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This series of 23 articles (17 original articles, six reviews) is presented by international leaders in
pheochromocytoma and paraganglioma (PPGL). PPGLs are rare neuroendocrine tumors originating
from chromaffin cells in the adrenal medulla or paraganglia outside the adrenal medulla, respectively.
Uniquely, these tumors produce and secrete catecholamines, mainly norepinephrine and epinephrine,
that profoundly affect cardiovascular [1], gastrointestinal, and to lesser extents, other systems. One
article shows that pheochromocytoma patients have a lower magnitude of global longitudinal
strains (GLS) derived from speckle-tracking echocardiography compared to patients with essential
hypertension, suggesting that catecholamines induce a subclinical decline in the left ventriclar systolic
function [2]. Furthermore, if these tumors remain unrecognized, they pose a severe threat to patients
by potentially causing sudden death due to lethal arrhythmias, myocardial infarction, and stroke.
Therefore, all attempts should be made to diagnose and treat these tumors early before they strike a
patient or become metastatic. Throughout the years, our knowledge and perception of these tumors
have been greatly expanded and changed by new discoveries in genetics, metabolomics, proteomics,
diagnostics, treatment, and follow-up of these tumors. Recently, there have been discoveries of new
susceptible genes with either germline or somatic mutations [3]. Uniquely, metabolomic analysis
has greatly improved the identification of these new genes and their pathogenicity, as well as the
characterization of some variants of unknown significance. In this book, the spectrum of these new
genes are described, as well as the implications on clinical management of patients. Recent studies
have shown some gene-specific clinical risks that may warrant tailored management strategies [4].
The relevance of such mutations in tumorigenesis and catecholamine biosynthesis and secretion are
also presented [5] with special emphasis on the role of hypoxia-inducible factors on the regulation
of phosphorylation of tyrosine hydroxylase [6]. These findings, together with the excellent negative
predictive value of histological PASS and GAPP algorithms [7], provide novel prognostic biomarkers
and new therapeutic avenues [8–10]. Beyond catecholamines, PPGLs could also secrete a wide diversity
of products which could serve as biomarkers, such as chromogranin A [11], and could be responsible
in very exceptional situations of ectopic syndromes (mostly ACTH, IL6, PTH/PTHrp) [12]. A long-term
overproduction of catecholamines by PPGL could also lead to the elevation of FGF21, especially in
patients with secondary diabetes, that would require specific investigation to determine potential
effects on metabolism and adipose tissue [13]. In recent years, molecular imaging has emerged at the
forefront of personalized medicine. The use of molecular imaging, particularly with positron emission
tomography compounds, in the localization of these tumors has been successfully expanded. Despite
limited availability, [11C]-hydroxyephedrine PET/CT has shown to be an accurate tool to diagnose
and rule out pheochromocytoma in complex clinical scenarios and to characterize equivocal adrenal
incidentalomas [14]. More specifically for head and neck PGL and metastatic cases, [68Ga]-DOTATATE
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PET/CT has become the best available imaging modality. These results prompted the introduction
of peptide receptor radionuclide therapy using radiolabeled somatostatin analogs. At present, more
than 200 PPGL patients have been treated on compassionate grounds with PRRT with promising
results. Here, Vyakaranam et al. [15] report a series of patients with favorable outcomes and limited
toxicity. PET/CT or PET/MR imaging using a specific tracer such as [18F]-FDOPA might also allow
improvement in treatment planning for external beam radiotherapy by allowing refinement of the
gross tumor volume [16]. Kohlenberg et al. [17] also show excellent results of ablative therapy in the
treatment of metastatic PPGL in order to achieve local control and decrease symptoms and signs from
catecholamine excess. Given the potential for serious procedure-related complications, the balance-risk
ratio should be discussed in each individual situation, and ablation procedures should be performed in
high-volume centers. Throughout these therapies, as well as other situations (e.g., surgery), physicians
must be aware of potential complications and be able to provide appropriate management to minimize
morbidity and mortality associated with PPGLs, especially elevated catecholamine levels [18].

Although therapeutic and preventative options for PPGLs, especially metastatic disease, are
still in their infancy, several new studies are now in progress or planned. To achieve these goals,
preclinical models are needed, such as transgenic mice (e.g., Epas1 Gain-of-Function Mutation [19]),
canine models that carry similar genomic alterations to humans [20], or patient-derived tumor
xenografts (PDXs). This will accelerate our understanding on tumorigenesis, help to build original
developmental models [21], and find new treatments. One promising approach in patients with
metastatic PPGL relies on immunotherapy that initially activates innate immunity followed by an
adaptive immune response. One original article shows a significant reduction or complete eradication
of subcutaneous and metastatic lesions in a pheochromocytoma mouse model after immunotherapy
using Mannan-BAM, TLR ligands, and anti-CD40 [22]. A pan-cancer RNA sequencing analysis also
challenges the current classification of PPGL with clustering of PPGL with pancreatic neuroendocrine
tumors or neuroblastomas, a finding that could open new therapeutic perspectives and help us
understand the development of these tumors and their relationships [23]. The use of artificial
intelligence, sophisticated computer algorithms, and modeling to classify information from a particular
patient, as well as diagnostic and other methods done on that patient, will become a reality in the
near future. This creates the potential to transform the lives of patients with these tumors, resulting
in their prevention or even eradication. This series of unique articles represents a collaborative,
international effort that reflects the scope and spirit of this issue by nicely blending current and future
genetic, diagnostic, and therapeutic approaches to PPGLs. Understanding developmental, host, and
environmental factors will also become very important to develop preventive strategies.

Let us conclude with a quotation from Dr. William Mayo: «The glory of medicine is that it
is constantly moving forward, that there is always more to learn» Indeed, this issue provides new
information not only to health care professionals but to basic scientists and others interested in learning
something new about PPGL.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bisogni, V.; Petramala, L.; Oliviero, G.; Bonvicini, M.; Mezzadri, M.; Olmati, F.; Concistrè, A.;
Saracino, V.; Celi, M.; Tonnarini, G.; et al. Analysis of Short-term Blood Pressure Variability in
Pheochromocytoma/Paraganglioma Patients. Cancers 2019, 11, 658. [CrossRef] [PubMed]
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Abstract: We previously identified a novel syndrome in patients characterized by paraganglioma,
somatostatinoma, and polycythemia. In these patients, polycythemia occurs long before any tumor
develops, and tumor removal only partially corrects polycythemia, with recurrence occurring
shortly after surgery. Genetic mosaicism of gain-of-function mutations of the EPAS1 gene
(encoding HIF2α) located in the oxygen degradation domain (ODD), typically p.530–532, was
shown as the etiology of this syndrome. The aim of the present investigation was to demonstrate that
these mutations are necessary and sufficient for the development of the symptoms. We developed
transgenic mice with a gain-of-function Epas1A529V mutation (corresponding to human EPAS1A530V),
which demonstrated elevated levels of erythropoietin and polycythemia, a decreased urinary
metanephrine-to-normetanephrine ratio, and increased expression of somatostatin in the ampullary
region of duodenum. Further, inhibition of HIF2α with its specific inhibitor PT2385 significantly
reduced erythropoietin levels in the mutant mice. However, polycythemia persisted after PT2385
treatment, suggesting an alternative erythropoietin-independent mechanism of polycythemia.
These findings demonstrate the vital roles of EPAS1 mutations in the syndrome development and the
great potential of the Epas1A529V animal model for further pathogenesis and therapeutics studies.

Keywords: paraganglioma; somatostatinoma; polycythemia; EPAS1; transgenic mice; erythropoietin

1. Introduction

We previously identified a novel syndrome (also known as Pacak–Zhuang Syndrome) characterized
by the clinical constellation of paraganglioma, somatostatinoma, and polycythemia. Several features
in this syndrome are unique and clustered [1,2]. First, the lack of family history of similar symptoms
or pathologies suggests a non-hereditary pattern. Second, the syndrome demonstrates female sex
predominance. Third, patients demonstrate early onset polycythemia, presenting at birth. Fourth, all
patients develop several rare tumors, including paraganglioma (PGL) and somatostatinoma, which we
suspected would be unlikely without a common underlying genetic pathogenesis [1,2].
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We found that the patients share common postzygotic mutations, including p.A530T/V, P531S,
Y532C, L529P, T519M, and P544S, in the oxygen degradation domain (ODD) of EPAS1, encoding
hypoxia-inducible factor 2α (HIF2α) [1]. These mutations were found to disturb the hydroxylation
of ODD of the HIF2α protein by prolyl hydroxylase 2 (PHD2), which impairs its binding with von
Hippel–Lindau protein and subsequently increases HIF2α protein stability [1]. This leads to increased
transcription of the genes downstream of the HIF2α/HIF1β dimer in the tumors, such as EPO, VEGFA,
SLC2A1, and VPS11 [2], which causes pseudohypoxia signaling and influences the developmental
physiology and disease pathology of the syndrome.

PGLs are rare catecholamine-producing tumors that are derived from chromaffin cells of
extra-adrenal paraganglia; somatostatinoma is also of neural crest origin. PGLs are classified
into two expression clusters: (1) Cluster 1 with high EPAS1 expression and immature phenotypic
features, (2) Cluster 2 with low EPAS1 expression and mature phenotypic features [3]. Patients with
Pacak–Zhuang syndrome consistently fall into Cluster 1 and are found to have high levels of
normetanephrine (NMN) and norepinephrine (NE) [1].

Polycythemia is an abnormal elevation of the hematocrit caused by either increased production or
decreased destruction of red blood cells (RBCs). Secondary polycythemia occurs as a consequence
of elevated circulating erythropoietin (EPO), while primary polycythemia is due to intrinsic factors
(e.g., somatic JAK2V617F mutation and hereditary dominant EPOR mutations) of erythroid progenitors
in the bone marrow and is EPO-independent [4]. Mixed polycythemia, such as Chuvash polycythemia
caused by VHLR200W mutation, has features of both primary and secondary polycythemias characterized
by elevated EPO and erythroid progenitors hypersensitive to EPO [5]. Elevated plasma EPO
confirmed secondary polycythemia in the syndrome patients, but it is still unclear whether primary
polycythemia exists.

Hypoxia signaling pathways have been established as critical to disease pathogenesis as well as
normal development [6–9]. EPAS1 mutations were previously only found to cause familial polycythemia
and pulmonary arterial hypertension [10–12]. This new syndrome of paraganglioma, somatostatinoma,
and polycythemia provides a unique opportunity to study the impact of hypoxia signaling, specifically
gain-of-function of HIF2α, on tumorigenesis.

In this study, we aimed to develop a transgenic mouse model to achieve the following aims: (1) to
confirm EPAS1 mutations are causative gene mutations for the syndrome and (2) to use this model for
further pathogenesis and therapeutic studies of the syndrome.

2. Results

2.1. Establishment of A Somatic Epas1A529V Animal Model

The syndrome patients were found to carry somatic EPAS1 mutations in the ODD without other
germline mutations [2]. We thus generated a transgenic mouse model with a somatic heterozygous
Epas1A529V mutation (corresponding to human EPAS1A530V). Transcription activator-like effector
nucleases (TALEN) were utilized to facilitate homologous recombination in the embryonic stem (ES)
cells (Figure 1A). The targeting vector contained 1.3 kb 5′ and 1 kb 3′ homology arms, neomycin
selection, and diphtheria toxin A negative selection cassettes. Epas1A529V point mutation is located
in the 3′ homology arm. G418-resistant ES cell colonies were picked up after co-electroporation
of TALEN expression vectors and Epas1 A529V targeting vector into B6:129-mixed-background ES
cells. Positive recombinant ES colonies were confirmed by PCR at both 5′ and 3′ ends (Figure 1B).
Sanger sequencing also confirmed the presence of the A529V mutation (GCA>GTA) in the positive ES
colonies before injection into the blastocysts (Figure 1C). Chimera and subsequent germline-transmitted
mice (Epas1neo/+) were derived. The neomycin cassette upstream of the A529V point mutation in exon 12
blocked the transcription of the mutant allele, and no obvious defects were observed in Epas1neo/+ mice.
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Figure 1. Establishment of the Epas1A529V animal model. (A) Schematic strategy of the mutant mice
generation. (B) Positive embryonic stem (ES) colonies were confirmed by PCR at both 5′ (F1/R1) and 3′
(F2/R2) ends. (C) Sanger sequencing result of the F2/R2 PCR band. The mutant codon is labeled in red.

To activate the expression of the A529V mutant allele, we mated Epas1neo/+ mice with E2a-Cre
transgenic mice in C57BL/6 background and generated somatic heterozygous Epas1A529V mutant
mice (E2a-Cre; Epas1neo/+, in brief, Epas1A529V) (Figure 2A). Genotyping PCR and Sanger sequencing
confirmed the successful deletion of the neomycin cassette in tail DNA of Epas1A529V mutant mice
(Figure 2B). To confirm the expression of the Epas1A529V mutant allele, we extracted RNA from
multiple tissues of the Epas1A529V mutant mice, including heart, lung, liver, kidney, duodenum, adrenal
gland, spleen, and testis, and performed reverse transcription. Droplet digital PCR (ddPCR) with
complementary DNA (cDNA) of each tissue confirmed high expression of Epas1 in lung and heart
(Figure 2C,D), consistent with a previous report [13]. The percentage of Epas1A529V mutant allele in
cDNA varied from 20.8% to 49.4% in different tissues (Figure 2E). These results confirmed Cre-mediated
high expression of Epas1A529V mutant allele in a wide range of tissues.
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Figure 2. Successful expression of Epas1A529V mutant allele in various tissues. (A) Mouse breeding
strategy to generate the somatic mutant mice. (B) Genotyping PCR (F3/R3) and Sanger sequencing
confirmed the successful deletion of the neomycin cassette by E2a-Cre in one-month-old Epas1A529V

mutant mice. (C) Representative image of Epas1A529V droplet digital PCR (ddPCR). Green dots, droplets
with PCR amplification of Epas1 wild-type (WT) allele. Blue dots, droplets with PCR amplification
of Epas1 A529V mutant (MUT) allele. Orange dots, droplets with PCR amplification of both alleles.
(D) Total Epas1-positive events of Epas1 ddPCR from 100 ng cDNA of each tissue in two–three-month-old
male mutant mice. n = 3. (E) Epas1A529V allele frequency in the cDNA derived from each tissue.

