markers
(neuropeptide Y, 3,4-dihydroxyphenylalanine) [114], granin-
derived peptides (EM66, secretogranin Il) [81, 82, 115], CD-
44s [116], angiogenic markers and regulators (vascular
endothelial growth factor [VEGF] and VEGFR) [117], heat
shock protein 90 [118], and telomerase complex proteins
[119] have all been studied with varying degrees of success.
The most likely to be of clinical utility is the Ki-67 proliferative
index of the tumor, which has been shown to correlate with
malignancy in a number of studies [120-122]. A Ki-67 index
>3% is considered to be a useful parameter in predicting ma-
lignant potential because benign PCCs have never been shown
to have scores of >3%. However, despite a high specificity for
malignancy, Ki-67 index lacks sensitivity; indices of <3% have
been shown in patients with malignant PCCs/PGLs [22, 121,
123-124].

Immunohistochemistry may also allow identification of
tumors with loss of SDHB expression. Therefore, these pa-
tients can be prioritized for mutation analysis because it has
been shown that negative SDHB immunostaining carries a
high likelihood for the presence of SDHx mutations (including
SDHB, SDHC, and SDHD). Blank et al. [125] demonstrated
100% sensitivity and 84% specificity for the association of
SDHB IHC and the presence of an SDHx mutation. Further-
more, patients with IHC-negative SDHB have a significantly
poorer prognosis and survival than patients with SDHB IHC-
positive tumors. Similarly, SDHA IHC has been used to identify
patients with SDHA-mutated PGLs [43]. It has been confirmed
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that IHC of PCCs/PGLs is a useful strategy for triaging patients
to appropriate genetic testing [126].

Pathological Findings in Context of Tumor Genotype

Two physical parameters have been associated with malig-
nancy, tumor size, and location. There are conflicting data re-
garding tumor size and malignancy, with some authors
reporting an association [83, 127, 128] and others finding
none[22,129]. It has been demonstrated that tumors greater
than 5 cm in diameter are more likely to be malignant [128]
and are associated with a reduction in overall survival [127].
However, using tumor size alone as a predictor of malignancy
lacks sensitivity because malignancy has been reported in
smaller tumors [22]. Extra-adrenal tumor location has consis-
tently been reported as a risk factor for malignancy [83, 128,
130, 131]. However, many of these reports are limited by lack
of tumor genotyping, which is now known to be a significant
contributory factor for the risk of malignancy [51, 83, 132].
SDHB-mutated tumors are more likely to be extra-adrenal and
large in size at the time of presentation, and 50% of malig-
nancy in extra-adrenal PGL are associated with SDHB muta-
tion [50]. It has recently been reported that the risk of
metastatic disease remains elevated in extra-adrenal tumors
(3.4-fold) eveninthe absence of an SDHB mutation [83]. In ad-
dition, tumorsize andlocation areindependentrisk factors for
malignancy, which may account largely for the increased risk
conferred by SDHB mutations [83].

MOLECULAR PROFILING

The sequencing of the human genome and the advent of high-
throughput molecular profiling has facilitated comprehensive
analysis of transcriptional variation at the genomic level, re-
sulting in an exponential increase in our understanding of the
molecular biology of malignancy. Gene expression profiling
using microarray technology has been productively applied to
many areas of cancer research, resulting in the development
of diagnostic and prognostic tools that have been translated
to the clinical setting [133]. For PCCs/PGLs, there has been
much interest in the application of this technology as a tool to
differentiate between benign and malignant tumors.

cDNA-Based Analysis

Comparative genomic hybridization (CGH) studies have iden-
tified genetic losses associated with underlying germline mu-
tations; losses of 1p and 3p in sporadic and MEN-2 mutation
PCCs/PGLs [134, 135] have been reported, along with ch11
lossesin VHL-associated PCCs/PGLs [136] and 11q deletionsin
head and neck PGLs [137]. Sandgren et al. [138] applied high-
resolution whole-genome array CGH in a series of 53 PCCs/
PGLs and reported that DNA gain was more frequent in
malignancy. DNA gain at 1g was identified in malignant PGL,
whereas gain at 19q, trisomy 12, and loss of 11q were associ-
ated with malignant PCCs. Validation of these findings in a
larger cohortis required to rule out any confounding variables
from underlying genetic mutations.