2.2. Polycythemia and Elevated EPO in Epas1A529V Mutant Mice

Red palms in Epas1A529V mutant mice suggested an underlying polycythemia (Figure 3A).
A complete blood count (CBC) test confirmed polycythemia by respective 39.9%, 60.7%, and 56.5%
elevations in erythrocyte count, hemoglobin, and hematocrit of somatic Epas1A529V mutant mice
compared to littermate controls (Figure 3B). Minorly increased mean corpuscular volume (MCV) and
significantly reduced platelets in the mutant mice were noted, and no change was observed for white
blood cells (Figure 3B).
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Figure 3. Polycythemia and elevated erythropoietin (EPO) in Epas1A529V mutant mice. (A) Red palm
(arrow) in three-month-old mutant mice. (B) Complete blood count (CBC) test confirmed polycythemia
in two-month-old mutant mice. MUT, Epas1A529V mutant mice. WT, littermate control mice. n(WT)
= 4, n(MUT) = 3; ns, p > 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. (C) Elevated plasma EPO in
Epas1A529V mutant mice. ** p < 0.01. (D) Epo expression in different tissues of four-month-old mice;
n = 3 for each group. (E) EPO immunohistochemistry (IHC) staining of control and mutant kidney.
Arrows indicate EPO-positive cells. RBC: red blood cells, MCV: mean corpuscular volume, WBC: white
blood cells. Scale bars: top, 100 μm, bottom, 30 μm.

We measured plasma EPO concentrations and observed significantly increased EPO levels in
Epas1A529V mice (Figure 3C). The EPO concentrations in mutant mice were about twice those in
littermate control mice. Elevated plasma EPO level in mutant mice is expected because the Epo
gene is a direct target of the HIF2α/HIF1β dimer [14,15]. We also performed real-time RT-PCR to
compare Epo mRNA levels in different tissues and found that Epo expression was much higher in
kidney than in other tissues of both control and mutant mice (Figure 3D). Epo expression level was
dramatically enhanced in mutant kidney by about thirteen-fold compared to control kidney (Figure 3D).
EPO immunohistochemistry (IHC) staining also confirmed increased EPO expression in the mutant
kidney (Figure 3E). These results suggest that the Epas1A529V mutation increased EPO expression in the
kidney, leading to polycythemia.

2.3. Biochemistry Characteristics of Epas1A529V Mutant Mice

There is no suitable animal model with spontaneous development of paraganglioma and
somatostatinoma [16,17]. Thus, we sought to develop paraganglioma and somatostatinoma in
Epas1A529V mutant mice. Although no pheochromocytomas or paragangliomas were found in up to
one-year-old mutant mice, lower ratios of urinary metanephrine (MN) to NMN were observed in
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Epas1A529V mutant mice (Figure 4A). Expression of phenylethanolamine N-methyltransferase (PNMT),
which converts norepinephrine (precursor of NMN) to epinephrine (precursor of MN) was similarly
down-regulated in the adrenal glands of mutant mice (Figure 4B). These observations are consistent
with previous findings that HIF2α negatively regulates PNMT expression and is thereby responsible
for the immature noradrenergic features of chromaffin cell tumors with high EPAS1 expression [3,18].

 
Figure 4. Epas1A529V mutant mice recaptured the biochemistry characteristics of the syndrome.
(A) Decreased metanephrine (MN)/normetanephrine (NMN) ratio in three–five-month-old mutant mice.
n(WT) = 6, n(MUT) = 7. * p < 0.05. (B) Decreased Pnmt mRNA in mutant adrenal gland. ** p < 0.01.
(C) SST IHC staining of duodenum of control and mutant mice. Arrows indicate SST-positive cells.
SST-positive cells were counted in nine random fields of view (400×) and summarized in the right
column. *** p = 0.0005. Scale bars, 30 μm. (D) Increased Sst mRNA in mutant duodenum; n = 3 for
each group. (E) ChIP qPCR with an HIF2α antibody or Rabbit IgG in QGP-1 cells.

In patients with this syndrome, somatostatinoma always appears in the ampullary region of
the duodenum [2]. Somatostatin IHC staining confirmed more positive cells in the duodenum of
mutant mice than in littermate control mice (Figure 4C). Although gross somatostatinoma was not
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found in our mice, enhanced expression of Sst, encoding somatostatin, was found in the duodenum
tissue of Epas1A529V mutant mice (Figure 4D). To check whether HIF2α binds to the promoter region of
SST, we performed ChIP-qPCR with an HIF2α antibody in the human pancreatic islet cell carcinoma
(somatostatinoma) cell line QGP-1. Both SST primer pairs in the SST promoter region confirmed that
HIF2α can bind to the hypoxia response element (HRE) in the SST promoter (Figure 4E). These results
suggest that SST may be a potential target of the HIF2α/HIF1β dimer.

2.4. Inhibition of HIF2α Reduced EPO but Not Polycythemia in Epas1A529V Mutant Mice

Treatment of the mutant mice for one month with a specific antagonist of HIF2α, PT2385,
demonstrated effective reduction of EPO levels in the mutant mice (Figure 5A). However,
this antagonism of HIF2α did not resolve polycythemia even after treatment for two months (Figure 5B).
We thus investigated an alternative mechanism causing polycythemia not responsive to EPO level
reduction with transient treatment. The colony-forming unit (CFU) assay of bone marrow hematopoietic
progenitors revealed increased erythroid colony number in mutant mice (Figure 5C,D), indicating that
the gain-of-function mutant HIF2α increased the erythroid differentiation of the progenitor cells and
further supporting an EPO-independent component of polycythemia in this syndrome [19].

 
Figure 5. HIF2α inhibition in the mutant mice. (A,B) PT2385 reduced EPO (A) but not polycythemia
(B) in three–four-month-old Epas1A529V mutant mice; n = 3 for each group. (C) Representative image
of the colony-forming unit (CFU) assay. Arrows indicate the erythroid colonies. (D) Summary of the
erythroid colonies from bone marrow CFU assay; n = 3 for each group. * p < 0.05.

3. Discussion

In this study, we successfully generated a transgenic animal model mimicking postzygotic EPAS1
mutations. These mice share polycythemia and biochemistry features of the Pacak–Zhuang syndrome.
Inhibition of HIF2α with its specific inhibitor, PT2385, significantly reduced EPO. Increased erythroid
colony number in the CFU assay in mutant mice indicates that somatic Epas1A529V mutation in
erythrocyte progenitor cells of the bone marrow may also contribute to primary polycythemia in the
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syndrome. Thus, the Epas1A529V mutant animal model has great potential for further pathogenesis and
therapeutic studies of the syndrome.

HIF2α plays an essential, tightly regulated role in development [20]. Stabilization of HIF2α due
to gain-of-function mutations may impact organ systems of neural crest origin, according to the time
point during early development. Somatostatin and adrenal medullary cells are of neural crest origin;
early mutation of Epas1 may impact the migration path of these cells and lead to tumors characterized
by clusters of immature cells. The Epas1A529V mouse model developed in the present study supports
this mutation as the etiology of the Pacak–Zhuang syndrome. We have demonstrated that the mutation
is sufficient for the development of polycythemia, increased EPO secretion, somatostatinoma-related
manifestations, and immature chromaffin cell features consistent with the origins of the noradrenergic
paragangliomas and pheochromocytomas characteristic of the affected patients. The developmental
role of Epas1 and its regulation by signaling cascades of neurulation provide a probable mechanistic
rationale for the long duration of tumor development.

Notably, the overproduction of erythrocytes and decreased platelets in somatic heterozygous
Epas1A529V mice were more significant than what was observed in Epas1G536W/G536W mice [12].
This indicates that our model also mirrors human polycythemias with gain-of-function EPAS1
mutations that are inherited in a dominant fashion (heterozygote). The proximity of A529 to P530,
the hydroxylation site of PHD2, compared to G536, appears to result in a more severe phenotype,
suggesting that severity is related to the degree of impact on the association of PHD2 with HIF2α.

PGL patients of Pacak–Zhuang syndrome consistently fall into Cluster 1 with very high plasma
levels of NMN and NE and relatively normal levels of MN and epinephrine (EPI) [1,2]. These results
suggest that stabilized HIF2α protein caused by gain-of-function mutations in the ODD domain is
sufficient to block the differentiation of chromaffin progenitor cells and maintain their immature
phenotype. In patients with this syndrome, the somatostatinoma always appears in the ampullary region
of the duodenum and not in the pancreas. Although no discrete paraganglioma or somatostatinoma
tumors were found in the mutant mice, we confirmed Sst increase in the duodenum but not in the
pancreas, which supports cluster formation of immature cells with up-regulated Sst in the duodenum
of the patients as the mechanism for this neuroendocrine tumor.

Unlike polycythemia, which is present from birth in both patients with the syndrome and
mutant mice, Pacak–Zhuang syndrome patients develop paragangliomas and somatostatinoma in
their early thirties. We believe that the development of discrete tumors may be more complicated and
likely depends on multiple factors including acquiring additional driver gene mutations (e.g., copy
number alterations of 1p SDHB and 3p VHL) and environment changes such as hypoxic stress [21].
Additional tests are necessary in the future to determine what factors are required to trigger tumor
development in the Epas1 gain-of-function mouse model.

4. Materials and Methods

4.1. Mouse Model and Genotyping

Briefly, two adjacent homologous arms were inserted into the Kpn1/Sal1 and Mlu1/Not1 sites
of PGKneolox2DTA.2 (a gift from Philippe Soriano (Icahn School of Medicine at Mount Sinai,
New York, NY, USA), Addgene plasmid #13449), respectively. The 5′ homologous recombination (HR)
arm is a 1.3 kb PCR product (Kpn1-Forward: CGGGGTACCAGTAGATACTCAGGGACACCCAT,
Sal1-Reverse: ACGCGTCGACAGTAGATACTCAGGGACACCCAT). The 3′ HR arm is
adjacent to the 5′ HR arm sequence and is a 1 kb PCR product including
exon 12 (Mlu1-Forward: CGACGCGTGGTGAGTGAGAACAGCAGTCCC, Not1-Reverse:
AAGGAAAAAAGCGGCCGCATAAGCAGGTGTGTACATGTA). Epas1 A529V point mutation was
then introduced in the 3′ arm of the HR vector using QuikChange Lightning Site-Directed Mutagenesis
Kit (Agilent, Santa Clara, CA, USA). TALEN vectors were assembled following ZiFiT instruction
(http://zifit.partners.org/ZiFiT/Disclaimer.aspx). The HR vector and two TALEN vectors were
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electroporated into mouse ES cells at a ratio of 2:1:1. ES colonies were picked up after G418 selection
(200 ug/mL) for 10 days and further identified by PCR and Sanger sequencing. Identification primers for
the 5′ end: F1: CTACACCCAGTGCTTCAAG, R1: TGAGGCGGAAAGAACCA. Identification primers
for the 3′ end: F2: CGAAGGAGCAAAGCTGCTA, R2: AAAGTGCCAGCTGCCTACACATAC.
The ES colony with correct recombination was then micro-injected into mouse blastocysts to generate
chimeric mice.

E2a-Cre transgenic mice with B6 background were kindly provided by Alex Grinberg of Eunice
Kennedy Shriver National Institute of Child Health and Human Development. Progeny carrying the
mutant genotype (E2a-Cre; EPAS1neo/+, in brief, Epas1A529V) was acquired. Littermate control mice were
used for all experiments.

4.2. Complete Blood Count (CBC)

Mouse facial vein blood was collected in K2EDTA tubes (BD Microtainer, Franklin Lakes, NJ, USA).
A total of 90 μL whole blood was diluted with 180 μL normal saline before sending to the Department
of Laboratory Medicine at Clinical Center of NIH for complete blood count.

4.3. Enzyme-Linked Immunosorbent Assay (ELISA)

EPO in the mouse plasma was determined using an ELISA kit according to the manufacturer’s
instructions (R&D systems, Minneapolis, MN, USA). Briefly, facial vein blood was collected in heparin
tubes, and plasma was collected by centrifuging at 10,000 g for 10 min at 4 ◦C and was frozen
immediately at −80 ◦C. Plasma was thawed on ice when used and was diluted to 1:2–1:4 (depending on
the volume of the plasma) for experiments. The samples were assayed in duplicates.

4.4. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

RNA of the indicated tissues was extracted with a Purelink RNA Mini Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Totally, 500 ng RNA was reverse-transcribed with iScript CDNA Synthesis kit
(Bio-Rad, Hercules, CA, USA). The reactions were prepared with SsoAdvanced universal SYBR Green
supermix (Bio-Rad) and were run on a CFX384 real-time system (Bio-Rad). Primers used for qRT-PCR
included Epo (forward: ATGAAGACTTGCAGCGTGGA, reverse: TTCTGCACAACCCATCGTGA),
Pnmt (forward: AAGTCAACCGTCAGGAGCTG, reverse: TCGAAGCTGGCGTTCTTTCT), Sst
(forward: AGCTGGCTGCAAGAACTTCT, reverse: AGGGTCAAGTTGAGCATCGG), and Actb
(forward: GACCTCTATGCCAACACAGT, reverse: AGTACTTGCGCTCAGGAGGA).

4.5. Immunohistochemistry (IHC) Staining

IHC staining was performed as previously described [2]. The primary antibodies used in this
study were anti-EPO (Santa Cruz Biotechnology, Dallas, TX, USA; sc-7956, 1:100) and anti-SST (Abcam,
Cambridge, MA, USA; ab30788, 1:100).

4.6. Droplet Digital PCR (ddPCR)

ddPCR was performed with the BioRad QX200 ddPCR system in the Genomics Core Facility of the
NCI Center for Cancer Research (CCR), according to the manufacturer’s instructions. ddPCR mutation
assay of Epas1A529V was designed on the basis of the mouse Epas1 coding sequence with the Bio-Rad
website tool. The unique assay ID is dMDS358400990. The probe for the wild-type allele was labelled
with Hexachloro (HEX) fluorescence, and the probe for the A529V mutant allele was labelled with
Fluorescein (FAM) fluorescence. In total, 100 ng cDNA of each tissue was used for ddPCR reaction,
and the results were analyzed with the QuantaSoft software (Bio-Rad). Epas1 gene expression level in
different tissues was compared by combining positive events of both wild-type and mutant alleles.
Epas1A529V allele frequency was compared by the fractional abundance.
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4.7. PT2385 Treatment

Three–four months old mice were selected for PT2385 treatment. Before treatment, plasma from
facial vein blood of each mouse was collected as the basal level. PT2385 was dissolved in DMSO at
10 mM as stock solution. During treatment, the PT2385 stock solution was diluted with normal saline
and intraperitoneally administrated to the mice every other day at a concentration of 400 μg/kg body
weight. Plasma of facial vein blood was collected every month for the determination of EPO levels.