Gene Expression Profiling

Gene expression studies in PCCs/PGLs have demonstrated
that specific gene expression profiles correlate with both the
underlying mutation (germline or somatic) and the catechol-
amine biochemical phenotype [139]. PCCs/PGLs can be split
into two clusters based on their gene expression profiles
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Figure 1. Cellsignaling pathways for pheochromocytoma and paraganglioma susceptibility genes, showing cluster 1 genes and related
signaling pathways. Cluster 1 tumors predominantly have mutations in Von Hippel Lindau syndrome and SDHx and exhibit a pseudohy-
poxic phenotype with activity of hypoxia-inducible transcription factors.

Abbreviations: HIF, hypoxia-inducible factor; SDH, succinate dehydrogenase; VEGF, vascular endothelial growth factor; VHL, Von

Hippel Lindau syndrome.

Figure2. Cellsignaling pathways for pheochromocytoma and paraganglioma susceptibility genes, showing cluster 2-related kinase sig-
naling pathways. Cluster 2 tumors include RET and NF-1 mutations and are characterized by a RAS/RAF/ERK signaling phenotype with

increased expression of genes involved in adrenergic metabolism.

[140]. Cluster 1 tumors are predominantly those with muta-
tions in VHL and SDHXx; they exhibit a pseudohypoxic pheno-
type, with activity of hypoxia-inducible transcription factors
(Fig. 1) [141]. Cluster 2 tumors include MEN-2 and NF-1 muta-
tions; they are characterized by a RAS/RAF/ERK signaling pheno-
type, with increased expression of genes involved in adrenergic
metabolism (Fig. 2) [142]. The clustering of PCCs/PGLs indicates
differing routes to tumorigenesis, which has implications
for the development of novel targeted therapeutics.
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Several gene expression array studies have been under-
taken to identify gene signatures that may discriminate be-
tween benign and malignant disease [143-146]; indeed,
numerous differentially expressed genes and proteins have
been reported in this manner. Brouwers et al. [143] analyzed
90 tumors, of which 20 were malignant, and identified a large
numbers of dysregulated genes. The majority of genes associ-
ated with malignant potential appear to be downregulated,
indicating that malignant PCCs/PGLs are less differentiated.
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Thouennon et al. [145] also reported downregulation of gene
expression in association with malignancy, with many of the
downregulated genes encoding for neuroendocrine factors.

Suh et al. [146] performed genomewide expression analy-
sis of 58 PCCs/PGLs. They identified a set of six differen-
tially expressed genes (CFC1, FAM62B, HOMER1, LRRN3,
TBX3, ADAMTS), which in combination had an area under the
receiver operating characteristic curve of 0.96 for distinguish-
ing benign versus malignant disease. Similarly, Waldman et al.
[144] reported 132 differentially expressed genes between
benign and malignant tumors, six of which were validated us-
ing real-time quantitative polymerase chain reaction (RQ-
PCR): calsequestrin, NNAT, neurogranin, secreted protein
acidic and rich in cysteine [SPARC], EGR2, and MAOB).

Despite the identification of differentially expressed
genes, there s little overlap between the studies, and they are
limited by small numbers, lack of control for confounding fac-
tors, use of differing transcriptomic platforms, and lack of val-
idation. To date, there is no individual molecular marker and
no gene signature to distinguish benign from malignant pheo-
chromocytoma that has been translated to use in the clinical
setting.