4.8. Determinations of Urinary Catecholamines and Metanephrines

Mouse urine was collected for measurements of catecholamines and metanephrines by liquid
chromatography with mass spectrometry, as described previously [22].

4.9. ChIP-qPCR

ChIP assays were performed using SimpleCHIP Enzymatic Choromatin IP Kit (Magnetic beads)
following the manufacturer’s instructions (Cell Signaling Technology, Danvers, MA, USA; catalog
9003). Briefly, cross-linked protein-DNA complexes were precipitated by incubation with rabbit
anti-HIF2α (Abcam; ab199) or rabbit IgG (negative control) overnight and then with magnetic beads
for 2 hours. The purified DNA fragments including HIF-binding element (HRE) were quantitatively
analyzed by real-time PCR with primers against the SST promoter (hSST-HRE-F1/B1 and F2/B1)
following the standard-curve method. The standard curves were created by serial dilution of 2% input
chromatin DNA. The values of chromatin DNA precipitated by HIF2α antibody were normalized to
those precipitated by normal rabbit IgG, which was arbitrarily defined as 1. The primer sequences
are: hSST-HRE-F1: ATCGTGGGGCATGTGGAATT; hSST-HRE-F2: AATCGTGGGGCATGTGGAAT;
hSST-HRE-B1: TGTGTGCTCTCAACCGTCTC.

4.10. Colony-Forming Unit (CFU) Assay

The CFU assay was performed according to the manufacturer’s instruction (R&D Systems,
Minneapolis, MN, USA; HSC007). Briefly, 30,000 bone marrow cells of one-year-old Epas1A529V or control
mice were plated in 35 mm cell culture dishes with methylcellulose-based media. Reddish colonies in
each dish were counted after one week. Duplicate dishes were used for each mouse. Statistics was
performed by the unpaired Student’s t-tests.

4.11. Statistics

Data are shown by mean with SEM. The p values were calculated using Student’s t-test; p values
of less than 0.05 were considered statistically significant.

4.12. Study Approval

All in vivo experiments were performed under the animal protocol (NICHD 18-028) that was
reviewed and approved by the Animal Care and Use Committee of NICHD.

5. Conclusions

Our somatic heterozygous Epas1A529V mutant mouse model is the first animal model of the
syndrome of paraganglioma, somatostatinoma, and polycythemia. These mice share polycythemia
and biochemistry features of the syndrome, demonstrating gain-of-function mutations of EPAS1 in
the ODD domain as the causative gene mutation of the syndrome development. This mutant animal
model has great potential for further pathogenesis and therapeutics studies of the syndrome.
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Abstract: In this simulation study, we assessed differences in gross tumor volume (GTV)
in a series of skull base paragangliomas (SBPGLs) using magnetic resonance imaging (MRI),
18F-dihydroxyphenylalanine (18F-FDOPA) combined positron emission tomography/computed
tomography (PET/CT), and 18F-FDOPA PET/MRI images obtained by rigid alignment of PET
and MRI. GTV was delineated in 16 patients with SBPGLs on MRI (GTVMRI), 18F-FDOPA PET/CT
(GTVPET), and combined PET/MRI (GTVPET/MRI). GTVPET/MRI was the union of GTVMRI and
GTVPET after visual adjustment. Three observers delineated GTVMRI and GTVPET/MRI independently.
Excellent interobserver reproducibility was found for both GTVMRI and GTVPET/MRI. GTVPET and
GTVMRI were not significantly different. However, there was some spatial difference between
the locations of GTVMRI, GTVPET, and GTVPET/MRI. The Dice similarity coefficient median value
was 0.4 between PET/CT and MRI, and 0.8 between MRI and PET/MRI. The combined use of
PET/MRI produced a larger GTV than MRI alone. Nevertheless, both the target-delivered dose and
organs-at-risk conservancy were respected when treatment was planned on the PET/MRI-matched
data set. Future integration of 18F-FDOPA PET/CT into clinical practice will be necessary to evaluate
the influence of this diagnostic modality on SBPGL therapeutic management. If the clinical utility of
18F-FDOPA PET/CT and/or PET/MRI is confirmed, GTVPET/MRI should be considered for tailored
radiotherapy planning in patients with SBPGL.

Keywords: paraganglioma; head and neck; radiotherapy; 18F-FDOPA; PET; GTV

Cancers 2019, 11, 54; doi:10.3390/cancers11010054 www.mdpi.com/journal/cancers17



Cancers 2019, 11, 54

1. Introduction

Head and neck paragangliomas (HNPGLs) are rare and slow-growing tumors that result from
paraganglia, neural crest-derived clusters of neuroendocrine cells. HNPGLs account for about 70% of
extra-adrenal PGLs and develop from parasympathetic paraganglia of the jugular bulb and carotid
body, or along the tympanic branch of the glossopharyngeal nerve, the vagus nerve, and its auricular
branch [1]. About a third of HNPGLs are hereditary, mostly related to the mutation of the succinate
dehydrogenase (SDH) complex genes [2]. When malignant, HNPGLs generally spread into the
regional lymph nodes, lung, and bone [3]. Magnetic resonance imaging (MRI) and MR angiography
are very accurate for tumor detection and local extension definition [4]. Combined positron emission
tomography and computed tomography (PET/CT) with 18F-dihydroxyphenylalanine (18F-FDOPA) is
highly sensitive (91%) and specific (95%) and is currently proposed as the first-line nuclear imaging
modality in HNPGLs both at staging and during the post-treatment follow-up [5–7]. Once internalized,
18F-FDOPA is decarboxylated to 18F-dopamine, transported and stored in secretory vesicles. Indirectly,
in PGLs, 18F-FDOPA uptake reflects the pathological up-regulation of the catecholamine biosynthetic
pathway [8].

Treatment of HNPGLs is often personalized and influenced by genetic status, lesion size and
location, tumoral multifocality, patient age, and comorbidities [9]. Radiotherapy and stereotactic
radiotherapy are proposed as valuable therapeutic options for HNPGLs as they are less invasive than
surgery, especially for patients with skull-base paragangliomas (SBPGLs) [10–13]. Due to continuing
technological advances, the role of such treatments has increased progressively in the last few decades,
achieving excellent rates of local tumor control and patient outcome with few iatrogenic effects [14]. It is
important to underline that PGLs are frequently characterized by slow cellular turnover rates, efficient
DNA repair mechanisms, and consequently low radiosensitivity, requiring an elevated radiation dose
to overcome radioresistance. On the other hand, the presence of surrounding critical neuroanatomical
structures is an important factor to be taken into account, usually limiting the tumor’s delivered
dose [13]. The definition of gross tumor volume (GTV) is the first step of primary importance in
planning external radiation therapy and is strictly related to the final irradiated volume. In the last few
decades, continuous and successful technical improvements for external radiotherapy treatment have
been seen, leading to the development of highly conformal intensity-modulated radiation therapy
(IMRT) and personalized irradiation approaches. Consequently, remarkable efforts have been made
to optimize GTV delineation. The current availability of hybrid multimodality imaging is gradually
changing the paradigm for radiotherapy planning definition, which is classically based on CT or
MRI imaging. Tumor morphological definition and functional characterization, combined in a single
diagnostic exploration (i.e., PET/CT), could improve the definition of both GTV, which will receive
the highest dose, and clinical target volume (CTV), which includes the subclinical tumor extension
not visible on imaging modalities and subjective for many locations. Moreover, the recent availability
of PET/MRI devices offers the potential advantages of high soft-tissue contrast and functional MRI
capability to improve the diagnosis of cancer and its phenotype characterization. Several authors
showed that the combination of MRI and PET potentially improves the accuracy of both the primary
tumor and metastatic lymph node delineation in patients with HN malignancies, with consequent
clinical advantages in disease control and toxicity reduction [15,16]. At present, radiotherapy planning
for HNPGLs is defined utilizing contrast-enhanced CT and/or MRI. Metabolic information provided
by PET/CT is only sporadically integrated. Moreover, no definitive consensus has been reached on the
optimal modality for GTV definition on 18F-FDOPA PET/CT in patients with HNPGLs. On the other
hand, semi-quantitative uptake parameters such as the tumor-to-brain ratio (TBR) were successfully
used to delineate gliomas on PET imaging with radiolabeled amino acids [17–21]. Overall, despite
potential diagnostic advantages related to functional imaging [22], to our knowledge there are no
reports concerning the use of 18F-FDOPA PET/CT to delineate target volumes in patients with HNPGLs.
In view of the above, the purpose of this simulation study was to assess the differences in GTV using
contrast-enhanced MRI, 18F-FDOPA PET/CT, and combined PET/MRI images in a series of SBPGLs.
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We also evaluated the safety of irradiation therapy using PET/MRI fusion images, and in selected
patients, compared the radiation treatment planning and dosimetry obtained from GTV assessed by
MRI, which is the standard at several institutions, and PET/MRI-registered images.

2. Results

2.1. Patients

Sixteen consecutive patients with jugulotympanic SBPGLs were retrospectively included (nine
men and seven women, mean age: 57 years, range: 37–84 years). Patient characteristics are detailed
in Table 1. Seven and nine patients were evaluated at primary staging and during follow-up,
respectively, because of clinical suspicion of tumor recurrence. Previous treatment included surgery,
radiotherapy, and 90Y-DOTATOC peptide receptor radionuclide therapy in seven, three, and three
patients, respectively. Two patients were succinate dehydrogenase subunit B (SDHB) and SDHC
mutation carriers. In the remaining 14 cases, the PGLs were apparently sporadic. No patient presented
with regional lymph nodes or systemic metastases at the time of diagnostic imaging.

Table 1. Patient population characteristics.

Patient
Age, Sex

(Man/Woman)
Symptoms

PGL Size (mm),
Side (Left/Right)

Genetics
Primary Staging,

Recurrence
Prior Treatment

1 62, M Tinnitus 10, L Sporadic Primary Staging -

2 57, W Tinnitus
Ear discharge 23, R SDHC 3 Recurrence Surgery

PRRT 2

3 57, M Tinnitus 8, R Sporadic Recurrence Surgery

4 58, M Tinnitus 8, R Sporadic Recurrence Surgery
IMRT 3

5 43, W Tinnitus
Local pain 40, R Sporadic Recurrence Surgery

6 84, W Tinnitus 31, L Sporadic Recurrence Surgery
Gamma Knife

7 62, W Asymptomatic 22, L SDHB 1 Recurrence Surgery
8 67, W Pulsatile tinnitus 8, L Sporadic Primary Staging -
9 66, M Dizziness 25, R Sporadic Primary Staging -
10 70, W Pulsatile tinnitus 21, L Sporadic Recurrence PRRT 2

11 47, M Pulsatile tinnitus 7, L Sporadic Primary Staging -
12 48, M Pulsatile tinnitus 13, L Sporadic Recurrence IMRT 3

13 59, W Asymptomatic 22, R Sporadic Recurrence Surgery
PRRT 2

14 54, M Tinnitus
Ear discharge 12, L Sporadic Primary Staging -

15 58, M Pulsatile tinnitus 9, R Sporadic Primary Staging -

16 37, M Dizziness
Hearing loss 30, R Sporadic Primary Staging -

1 SDHB: succinate dehydrogenase subunit B; 2 PRRT = peptide receptor tadionuclide therapy; 3 IMRT:
intensity-modulated radiotherapy.

2.2. Tumor Volume Assessment

• MRI

The median lesion size was 17 mm (range: 7–40 mm). The median values of GTVMRI were
1.4 cm3 (range: 0.2–8.6 cm3), 1.7 cm3 (range: 0.3–9.6 cm3), and 1.2 cm3 (range: 0.2–8.7 cm3) for the
three observers. According to intraclass correlation coefficient (ICC) analysis, MRI was a highly
reproducible method for GTV delineation (agreement coefficient: 0.95). The GTVMRI assessed by the
most experienced radiation oncologist (observer 1) was considered for the definition of both CTVMRI

(median value: 26.2 cm3; range: 11.9–51.2 cm3), and planning target volume (PTVMRI) (median value:
54.1 cm3; range: 21.8–79.1 cm3).

• 18F-FDOPA PET/CT and PET/MRI
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Despite substantial heterogeneity of tumoral 18F-FDOPA uptake among the patients studied,
SBPGLs were distinctly detectable by PET/CT in all cases (median value of maximum standardized
uptake value (SUVmax): 11.5; range: 1.4–82.8). The median value of GTVPET was 0.9 cm3 (range:
0.3–17.1 cm3). In this series, although GTVPET was lower than GTVMRI, no significant difference
was assessed when considering the entire population (p = 0.09), or only previously treated patients
(p = 0.12), or only treatment-naïve patients (p = 1). GTVTBR (median value: 5.1 cm3; range: 0.3–26.1 cm3)
was significantly larger than both GTVPET (p = 0.01) and GTVMRI (p = 0.006). GTVTBR largely exceeded
tumoral boundaries on PET images, including several extratumoral voxels (with a similar activity
to that of the background), often protruding in apparently healthy bone structures and an adjacent
vasculonervous pedicle (Figure 1). Therefore, GTVTBR has not been further considered and the
GTVPET/MRI was assessed combining GTVMRI and GTVPET after visual adjustment by the radiation
oncologist. The median values of GTVPET/MRI were 3.2 cm3 (range: 0.5–18.8 cm3), 2.7 cm3 (range:
0.3–11.8 cm3), and 2.3 cm3 (range: 0.4–17.1 cm3) for the three observers. ICC analysis showed excellent
interobserver reproducibility with an agreement coefficient of 0.91. GTVPET/MRI assessed by the most
experienced radiation therapist (observer 1) was used to estimate both CTVPET/MRI (median value:
33.8 cm3; range: 15–82.7 cm3) and PTVPET/MRI (median value: 62.7 cm3; range: 26.5–112.7 cm3).
GTVPET/MRI, CTVPET/MRI, and PTVPET/MRI were significantly larger than GTVMRI (p = 0.00003),
CTVMRI (p = 0.003), and PTVMRI (p = 0.003), respectively. The details of GTV comparison between MRI
and PET/CT, and between MRI and PET/MRI are reported in Table 2.

 

Figure 1. Typical example of gross tumor volume assessed by tumor-to-brain ratio (GTVTBR)
(red contour) evaluated on 18F-dihydroxyphenylalanine (18F-FDOPA) combined positron emission
tomography/computed tomography (PET/CT) images (A: axial, B: sagittal, C: coronal) in a patient
with a sporadic right skull base paraganglioma (SBPGL). A threshold value of 1.6 over the background
uptake was used as the reference for semi-automatic definition of GTV. Note that GTVTBR largely
exceeds the metabolic tumoral edges (arrows).

Table 2. Volumetric and positional analysis of GTVs assessed by magnetic resonance imaging (MRI),
18F-FDOPA PET/CT, and PET/MRI.

Patient
GTV a (cm3) DSC b

MRI PET/CT PET/MRI MRI vs. PET/CT MRI vs. PET/MRI

1 0.33 0.63 0.87 0.51 0.65
2 4.01 2.23 5.17 0.59 0.95
3 1.25 0.28 1.60 0.30 0.99
4 1.35 0.49 1.85 0.39 0.82
5 5.95 3.66 9.95 0.53 0.43
6 4.93 4.73 6.84 0.76 0.89
7 8.58 1.40 10.46 0.21 0.97
8 0.19 0.29 0.44 0.58 0.72
9 6.01 17.10 18.76 0.52 0.52
10 1.44 2.06 3.08 0.53 0.73
11 1.42 0.83 3.25 0.06 0.62
12 1.35 0.84 2.68 0.14 0.66
13 4.10 0.92 4.85 0.33 0.99
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Table 2. Cont.

Patient
GTV a (cm3) DSC b

MRI PET/CT PET/MRI MRI vs. PET/CT MRI vs. PET/MRI

14 0.76 0.83 1.64 0.33 0.74
15 0.55 0.62 1.20 0.39 0.73
16 4.55 1.13 5.15 0.38 1.00

Median (range) 1.4 (0.19–8.58) 0.88 (0.28–17.1) 3.16 (0.44–18.76) 0.4 (0.06–0.76) 0.7 (0.43–1.0)
Mean (SD c) 2.92 (2.54) 2.38 (4.12) 4.86 (4.79) 0.41 (0.18) 0.78 (0.18)

a GTV: gross tumor volume. b DSC: Dice similarity coefficient. c SD: standard deviation.

2.3. Positional GTV Assessment

There was some spatial difference between the locations of GTV delineated on MRI, PET/CT, and
PET/MRI (Figures 2 and 3). According to the analysis of positional variability of GTVs, the median
intersection volume between GTVPET and GTVMRI was 0.6 cm3 (range: 0.1–6.0 cm3), and between
GTVMRI and GTVPET/MRI it was 1.5 cm3 (range: 0.3–9.3 cm3). The median DSC was 0.4 (range: 0.1–0.8)
between PET and MRI, and 0.8 (range: 0.4–1) between MRI and PET/MRI. The intersection volume
between GTVPET and GTVMRI correlated positively with the size of the lesion (R = 0.84, p = 0.0001)
and was significantly lower (p = 0.04) in patients with relapsing tumor (median: 0.9 cm3; range:
0.3–12.1 cm3) compared to newly diagnosed patients (median: 2.4 cm3; range: 1.2–8.8 cm3). Table 2
summarizes the results of positional GTV analysis and the DSC index.

Uniform expansions of the GTVMRI contours were performed in increments of 1 mm until 100%
of the GTVPET/MRI was covered. An average expansion of 7 mm (median: 7 mm; range: 2–9 mm)
beyond contrast-enhanced T1-weighted MRI contours was necessary to cover 100% of the 18F-FDOPA
PET/MRI primary tumor volume. Finally, a mean contraction of 3.6 mm (median: 3 mm; range:
1–8 mm) of CTVMRI made it possible to encompass the GTVPET/MRI.

Figure 2. GTV delineation and dose-volume histogram (DVH) based on MRI (Δ), 18F-FDOPA PET/CT
( ), and 18F-FDOPA PET/MRI (�) for a representative case. Contrast-enhanced T1-weighted MRI (A),
18F-FDOPA PET/CT (B), and combined PET/MRI (C) axial images in a 57-year-old woman with a
relapsing 23-mm right jugulotympanic SDHC PGL previously treated with surgery and peptide receptor
radionuclide therapy (patient 2, Table 1). (D) GTV delineation for external radiation therapy based on
MRI (blue contour), 18F-FDOPA PET/CT (green contour), and combined 18F-FDOPA PET/MRI images
(orange contour). (E) Radiation treatment planning based on MRI, 18F-FDOPA PET/CT, and combined
18F-FDOPA PET and MRI data set assessed for volumetric-modulated arc therapy. Dose-volume
histogram for PTV and organs at risk (OAR) are displayed. PTV: red curves; brainstem: purple curves;
mandible: blue curves; parotid: orange curves. All the treatment plans were able to respect clinical
objectives showing similar results concerning both target delivered dose and OAR conservancy.
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Figure 3. Volume rendering technique representations of GTV delineated on PET, MRI, and PET/MRI.
Axial slice of combined 18F-FDOPA PET/MRI imaging in a 43-year-old woman (patient 5, Table 1) with
a relapsing 40-mm apparently sporadic right jugulotympanic PGL previously treated with surgery (A).
Volume rendering technique representation of GTV delineated on MRI (B, blue volume), 18F-FDOPA
PET/CT (C, green volume), and combined 18F-FDOPA PET/MRI imaging (D, green and gray volume).

2.4. Radiation Treatment Planning

MRI and PET/MRI-based radiation treatment planning was assessed in three patients with
apparently sporadic relapsing jugulotympanic PGLs (Table 1, cases 2, 3, and 5). Patients were selected
according to tumor size aiming to simulate treatment for tumors of different sizes, ranging from a few
millimeters to several centimeters. Detailed results of the dosimetric evaluation in each patient are
listed in Tables 3 and 4. Overall, all the plans generated on 18F-FDOPA PET/MRI were able to respect
clinical objectives despite the size discrepancy existing between GTVMRI and GTVPET/MRI. PTVMRI

and PTVPET/MRI plans were similar concerning both target delivered dose and OAR conservancy
(deviation under 2.7% of prescription dose and 0.6% of OAR volume for dose and volume, respectively)
without underdosing of GTVPET/MRI compared to target volumes generated on treatment plans using
MRI alone (Table 3, Figure 3). Dosimetric details concerning tumoral target and OAR are reported
in Table 4.

Table 3. Comparison of dosimetric results obtained from MRI- and PET/MRI-based radiation treatment
planning in three patients with apparently sporadic relapsing jugulotympanic PGLs (patients 2, 3, 5,
Table 1).

Patient PGL Size (mm) 1 V95% 2 D98% 3 D2% 4

MRI PET/MRI MRI PET/MRI MRI PET/MRI

1 23 99.8 99.5 97.1 96.7 101.9 102.2
2 8 99.5 99 96.9 96.3 102.5 103.1
3 40 99.2 99.1 96.4 96.3 102.4 102.5

1 PGL size refers to MRI investigation; 2 V95%: volume of PTV (planning target volume) receiving 95% of
prescription; 3 D98%: dose received by 98% of the PTV; 4 D2%: dose received by 2% of the PTV.

Table 4. Comparison of dosimetric results on organs at risk (OAR) obtained from MRI and
PET/MRI-based radiation treatment planning in 3 patients with apparently sporadic relapsing
jugulotympanic PGLs (patients no. 2, 3, and 5 of Table 1).

Table 1
SBPGL Size on MRI

(mm) and Side (R/L 2) OAR 3
Dmax

4 (Gy) Dmean
5 (Gy) V15Gy 6 (%)

MRI PET/MRI MRI PET/MRI MRI PET/MRI

Pt 1 2 23/R Brainstem 42.9 45.8 11.7 12.3
R Parotid 21.2 18.8 4.1 3.7 1.5 1
R IAC 7 44.8 45.6 44.3 44.3

Mandible 45.6 45.3 3.1 3.3

Pt 3 8/R Brainstem 46.9 47.0 12.6 13.1
R Parotid 46.4 46.0 3.6 3.7 4.9 5.5
L IAC * 2.5 2.8 2.2 2.7

L Cochlea * 3 3.3 2.3 2.5
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Table 4. Cont.

Table 1
SBPGL Size on MRI

(mm) and Side (R/L 2) OAR 3
Dmax

4 (Gy) Dmean
5 (Gy) V15Gy 6 (%)

MRI PET/MRI MRI PET/MRI MRI PET/MRI

Pt 5 40/R Brainstem 46.7 46.7 18.9 19.8
R Parotid 46.7 46.9 14.8 19.3 35.8 50.9

R IAC 44.8 44.9 44.4 44.4
Mandible 45 45.8 2.6 3

1 Pt: patient; 2 R: right; L: left; 3 OAR: organ at risk; 4 Dmax: dose maximum; 5 Dmean: mean dose; 6 V15Gy: the
volume receiving doses above 15 Gy; 7 IAC: internal auditory canal. * R IAC and R Cochlea are included in PTV.

3. Discussion

To our knowledge, the present study evaluates for the first time the differences in GTV delineation
using contrast-enhanced MRI, 18F-FDOPA PET/CT, and combined PET/MRI images in patients with
SBPGLs. We also compared the radiation treatment planning based on the MRI and PET/MRI data set,
suggesting the safety of irradiation therapy using PET/MRI fusion images showing no differences in
tumor-delivered dose and OAR conservancy between MRI- and PET/MRI-based radiation planning,
regardless of the intermodality degree of volumetric agreement.

Although there were individual cases with greater volumetric disparities, GTVPET and GTVMRI

were not significantly different. However, a trend toward significance was observed when considering
the entire patient cohort, and the lack of statistical significance might be due to the limited number
of patients studied. GTVPET/MRI, which was defined as the union of GTVMRI and GTVPET after
adjustment by a radiation oncologist, encompasses nearly all GTV regions. An average expansion of
7 mm beyond the MRI T1-gadolinum contours allowed 100% coverage of the 18F-FDOPA PET/MRI
volumes. Accordingly, as expected, the combined use of PET/MRI produced a larger GTV than MRI
alone. In spite of this, both target delivered dose and OAR conservancy were respected when PTV was
planned on MRI or the PET/MRI matched data set, probably due to the slight positional discordance
as shown by the good DSC average value (0.8). V95 (i.e.: volume of PTV receiving 95% of prescription)
was near the prescribed dose and was not significantly different between MRI- and PET/MRI-based
GTVs for each patient and on average.

The integration of 18F-FDOPA PET/CT to MRI was evaluated for radiotherapy planning of
gliomas. In these patients, 18F-FDOPA PET/CT generated larger target volumes compared to the
standard-of-care MRI. The result was a customization of radiotherapy plans by the inclusion of
“metabolic disease” without contrast enhancement [23–25]. Navarria et al. emphasized the idea of
“biologic tumor volume” in a population of 69 patients with high-grade gliomas [26]. They showed
that 50% of radiotherapy failures occurred outside the contrast-enhanced volume on T1-weighted
MRI sequences and would have been included within the target volume generated according to
11C-methionine PET.

DSC analysis revealed incongruences of GTV position between MRI and 18F-FDOPA PET/CT in
patients with SBPGL, warranting further investigations, longitudinal patient follow-up, and histopathology
correlation. Overlap differences between GTVMRI and GTVPET could be attributable to several
factors and needs to be discussed. First of all, no hybrid PET/MRI device was used for patient
exploration. Indeed, for GTV delineation, the PET/CT and MRI data set were matched using a
semi-automated volume-based registration algorithm with consequent potential spatial uncertainty
in target volume identification induced by image misalignment. Secondly, a semi-automated
SUVmax-based segmentation algorithm was used to outline the target volume on PET/CT images,
taking into account the value of 40% of SUVmax according to 18F-Fluorodeoxyglucose (18F-FDG)
PET/CT-related literature in general oncology. As reported, automated methods of image segmentation
would be preferable to determine the metabolically active tumor volume (MATV) [27]. MATV
delineation based on semi-quantitative uptake parameters such as the TBR has long been used for
PET imaging of brain tumors with radiolabeled amino acids. In a biopsy-controlled study using
18F-Fluoroethyl-L-tyrosine (18F-FET) PET in patients with brain tumors [17], a threshold value of 1.6
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over the background uptake was taken as the reference for a semi-automatic definition of tumor
volume (GTVTBR). Based on the assumption that the TBR contrast of 18F-FDOPA uptake in brain
tumor is similar to that of 18F-FET [20,21], other authors successfully adopted the same approach in
patients with gliomas investigated by 18F-FDOPA PET/CT [18,19]. In our patients, GTVTBR assessed
in a similar manner was significantly larger than that obtained using 40% of tumor SUVmax or MRI.
Moreover, GTVTBR largely exceeded tumoral limits on PET images, covering apparently healthy bone
or adjacent vasculonervous structures (Figure 1). Therefore, both the lack of biopsy-proven evidence
of tumoral invasion (contrary to what Pauleit et al. have proven in gliomas [17]) and the potential
high risk of radiation after-effects require further investigation before clinical utilization of this type of
delineation method for SBPGLs. The heterogeneity of tumor size, ranging from 7 mm to 40 mm, and
the high inter-tumor variability of 18F-FDOPA uptake (range: 1.4–82.8) could contribute to explaining
the difficulty in properly defining GTVTBR, especially for lesions with metabolic activity as high as
PGLs. Interestingly, in our population, the overall mean TBR was 16.3 (range: 1.4–83.4), approximately
nine-fold higher than the TBR reported for brain tumors on 18F-FDOPA PET studies (1.76 ± 0.60) [18].
Finally, optimal 18F-FDOPA PET/CT segmentation algorithms for SBPGL GTVPET contouring need to
be optimized, also taking into account the lessons learned from patients with gliomas.

The third and last point to discuss concerns the population studied for GTV delineation, including
patients naïve of treatment and subjects with relapsing tumors after surgery and/or radiotherapy.
The iatrogenic distortion of regional anatomic architecture may lead to modification of vascular
patterns and tissue enhancement on CT and MRI studies. Contrast medium arrival during the early
arterial phases could be delayed and less pronounced, leading to erroneous image interpretations in
patients with relapsing local disease [7,28]. Interestingly, overlap differences between GTVPET and
GTVMRI were more pronounced for relapsing tumor compared to newly diagnosed lesions. In those
patients, an average 46% of the 18F-FDOPA PET/CT target volume extended outside GTVMRI showing
no pathological gadolinium enhancement. Integration of PET to MRI data could be advantageous
for GTV delineation in previously treated patients due to a potentially challenging definition of
tumoral infiltration [7]. In view of the above, the availability of PET/MRI hybrid devices will lead to
radiotherapy planning based on spatially and temporally registered morphofunctional images [29].