MicroRNA Expression Profiling

The recognition that microRNA (miRNA) represent a crucial
linkin the cancer biology picture has prompted the investi-
gation of these molecules as potential diagnostic and prog-
nostic biomarkers of malignancy. Meyer-Rochow et al.
[147] investigated miRNA expression in 12 malignant and
12 benign PCCusing microarray expression profilingandiden-
tified 18 miRNAs that were differentially expressed between
benign and malignant samples. Three of these (miR-15a, miR-
16, and miR-483-5p) were validated using RQ-PCR. Interest-
ingly, miR-15a and miR-16 are well described as oncomirs
[148], and miR-483-5p has recently been identified as a
marker of malignancy in adrenocortical carcinoma [149].
Tombol et al. [150] reported on miRNA expression profilingin
benign and recurrent PCCs/PGLs; taking mutational status
intoaccount, theyidentified significantly higher expression
of miR-885-5p and miR-1225-3p in MEN-2 and sporadicre-
curring pheochromocytomas, respectively. More recently,
Patterson et al. [151] used microarray analysis to identify
eight miRNAs that are differentially expressed between be-
nign and malignant pheochromocytomas; of these, miR-483—
5p, miR-183, and miR-101 were validated using RT-PCR.

One characteristic of miRNAs that makes them particu-
larly attractive as biomarkersis the ability to measure circu-
lating serum miRNA. Indeed, Patterson et al. [151]
confirmed that the subset of miRNAs identified on microar-
ray were also detected in the serum of patients with pheo-
chromocytomas. At present, diagnostic, prognostic, and
predictive miRNA signatures and markers remain hypothe-
sis generating; they require validation in larger, indepen-
dent clinical cohorts prior to any consideration for clinical
applications. MiRNAs possess the additional attraction of
potential for development as therapeutic targets because
of their ability to regulate gene expression. It is likely that
future microarray studies will adopt an integrated ap-
proach of miRNA and mRNA expression analysis in an at-
tempt to decipher regulatory pathways and therapeutic
targets in addition to expression patterns.
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THERAPEUTIC ADVANCES

The treatment of malignant PCCs and PGLs includes surgical
resection and debulking, pharmacological control of catechol-
amine-mediated symptoms, radiotherapy, and systemic ther-
apy [28]. Because these are relatively rare tumors, the
evidence for each of these treatment modalities is limited.

Surgery

Surgical intervention for malignant PCCs/PGLs should be un-
dertaken in specialist centers with the benefit of a multidisci-
plinary approach. Prior to initiation of treatment, it is
imperative that a comprehensive diagnostic workup is under-
taken toidentify the presence of metastatic disease, as well as
the presence of underlying genetic mutations that may predis-
pose patients to bilateral disease, because this may influence
the surgical approach [152]. Preoperatively, hypertension
needs to be tightly controlled with the potential need for both
a-and -blockade. Appropriate fluid resuscitation in conjunc-
tion with this is critical to achieve a successful perioperative
surgical outcome [153].

For patients with no preoperative evidence of metastatic
disease, complete excisionisundertaken due tothe long-term
consequences of catecholamine excess. Local excision via a
minimally invasive approach has become the criterion stan-
dard for surgical management [19]. The two most common
approaches are the lateral transperitoneal approach and the
posterior retroperitoneal approach. Laparoscopic adrenalec-
tomy was first described in 1992 by Gagner et al. using the
transperitoneal approach [154]. This procedure has become
widely accepted with benefits including decreased analgesic
requirement, improved patient satisfaction, shorter hospital
stay, and shorter recovery time when compared to open sur-
gery [155]. Alateral transperitoneal approach offers excellent
exposure due to the effects of gravity; it can be used for large
tumors up to a maximum diameter of 8—12 cm [156, 157]. For
such tumors, surgical technique must be meticulous to avoid
capsular rupture, which increases the risk of tumor seeding
and locoregional recurrence [158].