It is important to underline that the majority of patients included in the present study presented
with relatively small, benign and sporadic SBPGLs and that even the two cases of SDH-related PGLs
did not have regional lymph node metastases. Consequently, to confirm our preliminary results,
additional studies are required including patients with more aggressive and locally advanced tumors,
in which modifications of GTV could have an important dosimetric impact and possibly clinical
consequences. An additional attractive axis of clinical research, which would advance a further step
towards the transition from the morphological tumor volume to the morphofunctional tumor volume
concept, could be the comparison of 18F-FDOPA, 18F-FDG, and 68Ga-DOTA-peptides for PET-based
GTV delineation.

In a real clinical scenario, one more point of volumetric uncertainty is the definition of CTV
usually made on CT or MRI. Ligtenberg et al. [30] recently determined the modality-specific CTV
margins for CT, MRI, and 18F-FDG PET in patients with laryngohypopharyngeal tumors. Although
GTV overestimated the tumor volume in all modalities, CTV margins were needed to achieve complete
tumor delineation. Interestingly, PET-based CTVs were the smallest and considered to be the most
accurate, while MRI-based CTVs were larger than PET- and CT-based CTVs. In our patient population,
by a mean contraction of 3.6 mm (median: 3 mm; range: 1–8 mm) of CTVMRI, we encompassed every
GTVPET/MRI. This observation could contribute to the debate regarding the choice of CTV threshold,
suggesting a role of hybrid PET/MRI imaging to modulate CTV margin expansion tailored to each
clinical situation. It is possible that increased accuracy in GTV delineation with PET/MRI could allow
the application of smaller CTV margins, possibly reducing toxicity while conserving reliability in
tumor coverage and treatment efficacy.
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Another advantage of multimodality imaging is likely the ability to specify a volume at high
risk of relapse, which could be better controlled by the use of simultaneous integrated boost (SIB).
This method has already been used in several tumors without deterioration of OAR protection [31,32].

4. Materials and Methods

4.1. Patients

The medical records of patients with clinical, radiological, and/or pathological diagnosis of
HNPGLs referred to the Nuclear Medicine Department of Strasbourg University Hospitals from
May 2012 to April 2017 for 18F-FDOPA PET/CT were retrospectively reviewed. Only patients with
confirmed SBPGLs, with positive 18F-FDOPA PET/CT findings, and who underwent MRI within less
than 3 months of 18F-FDOPA PET/CT were retrospectively included. Conversely, patients without a
final diagnosis of PGL, or patients with PGLs not arising from the skull base, or patients for whom
MRI data were not fully available were not selected for the study.

Consistent with local institutional guidelines, all patients included gave free and informed
consent for the use of anonymous personal medical data extracted from their file for scientific purposes.
The local institutional review board approved this retrospective study (FC/dossier 2018-49).

4.2. Reference Diagnostic Imaging

HN MRI investigations were performed with a 1.5-T (Avanto, Siemens, Medical Systems,
Erlangen, Germany) or a 3-T (Signa, General Electric Medical System, Milwaukee, WI, USA) scanner.
Morphological T1-weighted contrast-enhanced axial and coronal images with a 1-mm slice thickness
were used for diagnostic purposes and for radiotherapy volume delineation. 18F-FDOPA PET/CT
scans were performed using a combined PET/CT equipped by time of flight measurement capacity
(Biograph mCT, Siemens Medical Systems, Erlangen, Germany). 18F-FDOPA was used in the setting of
approved marketing authorization. Patients fasted for at least 4 h before tracer injection. In all patients,
4 MBq/kg of 18F-FDOPA was intravenously injected without carbidopa premedication. Whole-body
18F-FDOPA PET/CT acquisition was performed about 30 min after radiotracer injection from the top
of the skull to the upper thigh (4 min per step) starting from the head. CT studies for attenuation
correction and anatomic registration were performed without administration of contrast medium. PET
data were reconstructed iteratively. CT, PET (after attenuation correction), and PET/CT images were
displayed on a dedicated workstation for analysis. A focal area of increased 18F-FDOPA uptake in
a usual anatomical site for paraganglia was considered as a positive finding. The tumor maximum
standardized uptake value (SUVmax) was defined within a spherical volume of interest (VOI) centered
on the tumor and including it completely. To obtain PET/MRI images, 18F-FDOPA PET/CT were
matched and registered with T1-weighted contrast-enhanced MRI including the whole SBPGL. MRI
sequences were rigidly aligned to the CT data set of PET/CT using a semi-automated volume-based
registration algorithm (Focal software, CMS-XIO).

4.3. Tumor Volume Assessment

Tumor volumes and radiation plans based on 18F-FDOPA PET/CT, MRI, and matched PET/MRI
images were delineated for research purposes only and were not used prospectively for radiation
treatment planning in any patient. GTV encompasses the recognizable macroscopic tumor infiltration
and defines both the extent and position of the primary tumor. In our series, GTV was assessed on
the MRI (GTVMRI), 18F-FDOPA PET/CT (GTVPET), and matched PET/MRI data set (GTVPET/MRI).
Two experienced radiation oncologists (observers 1 and 2) and one nuclear medicine physician
(observer 3) independently performed the GTV delineation on MRI and fused PET/MRI data while
aware of patient clinical history. To prevent biases, 18F-FDOPA PET/CT results were not available
before GTVMRI definition. Similarly, GTVMRI data were not accessible before GTVPET/MRI delineation.
GTVMRI was delineated using axial contrast-enhanced T1-weighted MRI images. GTVPET was assessed
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on axial images using the automatic assistant arbitrarily calibrated at 40% of SUVmax of the primary
tumor (Syngo.via VB10B, Siemens) according to the 18F-FDG PET/CT-related literature in clinical
oncology [33]. To delineate SBPGL on PET/CT imaging, the tumor-to-brain ratio (TBR) was also used.
Based on previous studies on gliomas [17–21], a threshold value of 1.6 over the background uptake
was taken as the reference for a semi-automatic definition of tumor volume (GTVTBR). To measure
background activity, a large region of interest above the upper ventricle and including both gray
and white matter was used. Lastly, GTVPET/MRI was the union of GTVMRI and GTVPET and the final
contour assessment was made based on visual adjustment of the images by the treating radiation
oncologist. MRI- and PET/CT-related GTV and intersection volume were assessed using ARTIVIEW™
software (AQUILAB®, Lille, France). Concordance between GTVMRI and GTVPET contours and
between GTVMRI and GTVPET/MRI contours was evaluated according to the Dice similarity coefficient
(DSC), a validated index measuring spatial overlap between two volumes. The DSC was calculated as
follows: 2 × (A ∩ B)/(A + B), where A and B represent two volumes, (A ∩ B) represents the volume of
intersection, and (A + B) represents the sum of their volumes. A DSC ≥ 0.7 can be considered as a
“good” overlap [34]. According to the standard of care of our institution, CTV and PTV of patients
were defined by adding a 10-mm three-dimensional (3D) margin to GTV and a 3-mm 3D margin to
CTV, respectively. Hence, starting from GTV, we assessed CTV and PTV on the MRI (CTVMRI, PTVMRI),
18F-FDOPA PET/CT (CTVPET, PTVPET), and matched PET/MRI data set (CTVPET/MRI, PTVPET/MRI).

4.4. Radiation Treatment Planning

Dosimetric evaluation was performed for research purposes only aiming to assess the potential
consequence of any volumetric differences between gold standard MRI and new PET/MRI-related
GTV. In other words, we researched the eventual reduction of tumoral dose delivered when metabolic
GTVPET data were combined with GTVMRI. Complete radiation treatment planning was assessed
for volumetric-modulated arc therapy (VMAT). VMAT is a technique for IMRT that simultaneously
combines varying dose rate, gantry speed, and the shape of the multileaf collimator aperture [35].
VMAT plans were generated using the Eclipse treatment planning system (version 11.0.31, Varian
Medical Systems) on for a delivered dose of 45 Gy with 1.8-Gy fractions. The dose calculation was
performed with the AAA algorithm and a 2.5-mm grid size; for the optimization, the PRO3 algorithm
was used. Two co-planar double-arcs were generated for each PTV, where the collimator angle was
set to 30◦ for counter-clockwise rotation and 330◦ for clockwise rotation. During the first optimizing
process, the objectives (PTV and OAR) were the same for the two plans. During a second optimizing
process, the penalties (dose-volume objective and/or weight) corresponding to the OAR were manually
adapted to minimize the absorbed dose according to the clinical objectives. Dose to PTV was optimized
and normalized to obtain the same V95% (volume of PTV receiving 95% of prescription dose), D98%
(dose received by 98% of the PTV) and D2% (dose received by 2% of the PTV), with a maximum
deviation of 1%. Radiotherapy planning was based on the MRI and PET/MRI GTV data set adding a
standard 10-mm 3D margin to GTV to obtain CTV, and a 3-mm 3D margin to CTV for PTV definition.

4.5. Statistical Analysis

The results for continuous data were expressed as median and range, whereas categorical variables
were presented as numbers and percentages. GTV, CTV, and PTV data were expressed in cubic
centimeters. The intraclass correlation coefficient (ICC) was used for interobserver reproducibility
assessment of both GTVMRI and GTVPET/MRI. ICC inter-rater agreement measurements were
interpreted according to the following criteria: less than 0.40 = poor agreement; 0.40–0.59 = fair
agreement; 0.60–0.74 = good agreement; 0.75–1 = excellent agreement [36]. A two-way mixed effect
model with absolute agreement definition parameters was applied to the ICC. The nonparametric
paired-sample Wilcoxon signed-rank test was used to evaluate differences between GTVMRI and
GTVPET, and between GTVMRI and GTVPET/MRI, and to compare doses delivered according to GTV
obtained from MRI and PET/MRI data. The nonparametric Mann–Whitney U test was used to test
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differences between patient groups. The Spearman rank correlation test was conducted to assess the
relationship between variables. All statistical analyses were performed using R Studio (Version 1.0.153
2017, R Studio, Inc., Boston, MA, USA). A p-value less than 0.05 was considered significant.

5. Conclusions

In this era of multimodality imaging, we should consider that no single imaging modality
encompasses an entire microscopic and macroscopic tumor, pointing out the difficulty selecting which
imaging modality is superior for target volume delineation. In our opinion, the real question that at
present remains without a definitive response is whether any difference in GTV delineation according to
the available imaging modalities (MRI, PET/CT, and PET/MRI) is clinically significant in patients with
SBPGL. For the moment, we can note that no differences exist in terms of tumor-delivered dose between
MRI and PET/MRI-based radiation planning, regardless of the inter-modality degree of volumetric
agreement. Future integration of 18F-FDOPA PET/CT into clinical practice for SBPGL radiotherapy
planning will be necessary to evaluate the influence of this combined diagnostic modality on tumor
eradication or local control. If the clinical utility of 18F-FDOPA PET/MRI is further confirmed in a large
patient population, combined GTVPET/MRI should be considered for tailored SBPGL radiotherapy
planning to identify positive disease not clearly detected by conventional MRI, to redefine CTV
margins, or to give a radiation boost treatment.
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Abstract: Germline mutations in succinate dehydrogenase subunit B and D (SDHB and SDHD) are
predisposed to hereditary paraganglioma (PGL) and pheochromocytoma (PHEO). The phenotype of
pathogenic variants varies according to the causative gene. In this retrospective study, we estimate
the mortality of a nationwide cohort of SDHB variant carriers and that of a large cohort of SDHD
variant carriers and compare it to the mortality of a matched cohort of the general Dutch population.
A total of 192 SDHB variant carriers and 232 SDHD variant carriers were included in this study.
The Standard Mortality Ratio (SMR) for SDHB mutation carriers was 1.89, increasing to 2.88 in carriers
affected by PGL. For SDHD variant carriers the SMR was 0.93 and 1.06 in affected carriers. Compared
to the general population, mortality seems to be increased in SDHB variant carriers, especially in
those affected by PGL. In SDHD variant carriers, the mortality is comparable to that of the general
Dutch population, even if they are affected by PGL. This insight emphasizes the significance of
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DNA-testing in all PGL and PHEO patients, since different clinical risks may warrant gene-specific
management strategies.

Keywords: SDHB; SDHD; mortality; paraganglioma; pheochromocytoma

1. Introduction

Paragangliomas (PGL) are rare tumors that originate from cells of neural crest origin in the
paraganglia associated with the autonomic nervous system. PGL can be subdivided into head
and neck paragangliomas (HNPGL), pheochromocytomas (PHEO), and thoracic and abdominal
extra-adrenal PGL (sympathetic PGL; sPGL). An increasing number of genes are associated with
hereditary PGL/PHEO. Most frequently, hereditary PGL syndrome is caused by genes encoding
subunits or cofactors of succinate dehydrogenase (SDH), such as SDHA/B/C/D/AF2. Other associated
genes are RET, NF1, VHL, HIF2A, FH, TMEM127, and MAX [1,2]. In the Netherlands, pathogenic
variants in SDHD are the most prevalent cause of PGL syndrome, followed by variants in SDHB and
SDHA [3,4]. Although all SDHx genes encode subunits of the same SDH complex and pathogenic
variants all disrupt its enzymatic function, different genes are associated with different phenotypes.
The reported lifelong penetrance of pathogenic SDHB variants (22–42%) [5,6] is considerably lower
than the penetrance of paternally inherited SDHD mutations (88–100%) [7–10].

When pathogenic SDHB variants cause disease, the clinical outcome is reported to be less favorable
than that in SDHD-linked disease. SDHB mutation carriers are reported to develop metastatic PGL
more frequently and patients with metastatic disease associated with SDHB variants are reported to
have a poor 5-year survival rate compared to patients with metastatic disease associated with other
causative genes [11]. The mortality of SDHB variant carriers is currently unknown [12]. In this study
we estimate the mortality for a nationwide cohort of SDHB variant carriers and compare this risk with
the mortality of SDHD variant carriers and that of the general Dutch population.