Retroperitoneoscopic adrenalectomy was developed in
1993 [159] and brought into clinical practice by Martin Walz
[160]. This approach has gained popularity because it offers
advantages, including direct access to the gland and the op-
tion of bilateral adrenalectomy without a requirement for re-
positioning if a prone approach is used. This approach is
relatively contraindicated in superobese patients (BMI >40
kg/m?). A prospective study by Rubinstein et al. compared the
transperitoneal and retroperitoneal approaches and found no
difference in operative time, blood loss, analgesic require-
ment, hospital stay, or complication rates [161]. Retrospec-
tive series have had varying reports of no difference between
the two approaches or only differences in operative time, but
these results must be interpreted in the context of the operating
surgeons’ experience [162—-164]. Both laparoscopic approaches
compare favorably with open adrenalectomy. There remains no
clear consensus among surgeons with regard to the two laparo-
scopic approaches; the choice currently depends predominantly
on the experience and preference of surgeon.

In patients with bilateral adrenal pheochromocytoma or
for patients with MEN-2 and VHL who have a high incidence of
synchronous and metachronous disease, bilateral cortical-
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sparing adrenalectomy has been advocated [165]. This ap-
proach has been advocated as a means of steroid
independence, avoiding the need for lifelong corticosteroid
replacement; it also reduces the risk of Addisonian crises fol-
lowing bilateral adrenalectomy. To retain sufficient adrenal
function, at least one third of the gland must be preserved
[166, 167]; this has been shown to be feasible using minimally
invasive techniques with a prone retroperitoneoscopic ap-
proach with or without radiological guidance with intraopera-
tive ultrasound [19, 165, 168].

Walz et al. recently published a series of 66 patients
treated for bilateral pheochromocytoma; 89 cortical-sparing
resections were performed, resulting in a corticosteroid-free
postoperative course in 91% of cases (n = 60); no recurrent
disease was noted during 48 months of follow-up [165]. How-
ever, earlier series with longer follow-up times reported re-
currence rates in the range of 10%—-60% [169-171]. In
addition, partial adrenalectomy does not always ensure corti-
sol independency postoperatively [171], so the benefits and
risks of total versus partial (cortical sparing) adrenalectomy
should be discussed with the patient in each individual case.

Lifelong clinical and biochemical surveillance is warranted
for any patient undergoing subtotal adrenalectomy to detect
recurrentdisease. At present, itisnotclear whether partial ad-
renalectomy may harbor an increased risk of recurrence in
malignant pheochromocytomas. Advocates of this approach
argue that if the pheochromocytoma is resected completely
with no capsularrupture, anincreasedrisk of recurrenceis un-
likely. A central consideration in the selection of patients for
partial adrenalectomy is genotype; subtotal/cortical sparing
adrenalectomy is recommended for patients with MEN-2A or
VHL mutations in whom there is frequently bilateral disease
but a low risk of malignancy. For patients with SDHB muta-
tions, in whom the risk of malignancy is increased, there is no
evidence to support subtotal/cortical sparing adrenalectomy
for PCCs [172]. Further advances in minimally invasive adre-
nalectomyinclude single-site access [173, 174], natural orifice
transluminal endoscopic surgery [175], and robot-assisted
surgery [176], which have been described and developed but
are not yet in widespread clinical use.

For cases in which locoregional infiltration is diagnosed
preoperatively or there is a high suspicion of malignancy, the
goal of surgery remains complete surgical excision, which may
be best facilitated with an open surgical approach [177]. This
approach may require extensive resection of adjacent tissues
and involved organs (pancreas, spleen, liver, kidney, vena
cava). It is reasonable to initially explore these patients lapa-
roscopically/retroperitoneoscopically; however, local inva-
sion usually mandates conversion to open surgery [177].
Intraoperative use of ***I-MIBG and a y-probe may be helpful
inlocalizing metastatic deposits oridentifying residual disease
when attempting complete excision.