2. Subjects and Methods

2.1. Eligibility Criteria

The cohort of pathogenic germline variant carriers (hereafter variants) in SDHB included in this
study has been described in detail previously [6,13]. The mortality of this nationwide SDHB-linked
cohort was compared with the mortality of the general Dutch population and with the mortality of
an updated cohort of SDHD variant carriers, which has been described previously [12]. Only SDHD
variant carriers with paternal inheritance were included. Carriers of SDHD variants were identified
using the database of the Laboratory for Diagnostic Genome Analysis (LDGA) at the Leiden University
Medical Center (LUMC), a tertiary referral center for patients with PGL. Screening for SDH variants
was performed in all persons diagnosed with PGL who agreed to genetic testing.

Screening for SDHB and SDHD variants was performed by direct sequencing of peripheral blood
leucocytes using the Sanger method on an ABI 377 Genetic Analyzer (Applied Biosystems, Carlsbad,
California) and by multiplex ligation-dependent probe amplification (MLPA) using the P226 MLPA
kit (MRC Holland, Amsterdam, the Netherlands). Family members of index patients were tested for
the family-specific variant. All variants described in this study were submitted to the Leiden Open
(source) Variation Database LOVD database (http://chromium.liacs.nl/lovd_sdh). SDHB and SDHD
germline variants were classified according to the international guidelines put forth by Plon et al. [14].
SDHD variants were described using the reference sequence NG_012340.1 covering SDHB transcript
NM_003000.2, and NG_012337.1 covering SDHD transcript NM_003002.2, available from the TCA
Cycle Gene Variant Database LOVD database. In this manuscript we report pathogenic or likely
pathogenic variants, including missense mutations in highly conserved regions that are determined to
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be likely pathogenic as germline mutations based partly on mutation prediction analyses. Information
on amino acid conservation can be found in the LOVD database (http://chromium.liacs.nl/lovd_sdh).
Further information including mutation prediction analyses can be obtained on request.

The study was approved by the Medical Ethics Committee of the Leiden University Medical
Center; participating centers complied with their local Medical Ethics Committee requirements. Written
informed consent was obtained from the parents/guardians of individuals under 18 years of age.

2.2. Clinical Characteristics

Clinical data were retrieved from medical records. Pathogenic variant carriers were investigated
for occurrences of PGL and/or PHEO according to the structured protocols used for standard care
in the Netherlands for PGL or PHEO patients [15,16]. Patients were offered clinical surveillance
for PGL/PHEO at the departments of otorhinolaryngology and endocrinology. For asymptomatic
SDHB and SDHD variant carriers older than 18 years of age, surveillance consisted of magnetic
resonance imaging (MRI) of the head and neck region once every 2–3 years, and MRI or computed
tomography (CT) scans of the thorax, abdomen, and pelvis once every 1–2 years in SDHB variant
carriers. Biochemical screening was performed annually on SDHB variant carriers, and every 1–2
years on SDHD variant carriers. This screening measured levels of (nor)epinephrine, vanillylmandelic
acid, dopamine, (nor)metanephrine, and/or 3-methoxytyramine in two 24-hour urinary samples
(depending on the Academic Center in which urinary measurement(s) were performed), and/or
plasma free (nor)metanephrine and 3-methoxytyramine. In cases of excessive catecholamine
secretion (i.e., any value above the upper reference limit), radiological assessment by MRI or
CT scans of the thorax, abdomen, and pelvis, and/or 123I metaiodobenzylguanidine (MIBG)
scans, positron emission tomography with 2-deoxy-2-[fluorine-18]fluoro-D-glucose (18F-FDG PET)
scans, 18F-L-dihydroxyphenylalanine (18F-DOPA) PET-scans, or positron emission tomography
with 1,4,7,10-tetraazacyclododecane-NI, NII, NIII, NIIII-tetraacetic acid (D)-Phe1-thy3-octreotide
(68Ga-DOTATOC PET) scans were performed to identify potential sources of excessive catecholamine
production. In cases without available tumor histology, tumors were classified as paraganglionic based
on their specific characteristics in CT and/or MRI scans. When in doubt, additional nuclear medicine
imaging studies were performed in order to confirm the diagnosis. At the time of this study, there were
no national, structured protocols for surveillance in SDHB mutation carriers younger than 18 years of
age. Therefore, the method and interval of surveillance in this age category varied between centers.

In case of a diagnosis of HNPGL, PHEO or sPGL, intensified surveillance or treatment was offered.
Surgical resection was generally the preferred treatment option for PHEO or sPGL. In cases of HNPGL,
the management strategy was guided by clinical symptoms, tumor characteristics such as localization,
size, and growth rate, and patient characteristics such as age, comorbidity, and patient preferences.
A wait and scan policy, radiotherapy, or surgical resection were possible treatment options.

2.3. Mortality and Survival

For this study, follow-up data from SDHB and SDHD variant carriers were included from the date
of the DNA test. In cases where clinical follow-up was available for the period before the DNA test,
this period was not considered in the mortality analysis because it would have introduced immortal
time bias [17]. Follow-up was defined as the time between the DNA test and the last clinical follow-up
date before the end of the study period. Patients who were alive at the last clinical follow-up were
classified as alive. Follow-up ended at the end of the study period, at the date of death or, in case of
emigration, at the date of emigration [13]. To compare mortality between SDHB and SDHD variant
carriers and the general population, the standardized mortality ratio (SMR) was estimated. Mortality
rates for the Dutch population were obtained from Statistics Netherlands (CBS, The Netherlands) [18],
using rates stratified by sex, age (per 1 year) and date (1-year periods). The SMR was calculated
by dividing the observed number of deaths in the SDHB and SDHD cohorts. The expected number
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of deaths was calculated as the sum of the stratified number of expected deaths (stratum-specific
mortality rates from the general population times follow-up time at risk).

Survival was graphically displayed for SDHB and SDHD variant carriers by plotting survival in
the carriers against the expected survival based on matched data from the general population. STATA
14.0 (Stata Corp, Texas, USA) was used for statistical analysis.

3. Results

In total, 192 SDHB variant carriers and 232 SDHD variant carriers were included in this study.
The clinical characteristics are depicted in Table 1. The mean age at identification of the pathogenic
gene variant was 46 years (range 9–77) in SDHB variant carriers and 44 years (range 16–73) in SDHD
variant carriers. In total, 53 SDHB variant carriers (27.6%) and 198 SDHD variant carriers (85.3%)
were diagnosed with HNPGL, either at time of presentation or during follow-up. Four SDHB patients
(2.1%) and 16 SDHD patients (6.9%) developed PHEO and 26 SDHB patients (13.5%) and 18 (7.8%)
SDHD patients developed sPGL. Malignant PGL, defined as metastatic PGL in non-paraganglionic
tissue, were diagnosed in 14 SDHB (7.3%) and four SDHD patients (1.7%). Most SDHB variant carriers
(110/193; 57.3%) were not affected at the time of DNA testing or during follow-up. In contrast,
the majority of SDHD variant carriers was diagnosed with SDHD-associated disease (203/232; 87.5%).
Details of the specific SDHB and SDHD variants are included in Appendix A.

Table 1. Clinical characteristics of carriers of pathogenic variants in succinate dehydrogenase subunits
B and D (SDHB and SDHD).

Clinical Characteristics
SDHB
n = 192

SDHD
n = 232

Male (%)/female (%) 81 (42.2)/111 (57.8) 123 (53.0)/109 (47.0)
Mean age at genetic testing 46 years (range 9–77) 44 years (range 16–73)
HNPGL (%) 53 (27.6) 198 (85.3)
sPGL (%) 26 (13.5) 18 (7.8)
Pheochromocytoma (%) 4 (2.1) 16 (6.9)
Malignant PGL (%) 14 (7.3) 4 (1.7)
Unaffected (%) 110 (57.3) 30 (12.9)

HNPGL = head and neck paraganglioma, sPGL = sympathetic paraganglioma, PGL = paraganglioma.

Mortality and SMR

Mortality data were available for all SDHB and SDHD variant carriers. The mean follow-up
period was 3.0 (range 0–14.5) and 5.1 (range 0–12.5) years, respectively, for SDHB and SDHD variant
carriers. In total, 6/192 (3.1%) SDHB variant carriers died at age 32, 37, 49, 52, 62, and 63. In three
patients the cause of death was directly related to progressive PGL disease. In contrast, 5/232 (2.2%)
SDHD variant carriers died at age 41, 43, 71, 71, and 74. In two cases the cause of death was most likely
associated with PGL disease. Clinical characteristics of the variant carriers who died during the study
period are listed in Table 2.

A direct comparison between SDHB and SDHD variant carriers is hampered by the limited
number of carriers and the heterogeneity between both groups. We performed an adjusted Poisson
regression, adjusting for age, sex, and calendar time. The rate ratio comparing SDHB to SDHD variant
carriers was 0.48 (95% confidence interval (CI) 0.15–1.62). However, the power for this analysis is low.
As both groups have few events, we cannot draw conclusions from the non-significant p-value.
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For the comparison of both the SDHB- and SDHD-linked cohorts with normative data of the
Dutch population, a total of 1781 person-years were available (SDHB 590 and SDHD 1191 years,
respectively). The SMR for SDHB mutation carriers was 1.89 (95% confidence interval (CI) 0.85–4.21)
(Figure 1). A separate analysis including only symptomatic SDHB variant carriers—i.e., those with
manifest disease—showed a higher SMR at 2.88 (95% CI 1.08–7.68). These results suggest an increased
mortality risk for SDHB variant carriers compared to the general Dutch population, especially for
carriers affected by SDHB-associated disease. For SDHD variant carriers, the SMR was 0.93 (95%
CI 0.39–2.23), increasing only slightly to 1.06 (95% CI 0.44–2.54) in affected carriers, suggesting that
mortality is not increased in SDHD variant carriers.
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Figure 1. The Kaplan–Meier survival curve for SDHB variant carriers (A) and SDHD variant carriers
(B) compared with the expected survival based on the general Dutch population.

4. Discussion

In this study we estimated the mortality for SDHB and SDHD pathogenic variant carriers. Whereas
the mortality for SDHD variant carriers is comparable with a matched cohort of the general Dutch
population (SMR = 0.93), SDHB variant carriers show a higher mortality (SMR = 1.89, meaning a 1.89
times higher risk of death than the matched cohort of the general Dutch population).

These mortality ratios should be interpreted with some caution. First, not all deaths in our cohort
are directly attributable to PGL-linked disease. However, a comparison is made with the mortality of
the general Dutch population. Therefore, eliminating other causes of death would be inappropriate.
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Second, even though the SDHB variant carriers represent a nationwide cohort, PGL is a rare
disease and patient numbers are inevitably limited. As a result, the study estimates have broad
confidence intervals. In addition, the follow-up of the start of this study is defined as the time of DNA
testing and not PGL/PHEO diagnosis. As the genetic causes of hereditary PGL syndromes have been
determined only recently, follow-up is relatively limited. However, the differences between SDHB
and SDHD variant carriers are remarkable, all the more so when considering that SDHD variants are
characterized by a high penetrance of PGL (88–100%), and SDHB variants by a much lower lifelong
PGL risk (22–42%) [5–10]. In SDHD variant carriers, the occurrence of often multiple associated
(HN)PGL seems to have no clear impact on survival [12]. In contrast, SDHB variant carriers seem to
face increased mortality even though they are under more intensive surveillance and, in our study,
have a shorter follow-up. This decreased survival of SDHB variant carriers is attributable to the higher
mortality of affected SDHB patients (SMR = 2.88). Moreover, the majority of deceased SDHB-linked
patients suffered from progressive malignant PGL (Table 2). Unaffected SDHB variant carriers have a
mortality ratio that is more in line with the general Dutch population (SMR = 1.12).

It is intriguing that the causative gene seems to determine variation in the prognoses for
PGL/PHEO patients, even though pathogenic variants in SDHB and SDHD cause PGL/PHEO
syndrome through defects in the same protein complex (succinate dehydrogenase, SDH). We speculate
that this could be the result of intrinsic properties of the SDHB-associated PGL/PHEO syndrome,
a deleterious effect of SDHB variants on other factors that influence survival, or differences between
SDHB and SDHD variants in the potential to induce other types of malignancy. Interestingly,
other types of malignancies (i.e. prostate cancer, lung cancer, breast cancer) are listed as causes
of death both in the SDHB- and SDHD-linked cohorts (see Table 2). Although the SDHx-associated
tumor spectrum is expanding, none of these malignancies have been directly linked to SDHB or SDHD
variants. Even so, SDHD and/or SDHB variants could alter the susceptibility to certain types of
malignancy other than PGL/PHEO. Indeed, 0.25% and 0.05% of breast cancer exomes carry somatic
SDHB and SDHD variants, respectively [19,20].

The finding that all deceased SDHB-related PGL patients had metastatic PGL suggests that the
occurrence of metastatic disease in SDHB-linked PGL syndrome particularly impacts survival, and that
metastases may be either more prevalent in SDHB-linked cases, as suggested before [7,10,21–24],
or more aggressive than metastatic diseases associated with other SDHx genes, a finding that is in line
with the very poor 5-year survival rate of SDHB-linked metastatic disease reported by Amar et al. [11].
Another explanation might be that metastases from sPGL behave more aggressively than those of
parasympathetic HNPGL, and that these sPGL are more prevalent in SDHB-linked disease [13,25].
Indeed, the PGL patients that died of progressive PGL disease both in the SDHB- and SDHD-linked
cohorts all suffered from primary sPGL tumors.