For patients with confirmed metastatic disease in whom
disease eradication is impossible, surgery is palliative, aiming
to reduce tumor burden and minimize the effects of excess
catecholamine secretion. Intended curative surgery is only
feasible in a minority (10%) of patients who present with met-
astatic disease [178, 179]. Despite the fact that complete
eradication of disease may often be unachievable, debulking/
cytoreductive surgery is still advocated because it improves
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symptoms caused by local invasion and catecholamine secre-
tion. Consensus guidelines recommend surgery for liver me-
tastases in well-differentiated neuroendocrine tumors (NETSs)
if complete resection or debulking of approximately 90% of
the tumorload s feasible [180]. In patients with liver metasta-
ses from NETs, an aggressive surgical approach to resection is
also supported by improved survival [178, 181, 182]. Arecent
systematicreview by Saxenaetal. [183] of 1,469 patientsin 29
studies evaluating outcome in patients undergoing hepaticre-
section for NET metastases reports symptomatic relief in a
median of 95% of patients undergoing cytoreductive surgery.
Furthermore, hepatic resection of NET metastases was asso-
ciated with favorable 5- and 10-year survival rates of 70.5%
(31%—100%) and 42% (0%—100%), respectively. Importantly,
despite the fact that many patients in these series had exten-
sive metastatic disease, the median mortality was <3%
(range: 0%—9%); the median morbidity of 23% (range: 3%—
45%) is comparable to that seen in liver resection for other
metastatic disease [183, 184].

In patients with very advanced disease for whom sur-
gical resection is not immediately feasible, locoregional
therapies including embolization, radiofrequency abla-
tion, or selective internal radiation therapy may be used
to downstage disease and achieve symptomatic relief.
Radiofrequency ablation (RA) is advocated predomi-
nantly as an adjunct to cytoreductive surgery. Retro-
spective series provide promising data for RA in the
management of hepatic neuroendocrine metastases;
however, randomized trials comparing cytoreductive

surgery with RA are lacking.

In patients with very advanced disease for whom surgical
resection is not immediately feasible, locoregional therapies
including embolization, radiofrequency ablation, or selective
internal radiation therapy may be used to downstage disease
and achieve symptomatic relief [185-187]. Radiofrequency
ablation (RA) is advocated predominantly as an adjunct to cy-
toreductive surgery. Retrospective series provide promising
data for RA in the management of hepatic neuroendocrine
metastases; however, randomized trials comparing cytore-
ductive surgery with RA are lacking [188]. An aggressive cy-
toreductive approach (surgery alone or in combination with
RA) has been compared with other treatment modalities. Os-
borne et al. [182] reported improved symptom control in pa-
tients with hepatic neurodendocrine metastases treated with
cytoreduction (69%) compared to transarterial embolization
(69%). Asurvival benefit was demonstrated by Chamberlain et
al., who compared patients treated with surgical resection (1-,
3-,and 5-year survival rates: 94%, 83%, and 76%, respectively)
to those treated medically (1-, 3-, and 5-year survival rates:
76%,39%, and 0%, respectively). For this reason, a surgical ap-
proach is advocated when feasible.

The goal of treatment for thoracoabdominal PGLsis the same
as that for adrenal PCCs: to achieve complete resection where
possible. Surgery in these cases is complex and technically chal-
lenging. It should be centralized to specialist centers [19].
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Radionuclide Treatment

Radionuclide treatment may be indicated for patients with
malignant/metastatic disease for whom surgical resection is
not feasible. Radionuclide treatment is performed using
B-emitting isotopes coupled to either MIBG or somatostatin
analogues. The structural similarity between MIBG and nor-
adrenaline allows uptake and concentration of MIBG in chro-
maffin cells, which forms the basis of its utility in diagnostic
imaging for sympathetic PCCs and PGLs.

I*X-labeled MIBG therapy has been used for the adjuvant
treatment of malignant PCCs and PGLs since the 1980s when
13!, which was already in use for the treatment of thyroid ma-
lignancy, was attached to the MIBG molecule; when concen-
trated in the chromaffin cells, I'3* produced MIBG-1*3* at high
enough dosesto be used as aselective radiation therapy agent
[189-191]. Approximately 60% of metastatic PCCs/PGLs are
B1_MIBG avid. Of these, 30% exhibit a complete/partial re-
spond to 1*'-labeled MIBG; disease stabilization can be
achieved in a further 43% [25].

Tumor response to ***I-MIBG can be assessed radiologi-
cally and biochemically [192]. A phase Il clinical trial of high
dose 31I-MIBG therapy in 50 patients with metastatic PCCs/
PGLs showed that 65% of tumors exhibited at least a partial re-
sponse, with a 64% 5-year overall survival rate [193]. Safford
etal.[194] reported on 33 patients with metastatic PCCs/PGLs
who were treated with I*3*-labeled MIBG and demonstrated a
median survival of 4.7 years. However, treatment is associ-
ated with significant side effects, including nausea, vomiting,
hypertension, and hypothyroidism. High dose *3*I-MIBG is
also myeloablative and, therefore, should be considered only
in highly selected patients.

The presence of SSTRin PCCs/PGLs has similarly facilitated
treatment with radiolabeled somatostatin analogues, the
most commonly used of which are yttrium-90-DOTATOC (°°Y-
DOTATOC) and lutetium-177-DOTA®-Tyr>-octreotate (*’’Lu-
DOTATATE) [195, 196]. The likelihood of tumor response is
predicted by high tumor uptake of these agents on pretreat-
ment scintigraphy. Symptomaticreliefand tumor stabilization
have been reported, and the results reported for *”’Lu-
DOTATATE in metastatic NETs are encouraging in terms of tu-
mor regression [197]. Kwekkeboom et al. [196] analyzed the
response to *’’Lu-DOTATATE in 301 patients with NETs at 3
months following treatment. They reported an overall objec-
tive tumor response rate, including complete remission, par-
tial remission, and minor response of 46%, with high uptake
on diagnostic Octreoscan imaging strongly predictive of tu-
mor remission. Therapy was well tolerated with low toxicity.
Although this therapeutic modality is in the early stages of in-
vestigation, it may become an alternative strategy when sur-
gical intervention is not possible.

Radiation Therapy

Malignant PCCs/PGLs are not radiosensitive and external
beam radiotherapy is not a primary treatment modality. Re-
cent reports suggest that it may be effective in the manage-
ment of locally advanced malignant paraganglioma when
used in conjunction with radionuclide therapy (***I-MIBG). In
asmallseries of patients with malignant PCCs/PGLs of the tho-
rax, abdomen, and pelvis, Fishbein et al. [198] reported a du-
rable response rate and excellent performance status at up to
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24 months in patients with widespread systemic metastases
treated with sequential **I-MIBG and external beam radio-
therapy, supporting a role for this treatment strategy in local
control [198]. External beam radiotherapy may also have a
role in conjunction with surgical excision for the treatment of
isolated bony metastases. There have been several case re-
ports and series of patients with isolated spinal metastases for
whom en-bloc resection of the metastasis followed by exter-
nal beam radiotherapy has resulted in disease-free intervals
of more than 5 years [199-201], with the longest reported
survival of 26 years using this treatment strategy [202].

Systemic Chemotherapy

Systemic chemotherapy is only indicated in patients who are
either not amenable to surgical resection or are not respon-
sive to radionuclide therapy. The most effective chemothera-
peutic regimen is a combination of cyclophosphamide,
vincristine, and dacarbazine (CVD), which has shown response
rates of 50%—55%. Partial response is also associated with pal-
liation of symptoms [203—-205]. Huang et al. [203] reported a
22-year follow-up of patients treated with CVD who exhibited
tumor shrinkage and symptomatic improvement, but no sur-
vival benefit was shown in patients whose tumors responded.
Based on the 55% of tumors exhibiting a significant reduction
in size, CVD may play a role as neoadjuvant therapy to render
large tumors amenable to surgical intervention, although as
yet this has not been demonstrated in clinical practice.