The difference in the mortality between SDHB and SDHD variant carriers is another clear
indication that causative genetic alteration is of critical importance to the outcome and risks of
an individual PGL patient. This is important in counseling PGL/PHEO patients, but may also warrant
gene-specific management strategies for PGL patients. In the present study, however, we did not
evaluate the effect of PGL follow-up protocols or treatment on survival. From the patients that died
of SDHB-related disease (n = 3), two already had proven metastatic disease at the time of diagnosis.
Surgical resection with tumor-free margins seems to be a logical treatment strategy when trying to
avoid progression of the disease, but there may be undetected metastases already present at the
time of surgery [26,27]. The observation that the higher mortality associated with SDHB variant
carriers seems to be attributable to patients that are affected by metastatic sPGL may warrant a more
aggressive surgical strategy towards sPGL tumors in SDHB-linked patients. The risk of the malignant
transformation of an sPGL tumor left untreated is, however, unknown. This unknown risk of disease
progression must be weighed against the risk of surgical morbidity [28].
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5. Conclusion

In conclusion, compared to a matched cohort of the general population, mortality is increased
in SDHB variant carriers but not in SDHD variant carriers. This insight emphasizes the significance
of DNA-testing; gene-specific clinical risks may warrant tailored management strategies. Further
research is necessary to demonstrate the effect of (early) intervention of PGL/PHEO on mortality rates,
especially in SDHB variant carriers.
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Appendix A. SDHB Variants and SDHD Variants

DNA Mutation Predicted Protein Change Number of Subjects (%)

Exon 3 deletion p.? 59 (30.7)

c.423 + 1G > A p.? 45 (23.4)

c.654G > A p.(Trp218*) 19 (9.9)

c.653G > C p.(Trp218Ser) 11 (5.7)

c.574T > C p.(Cys192Arg) 8 (4.2)

c.200 + 1G > A p.? 6 (3.1)

c.137G > A p.(Arg46Gln) 4 (2.1)

c.328A > C p.(Thr110Pro) 4 (2.1)

c.418G > T p.(Val140Phe) 4 (2.1)

c.725G > A p.(Arg242His) 3 (1.6)

c.649C > T p.(Arg217Cys) 3 (1.6)

c.590C > G p.(Pro197Arg) 3 (1.6)

c.686_725del p.(Glu229fs) 3 (1.6)

c.343C > T p.(Arg115*) 3 (1.6)

c.292T > C p.(Cys98Arg) 2 (1.0)

Deletion promoter and exon 1 p.? 1 (0.5)

Deletion promoter till exon 8 p.0 2 (1.0)

Exon 2 deletion p.? 2 (1.0)

Exon 1 deletion p.? 2 (1.0)

c.713delT p.(Phe238fs) 1 (0.5)

c.727T > A p.(Cys243Ser) 1 (0.5)

c.761C > T p.(Pro254Leu) 1 (0.5)

c.626C > T p.(Pro209Leu) 1 (0.5)

c.380T > C p.(Ile127Thr) 1 (0.5)
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DNA Mutation Predicted Protein Change Number of Subjects (%)

c.325A > C p.(Asn109His) 1 (0.5)

c.1A > G p.? 1 (0.5)

c.119A > C p.(Lys40Thr) 1 (0.5)

c.274G > T p.(Asp92Tyr) 175 (74.7)

c.416T > C p.(Leu139Pro) 34 (14.6)

c.284T > C p.(Leu95Pro) 6 (2.6)

Deletion promoter, exon 1 and 2 p.? 4 (1.7)

c.242C > T p.(Pro81Leu) 3 (1.3)

c.337_340delGACT p.(Asp113fs) 2 (0.9)

c.122dupC p.(Glu42fs) 2 (0.9)

Exon 1. c.3G > C p.(Met1Ile) 1 (0.4)

Exon 2: c.169_169 + 9del10, splice donor mutation p.? 1 (0.4)

Intron 2 c.169_169 + 9del p.? 1 (0.4)

Specific SDHD variant unknown (tested elsewhere) unknown 3 (1.3)
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Abstract: Pheochromocytomas (PCC) and paragangliomas (PGL) may be difficult to diagnose
because of vague and uncharacteristic symptoms and equivocal biochemical and radiological
findings. This was a retrospective cohort study in 102 patients undergoing 11C-hydroxy-ephedrine
(11C-HED)-PET/CT because of symptoms and/or biochemistry suspicious for PCC/PGL and/or with
radiologically equivocal adrenal incidentalomas. Correlations utilized CT/MRI, clinical, biochemical,
surgical, histopathological and follow-up data. 11C-HED-PET/CT correctly identified 19 patients with
PCC and six with PGL, missed one PCC, attained one false positive result (nodular hyperplasia) and
correctly excluded PCC/PGL in 75 patients. Sensitivity, specificity, positive and negative predictive
values of 11C-HED-PET/CT for PCC/PGL diagnosis was 96%, 99%, 96% and 99%, respectively.
In 41 patients who underwent surgical resection and for whom correlation to histopathology
was available, the corresponding figures were 96%, 93%, 96% and 93%, respectively. Tumor
11C-HED-uptake measurements (standardized uptake value, tumor-to-normal-adrenal ratio) were
unrelated to symptoms of catecholamine excess (p > 0.05) and to systolic blood pressure (p > 0.05).
In PCC/PGL patients, norepinephrine and systolic blood pressure increased in parallel (R2 = 0.22,
p = 0.016). 11C-HED-PET/CT was found to be an accurate tool to diagnose and rule out PCC/PGL in
complex clinical scenarios and for the characterization of equivocal adrenal incidentalomas. PET
measurements of tumor 11C-HED uptake were not helpful for tumor characterization.

Keywords: pheochromocytoma; paraganglioma; PET-CT; 11C-hydroxy-ephedrine; adrenal incidentaloma

1. Introduction

Pheochromocytoma (PCC) and paraganglioma (PGL) are rare, catecholamine-producing
chromaffin cell tumors arising from the adrenal gland or extra-adrenal paraganglia, respectively [1–3].
These tumors may be difficult to recognize due to uncharacteristic symptomatology mimicking that
of more common disorders. The diagnosis in patients with suspected PCC/PGL can be established
by biochemical testing, revealing high levels of plasma/urinary catecholamines and/or catecholamine
metabolites [4,5].

However, a vast majority of patients who require imaging work-up and hormonal testing to
exclude PCC/PGL have so-called “adrenal incidentalomas,” found on imaging that was performed
because of reasons other than adrenal disease. Due to the rapid increase in the use of cross-sectional
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imaging and the fact that incidentalomas are found in approximately 5% of CT examinations, the
characterization and follow-up of adrenal incidentalomas places increasing demands on healthcare
resources [6,7]. Tumor attenuation measurements on non-contrast-enhanced CT or in/out-of-phase
MRI, will in many patients allow for the characterization of lipid-rich adrenocortical adenomas, and
the majority of the remaining uncharacterized incidentalomas can later be discarded based on the
absence of tumor growth on follow-up imaging [8,9].

Another challenging scenario is when a primary tumor cannot be localized on CT/MRI
in biochemically suspected PCC/PGL. In these situations, CT/MRI may be supplemented by
functional imaging to depict and characterize the tumor and increase the imaging sensitivity
and specificity [10]. Several nuclear medicine imaging tracers are available for positron
emission tomography (PET)[11] and scintigraphy, including single-photon emission tomography
(SPECT). The general PET-tracer 18F-fluoro-deoxy-glucose (18F-FDG) provides information on
tumor metabolism [12], whereas more specialized tracers target specific pathways such as
123I-meta-iodo-benzoguanidine (123I-MIBG) [13] for scintigraphy,18F-dihydroxy-fluoro-L-phenylalanine
(18F-DOPA) [14–19],18F-Dopamine (18F-DA) [20–23],68Ga-DOTA-somatostatin analogs [15,24–27] and
11C- hydroxy ephedrine (11C-HED) [28–32] for PET/CT. 11C-HED is a norepinephrine analog that binds
to the norepinephrine transporter and has previously shown high diagnostic sensitivity and specificity
in patients with PCC/PGL [28], including post-operative surveillance following PCC/PGL resection [29]
as well as for other tumors such as neuroblastoma [33,34].

The aim of this study was to assess the value of 11C-HED-PET/CT to diagnose or rule out PCC/PGL
in complex clinical scenarios by allowing for tumor detection and/or characterization in patients with
equivocal symptoms and/or biochemical and/or CT/MRI findings, in whom conventional work-up had
failed to guide the clinical decision.

2. Results

2.1. Baseline Patient Characteristics

Median age in the 102 patients was 58 ± 2 years, with a male to female ratio of 1:1. Results
from genetic testing was available in only eight patients; Multiple Endocrine Neoplasia type 2A was
diagnosed in three patients (patients 10, 11, 12, Table 3), SDHB-related PGL in three patients (patients
21, 23, 25, Table 4), one had Neurofibromatosis type 1 and one had Multiple Endocrine Neoplasia
type 2B (patients 7 and 9, respectively, Table 3). The patients presented with symptoms suspicious for
PCC/PGL (n = 68), elevated biochemistry (n = 29) or borderline biochemistry (n = 57) and radiologically
uncharacterized tumors (n = 26, out of which 16 presented as incidentalomas), or a combination thereof.
The tumors in the latter 26 patients had not been possible to characterize on CT/MRI based on general
radiological appearance in combination with attenuation measurements, contrast medium washout
and results of in- and out-of-phase MRI. Also, several patients harbored bilateral tumors. Because the
previous conventional work-up for adrenal disease had failed to provide the diagnosis, or to rule out
PCC/PGL, they subsequently underwent 11C-HED-PET/CT.

2.2. Diagnostic Performance

A flow chart of the study is presented in Figure 1. The results of 11C-HED-PET/CT are shown in
Tables 1 and 2. With correlation to a combined gold standard, comprising histopathology, biochemical
diagnosis, findings at surgery and on radiological and clinical follow-up, 11C-HED-PET/CT in the
102 patients showed 96% sensitivity, 99% specificity, 96% positive predictive value and 99% negative
predictive value (Table 1). When the 11C-HED-PET/CT results were strictly correlated to tumor
histopathology, as the gold standard (n = 41), the sensitivity, specificity, positive predictive value and
negative predictive value were 96%, 93%, 96% and 93%, respectively (Table 2).
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Table 1. 11C-HED-PET/CT results in all 102 patients with correlation to findings at surgery,
histopathology, biochemistry, clinical and radiological follow-up (combined gold standard).

Gold standard

Positive Negative

11C-HED-PET/CT
Positive 25 1

Negative 1 75

Table 2. 11C-HED-PET/CT results in the 41 patients operated on, with correlation to findings at surgery
and histopathology (gold standard).

Gold standard

Positive Negative

11C-HED-PET/CT
Positive 25 1

Negative 1 14

∗∗∗ 

Figure 1. Flowchart of the 102 study patients. 11C-HED-PET/CT visualized 20 PCC (Table 3) and
six PGL (Table 4) and ruled out PCC/PGL in 76 patients, including 40 patients with adrenal tumors
(Table S1) and 36 without tumors. * including one false negative 11C-HED-PET/CT result, ** including
one false positive PET/CT result. AAA; adrenocortical adenoma.

2.3. Tabulated Results

Table 3 shows the results for the patients with histopathologically confirmed PCC (n = 20). Table 4
displays the results for the patients with extra-adrenal tumors, which on subsequent histopathology
were diagnosed as PGLs (n = 6). Table S1 (Supplementary Materials) gives the results for the 40 patients
with 11C-HED-negative adrenal tumors. The remaining 36/102 patients without an adrenal tumor on
CT, and in whom 11C-HED-PET/CT ruled out PCC/PGL, are not tabulated.

Out of the 20 PCC patients (Table 3), eight had symptoms indicating catecholamine excess and
12 presented with adrenal incidentaloma on CT/MRI. The PCC was bilateral in four patients and
unilateral in 16, of whom one patient had a PCC (11C-HED-positive) together with an adrenocortical
adenoma (11C-HED-negative) in the same adrenal (collision tumor). The only patient for whom
11C-HED-PET/CT was false negative harbored a PCC in one adrenal gland and a hyperplasia in the
other (Patient 19, Table 3). The PCCs measured 1–8 cm in size, with a mean of 2.9 cm.

Out of the six patients with histopathologically confirmed PGL (Table 4), four presented with
symptoms and/or biochemistry indicating catecholamine excess and two with adrenal incidentaloma
on CT/MRI. One patient (Patient 26, Table 4) with a 11C-HED-negative tumor in the neck was diagnosed
with a 11C-HED positive metastasis to the right femur. The PGLs measured 4–7 cm in size, with a mean
of 4.8 cm.
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Table 3. CT characteristics and 11C-HED-PET/CT parameters in the 20 patients with
histopathologically confirmed pheochromocytoma (PCC) including 19 who were correctly characterized
by 11C-HED-PET/CT and one false negative 11C-HED-PET/CT result (*). HT; hypertension, NET;
neuroendocrine tumor, BP; blood pressure, CECT; contrast-enhanced CT, AAA; adrenocortical adenoma,
L; left, R; right, A; epinephrine, NA; nor-epinephrine, A-Ref; ratio of value and upper normal reference
range value, NA-Ref; ratio of value and upper normal reference range value.

Pat No. Age Sex Clinical Information
Incidenta

-loma
Systolic

BP
Diagnosis (PAD)

NA
-Ref

A-
Ref

A/N
Ratio

1 45 F Sweating, palpitations anxiety Y 220 L PCC
R AAA 11.5 1.00 0.09

2 73 F Palpitations, headache, HT, alpha
blocker Y 150 R PCC+AAA 2.00 3.50 1.75

3 67 F Sweating, headache, alpha blocker Y 150 R PCC
L AAA 1.33 1.00 0.75

4 48 F Anxiety, palpitations, muscle
fasciculations, alpha blocker Y 150 PCC 12.8 1.00 0.08

5 85 F Rectal cancer Incidentaloma Y 140 PCC with cystic
areas 10.7 1.00 0.09

6 53 F Polycystic kidney disease, HT Y 180 PCC 1.00 5.00 5.00
7 52 M No symptom Y 190 PCC 2.00 1.44 0.72
8 71 F Breast cancer, small-intestinal NET Y 150 PCC 0.56 0.51 0.92
9 19 F Bilateral incidentalomas Y 180 PCC 1.83 3.50 1.91

10 58 F Palpitations, alpha blocker Y 130 PCC 1.33 1.00 0.75
11 28 F No symptoms Y 120 PCC 1.56 2.13 1.37
12 30 F Palpitations, panic attack N 110 PCC 1.33 3.02 2.27
13 72 F Sweating, alpha blocker N 220 PCC 3.74 1.67 0.45
14 50 F Palpitations, headache, HT N 215 PCC 61.7 95.0 1.54
15 59 M Incidentaloma Y 200 PCC 1.00 2.50 2.50

16 42 F Palpitations, sweating, headache,
tremor N 130 PCC with cystic

areas 2.68 9.80 3.66

17 58 F Sweating, palpitations HT, alpha
blocker N 170 PCC with necrosis 8.83 39.5 4.47

18 64 M HT, alpha blocker N 220 PCC with necrosis 22.3 107 4.77

19 61 F Headache, flushing, sweating,
palpitations, alpha blocker N 230 L PCC*

R hyperplasia 11.4 3.89 0.34

20 65 F Sweating, palpitations, alpha blocker N 140 PCC 2 1 0.5

Table 4. CT characteristics and PET/CT parameters in six patients with 11C-HED uptake in extra-adrenal
sites that, after surgery, were histopathologically confirmed as paragangliomas (PGL). HT; hypertension,
BP; blood pressure, ND; not done, HU; Hounsfield Units, CECT; contrast-enhanced CT, A; epinephrine,
NA; norepinephrine.