Targeted Therapy

The lack of survival improvement with standard adjuvant
treatments highlights the need for novel targeted therapies.
The insights gained from the identification of genetic muta-
tions in PCCs/PGLs and the molecular alterations associated
with malignancy may provide a springboard for their develop-
ment. The division of PCCs/PGLs via molecular profiling into
two major groups or clusters (pseudohypoxic phenotype and
RAS/RAF/ERK signaling phenotype) [141, 142] hasfocused the
attention of researchers on these discrete routes to tumori-
genesis in an attempt to identify appropriate therapeutic tar-
getsthat may modulate the activity of key enzymesinvolvedin
these signaling pathways, thus modulating the malignant
transformation of PCCs/PGLs.

Heat Shock Protein 90

Heat shock protein 90 (Hsp90) plays an important role in mo-
lecular stability, maintaining the folding and conformation of
multiple proteins that may be involved in oncogenic pathways
[206]. Hsp90 is overexpressed in malignant PCCs [119], indi-
cating that it may represent a potential therapeutic target
[207]; because of the multiple oncogenic signaling pathways
regulated by Hsp90, inhibitors may target several oncogenic
proteins simultaneously [208]. Hsp90 inhibitors 17-allylamino
and 17-demethyoxygeldamycin have been developed and
show promise in other malignancies, specifically in early stud-
iesof Her2+, trastuzumab-refractory breast cancer, for which
objective responses were seen on a weekly schedule of tane-
spimycin [209, 210]. These agents have yet to undergo a clini-
cal trial for malignant PCCs/PGLs. However, they are well
tolerated and side effects consist predominantly of hepatic,
gastrointestintal, and constitutional symptoms that are read-
ily managed with supportive medications [211].
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Mammalian Target of Rapamycin

Invitro studies have implicated the PI3/Akt/mTOR pathway in
the pathogenesis of malignant neuroendocrine tumors, in-
cluding pheochromocytoma [212]. This pathway is responsi-
ble for the regulation of cell growth and survival. Therefore,
dysfunction of this pathway, with mTOR upregulation, leads to
increased cell proliferation, angiogenesis, and decreased apo-
ptosis, thus potentiating malignant transformation [213].
Everolimus (a compound that inhibits mTOR signaling) has
been evaluated in a small number of patients with malignant
PCCs/PGLs with disappointing results [212]. It has been postu-
lated that this lack of efficacy may be due to compensatory
P13K/AKT and ERK activation in response to mTOR inhibition,
which has been previously described in neuroendocrine tu-
mor cell lines [214]. Preclinical data suggest that the concom-
itant inhibition of more than one pathway may reverse drug
resistance and more successfully affect tumor growth than
targeting a single pathway. There are currently phase | and
phase Il studies underway evaluating the efficacy of everoli-
mus combined with multiple other specific molecular drugs,
including ertolinib (NCT00843531, phase Il), VEGFR inhibitor
PTK787/ZK 222584 (NCT00655655, phase 1), octreotide, and
cixutumumab (NCT01204476, phase 1). Initial results of these
trials are still awaited.

Receptor Tyrosine Kinase Inhibitors

Sunitinib is a receptor tyrosine kinase inhibitor that inhibits
VEGF-R, PDGF, and c-KIT and exhibits both antiangiogenic and
antitumor activity [215]. Patients with malignant PCCs/PGLs
who were treated with sunitinib have achieved partial tumor
regression, improved performance status, and a reduction in
tumor marker levels. However, it appears that a pathway of
drug resistance develops quickly after an initial tumor stabili-
zation period [215-217].

The efficacy of sunitinib is currently being evaluated in an
international, multicenter, randomized, double-blinded
phase Il study initiated jointly by members of the Pheochro-
mocytoma and paraganglioma RESearch Support ORganiza-
tion (PRESSOR) consortium and the European Network for the
Study of Adrenal Tumors. The First International Randomized
Studyin Malignant Progressive Pheochromocytoma and Para-
ganglioma (FIRSTMAPP; NCT01371201) is currently recruiting
patients and aims to determine the efficacy of sunitinib on
progression-free survival at 12 months in patients with pro-
gressive malignant PCCs and PGLs.

The results with other tyrosine kinase inhibitors, including
imatinib mesylate, have not shown efficacy in the treatment
of PCCs and PGLs [218]. However, preclinical results for the in-
sulin-like growth factor-R inhibitor NVP-AEW541 indicate po-
tential antitumor activity in neuroendocrine tumor cells and
animal models. Grossmann et al. [219] tested the antitumor
potential of NVP-AEW541 in mouse PCC cell lines; they dem-
onstrated adecreasein cellviability, which was both dose-and
time-dependent. It has been postulated that this is due to sig-
nificant inhibition of PI3K/AKT and compensatory activation
of ERK and mTORC1/p70S6K signaling. These findings require
further investigation and validation.

Antiangiogenic Therapy
Malignant PCCs/PGLs are highly vascularized tumors that are
likely to be dependent on angiogenesis-mediated growth
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[117, 220, 221]. Targeting the VEGF pathway has become a
commonly used strategy in malignancy [222] and may hold
promise for malignant PCCs and PGLs. Kulke et al. [223] evalu-
ated the efficacy of thalidomide, an antiangiogenic agent, in
combination with temozolamide in patients with metastatic
carcinoid tumors, PCCs, and pancreatic NETs. This regimen re-
sulted in an objective biochemical response rate in 40% of pa-
tients and a radiological response rate in 25% of patients
overall (33% for PCCs). However, this study included only 3 pa-
tients with PCCs, one of whom exhibited a partial response
[223].

Itis likely that genetic testing may play a role in the selec-
tion of patients who may benefit from antiangiogenic therapy.
Patients with mutations in VHL and SDHx develop PCCs/PGLs
with a pseudohypoxic phenotype (cluster 1), exhibiting activa-
tion of HIF and upregulation of VEGF and PDGF, which may be
targeted with therapy involving the VEGF signaling pathway.
Antiangiogenic agents also may represent an attractive thera-
peutic option in combination with other agents, such as the
VEGF receptor tyrosine kinase inhibitor PTK787/ZK 222584,
which is currently being trialed in combination with the mTOR
inhibitor everolimus for patients with solid tumors, including
PCCs/PGLs (NCT00655655). The rationale is that the combina-
tion of an mTOR inhibitor and tyrosine kinase inhibitor may
have a synergistic effect on both tumor growth and angiogen-
esis. Thisis a phase | trial that will predominantly evaluate the
side effects and optimal dosing for these agents in combina-
tion.

FUTURE DIRECTIONS

The optimal management of patients with malignant PCCs/
PGLs remains a clinical challenge. Insights gained from the
identification of genetic mutations and molecular alterations
have been central to the recent developments in diagnostic
approaches and targeted therapeutics. Due to the rarity of
this tumor, large-scale clinical studies that would progress
clinical practice are rare. Therefore, it remains important to
use all available resources, including cell line and animal mod-
els, for ongoing research into appropriate therapeutics [224].
Even more crucial is the requirement for international collab-
oration [225], which will not only facilitate optimal manage-
ment but also allow accurate data collection and biobanking
of specimens. Large-scale international multicenter studies
will be required to effectively exploit and clinically translate
the molecular and genetic knowledge gained in the last de-
cade into effective targeted molecular therapies.
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