Pat No. Age Sex
Clinical

Information
Inci-denta

-loma
Systolic

BP
Location

Diagnosis
(PAD)

P-met-tyramine
(< 0.2)

NA A A/NARatio

21 60 F Back pain Y 145 Para-aortic PGL 0.4 6.17 0.67 0.11

22 34 F Headache,
palpitations N 220 Pre-aortic PGL ND 18.3 0.67 0.04

23 16 M Palpitations,
headache, HT N 180 Pre-aortic PGL ND 1.67 2.00 1.20

24 71 M Abdominal pain N 130 Pre-aortic PGL 1.1 0.50 0.67 1.33
25 56 M Abdominal pain Y 180 Pre-aortic PGL 0.5 2.50 0.67 0.27
26 70 M Unclear symptoms N 135 Neck PGL 0.8 2.33 0.67 0.29

Out of 40 patients with 11C-HED-PET/CT-negative adrenal tumors (Table S1, Supplementary
Materials), nine patients with symptoms of catecholamines excess and equivocal biochemistry
underwent surgery and the histopathological examination showed adrenocortical adenomas.
CT-guided biopsy in two patients revealed in both metastasis from lung adenocarcinoma. Bilateral
11C-HED-positive adrenals were found in one patient who underwent surgery and multinodular
hyperplasia was diagnosed an histopathology and constituted the only false positive 11C-HED-PET/CT
result (Patient 45, Table S1). The diagnoses in the remaining 28 patients were based on extended
radiological and clinical follow-up.
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2.4. 11C-HED Accumulation and Uptake Measurements

11C-HED was found to generally accumulate throughout the extent of the whole tumor, but in
five patients showed heterogeneous, predominately peripheral 11C-HED uptake, because of extended
tumor necrosis (Figure 2).

 
(A) (B) 

 
(C) 

Figure 2. Transverse 11C-HED-PET/CT images, (A) CT, (B) PET, (C) PET/CT fusion, of patient
#21 (Table 4) with a retroperitoneal paraganglioma left of the descending aorta (arrows). In this
paraganglioma there was extended necrosis and merely peripheral tracer accumulation in the tumor.

The 11C-HED-PET measurements are shown in Tables S2 and S3 (Supplementary Materials).
For the PCCs and PGLs (n = 26), no correlation was found between tumor SUVmax and tumor size
(R2 = 0.05, p = 0.286) The SUVmax and the tumor-to-liver ratio was significantly higher in tumors
larger than 4 cm (p = 0.045, p = 0.033).

The systolic BP was less than 140 mmHg in 34 patients, between 140 and 180 mmHg in 39 subjects
and exceeded 180 mmHg in 24 patients. The tumor SUVmax and the tumor-to-liver ratio were
unrelated to the systolic BP, and also to symptoms of catecholamine excess.

In PCC & PGL patients with 11C-HED-positive tumors, norepinephrine somewhat correlated
with the systolic BP (R2 = 0.22, p = 0.016) and increased in parallel. Patients with high norepinephrine
had higher systolic BP (cutoff = twice the upper reference value, p = 0.025, cutoff = 10 times the upper
reference value (p = 0.013). The tumor SUVmax and the tumor-to liver ratio was higher in patients
with high norepinephrine (cutoff = 10 times the upper reference value, p = 0.009).

3. Discussion

In this study, 11C-HED-PET/CT in a cohort of 102 patients with suspected PCC/PGL, based on
equivocal clinical symptoms and/or biochemical and/or radiological findings, showed 96% sensitivity,
99% specificity, 96% positive predictive value and 99% negative predictive value. These data provide
additional evidence that 11C-HED-PET/CT can be used in the diagnostic work-up of patients with
suspected PCC/PGL in whom the conventional clinical, biochemical and radiological work-up failed to
provide diagnosis, or to exclude PCC/PGL.

Since 2005, our center has used 11C-HED-PET/CT as a problem-solving tool in patients with
suspected PCC/PGL, for postoperative surveillance, therapy monitoring and diagnosis of recurrent
disease. A combined evaluation of 11C-HED-PET and 11C-HED-PET/CT, performed for several of these
indications, has shown favorable diagnostic capacity [26]. In the present work, we instead concentrated
on exclusively evaluating 11C-HED-PET/CT performed for the sole purpose of primary diagnosis (or
ruling out disease) in patients with suspected PCC/PGL.

In this retrospective setting, 11C-HED was not compared with other PET tracers. 11C-HED is not
generally available and the 20 min half-life of 11C is another inconveniency. PET tracers labeled with
18F or 68Ga (110 and 68 min half-life, respectively) are advantageous in this respect. The common
metabolic PET tracer 18F-FDG shows low specificity and lower diagnostic yield than 18F-DOPA and
68Ga-DOTA-somatostatin analogs [35].18F-FDG has, however, been shown to be highly sensitive in the
detection of SDHB-related PCCs/PGLs [36]. The sensitivity of 18F-DOPA-PET/CT depends on the tumor
type and, in a direct comparison, 68Ga-DOTATATE has the advantage of fairly high availability and was

45



Cancers 2019, 11, 847

better than 18F-DOPA at visualizing PCCs but less sensitive for HNPGLs [15]. In 101 PCC/PGL patients,
18F-DOPA showed 93% sensitivity and 88% specificity [37]. In a comparative PET/CT study in PCC/PGL
patients, 18F-DA was considered the preferred tracer, followed by 18F-DOPA and 18F-FDG [22].

CT/MRI characterization of PCC is a challenge because these tumors display a wide range of
appearances [38]. PCC is therefore, in this sense, sometimes referred to as a chameleon among adrenal
tumors. This was illustrated by the fact that the most abundant CT/MRI findings in our patients
instead were tumor heterogeneity, necrosis and irregular margins. Interestingly, the CT/MRI findings
were consistent with adrenocortical adenomas in nine patients (Tables 2 and 4). 11C-HED-PET/CT was
nevertheless performed because of equivocal biochemistry/symptoms to rule out PCC/PGL in other
locations. An important example in this respect, is the 11C-HED-positive patient (2, Table 2) harboring
a PCC together with a benign adrenocortical adenoma (“collision tumor”) (Figure 3).

 
(A) (B) 

 
(C) 

Figure 3. 11C-HED-PET/CT, coronal mages, of patient #2 (Table 3) with a collision tumor in the right
adrenal showing a cranial component with high tracer uptake comprising a PCC (arrows) and a caudal
tumor portion representing an adrenocortical adenoma (arrow head). The normal contralateral adrenal
is indicated with an arrow in the PET image. (A) CT, (B) PET, (C) PET/CT fusion.

Patients with biochemistry and/or symptoms consistent with PCC/PGL and the CT/MRI findings
of an adrenal tumor usually undergo surgical resection. However, 16 such patients nevertheless
underwent 11C-HED-PET/CT, because of bilateral tumors, to localize possible extra-adrenal lesions and
to assess the local tumor extent. When a tumor cannot be localized by CT/MRI, despite biochemistry
and/or symptoms consistent with PCC/PGL, 11C-HED-PET/CT can be useful to identify the PCC in
cases of bilateral adrenal tumors and tumors of extra-adrenal origin. Further, 11C-HED-PET/CT was
found instrumental for ruling out PCC/PGL in 78 of our patients, in whom CT could not provide firm
evidence on the origin of the tumor. Only PCC was missed (patient 19, Table 3), and the only false
positive PET/CT result was represented by a nodular hyperplasia (patient 45, Table S1).

Interesting findings were encountered in a patient (26, Table 4) with a 11C-HED negative
primary HNPGL but with a 11C-HED-positive metastasis in the left femur. Histopathology showed
a parasympathetic paraganglioma with high proliferation (Ki-67 index 20%). Parasympathetic
paraganglioma cannot be expected to be 11C-HED-positive and the fact that the metastasis showed
11C-HED uptake is intriguing and difficult to explain. Notably, 18F-FDG-PET/CT in this patient showed
both lesions to be 18F-FDG avid. Sympathetic paragangliomas were, however, all visualized 11C-HED,
including metastases (Figure 4).

Some weaknesses in our study were its retrospective and single design and the fact that
surgical and histopathological confirmation of the 11C-HED-PET/CT findings was not provided
for all patients. However, we believe that the extended clinical, biochemical and imaging
follow-up of the patients provided us with unique material that may compensate for this absence of
histopathological confirmation. We provide data from morphological imaging (CT) but no comparison
with molecular imaging, and a prospective comparative PET/CT study primarily with 18F-FDG and
68Ga-DOTA-somatostatin analog is therefore warranted.
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Figure 4. 11C-HED-PET/CT of patient #24 (Table 4) with a retroperitoneal paraganglioma in front
of the descending aorta with high heterogenous tracer uptake (long arrows) and a metastasis in the
transverse process of the thoracic vertebra 10 shown in D (short arrow). In the coronal PET image
an additional vertebral metastasis in the first lumbar vertebra is seen projected between the kidneys.
(A) Transversal CT, (B) Transversal PET, (C) Transversal PET/CT fusion, (D) Coronal PET (Maximum
Intensity Projection). The level of the transversal images are indicated in the coronal PET image (line).

4. Patients and Methods

4.1. Patients

This was a retrospective cohort study of 102 patients investigated at the Department of Nuclear
Medicine, Uppsala University Hospital, Uppsala, Sweden. The study was approved by the Regional
Ethics Committee (No. 2012/422). All patients that underwent 11C-HED-PET/CT were screened for
inclusion using information available through the digital radiological information and picture archive
and retrieval systems (RIS-PACS). We selected those who underwent PET/CT examination between
March 2005 to September 2017. Patients having undergone PET/CT for postoperative surveillance
were excluded. Clinical, biochemical and radiological imaging follow-up data were retrieved from the
RIS-PACS and from the hospital’s digital patient record system.

4.2. 11C-Hydroxy-ephedrine-PET/CT Examination

From March 2005, a GE Discovery ST PET/CT scanner was used (General Electric Medical Systems,
Milwaukee, WI, USA). The PET scanner produced 47 slices with a 157 mm axial field of view (FOV)
and 700 mm trans-axial FOV. Patients were injected with approximately 800 MBq of 11C-HED and
static whole-body images were obtained 20 min later, from the base of the skull to the upper thighs.
The spatial resolution was equal to that of the individual crystal size in the block, approximately
5-6 mm. A non-contrast-enhanced, low-radiation-dose CT examination was performed before the
PET acquisition for attenuation correction of the PET images and for anatomical correlation of the
PET findings.
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4.3. Image Analysis and Interpretation

Qualitative image interpretation and PET measurements were first performed by one of the
authors (ARV) and then again in a second reading session together with a radiologist with 25 years
of PET experience (AS) and a common consensus was reached regarding the image findings. Image
reading and PET measurements were performed on a computer workstation connected to the hospital’s
PACS system. Any focal accumulation of 11C-HED exceeding the normal physiological uptake was
regarded as pathological. A tumor with a 11C-HED uptake higher than that of the contralateral normal
adrenal was considered 11C-HED-positive and consistent with PCC/PGL. Moderate physiological
tracer uptake in regions such as the salivary glands, myocardium, liver, spleen, pancreas and normal
adrenal medulla was disregarded.

Quantification of 11C-HED uptake in tumors utilized the standardized uptake value (SUV), which
was calculated for each pixel by dividing its radioactivity concentration (Bq/mL) by the injected
radioactivity (Bq) per gram of body-weight. Regions of interest (ROIs) were drawn manually to
measure SUVmax (the maximum pixels in the ROI) in each lesion. Also, as a normal tissue reference,
a 2-cm circular ROI was drawn in the posterior part of the right liver lobe and the SUVmean was
registered. The tumor-to-liver ratio was calculated as tumor SUVmax/normal liver SUVmean. In patients
with adrenal tumors, the SUVmax of the contralateral normal adrenal was additionally assessed and
the tumor-to normal-adrenal ratio was calculated.

Plasma and urinary epinephrine and norepinephrine samples were for matters of comparison
normalized to the upper reference value and correlated to11C-HED uptake measurements.

4.4. Statistical Analysis

Data were presented as mean ± standard deviation (SD). Differences in means between groups
were evaluated using a t-test assuming unequal variances. Pearson’s correlation test was performed to
evaluate the relationship between variables. All statistical analyses were performed in IBM® SPSS®

Statistics V.24 and JMP 13.1 (SAS Institute, Inc., Cary, NC, USA). p < 0.05 was regarded significant.

5. Conclusions

In conclusion, 11C-HED-PET/CT is a valuable tool in complex clinical scenarios, with findings
of biochemistry/symptoms/radiology suspicious of PCC/PGL, when conventional work-up fails to
diagnose or rule out disease. 11C-HED uptake measurements were, however, unable to assist with the
tumor characterization.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/6/847/s1,
Table S1: CT and PET/CT parameters in 40 patients with 11C-HED-negative tumors, Table S2: Size and 11C-HED
accumulation (standardized uptake value, SUV) in 11C-HED-PET/CT positive tumors, Table S3: Statistical analysis
of various parameters using t-test assuming unequal variances.
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Abstract: Pheochromocytomas and paragangliomas (PPGLs) are rare catecholamine-secreting
neuroendocrine tumors of the adrenal medulla and sympathetic/parasympathetic ganglion cells,
respectively. Excessive release of catecholamines leads to episodic symptoms and signs of PPGL,
which include hypertension, headache, palpitations, and diaphoresis. Intraoperatively, large amounts
of catecholamines are released into the bloodstream through handling and manipulation of the
tumor(s). In contrast, there could also be an abrupt decline in catecholamine levels after tumor
resection. Because of such binary manifestations of PPGL, patients may develop perplexing and
substantially devastating cardiovascular complications during the perioperative period. These
complications include hypertension, hypotension, arrhythmias, myocardial infarction, heart failure,
and cerebrovascular accident. Other complications seen in the postoperative period include fever,
hypoglycemia, cortisol deficiency, urinary retention, etc. In the interest of safe patient care, such
emergencies require precise diagnosis and treatment. Surgeons, anesthesiologists, and intensivists
must be aware of the clinical manifestations and complications associated with a sudden increase or
decrease in catecholamine levels and should work closely together to be able to provide appropriate
management to minimize morbidity and mortality associated with PPGLs.

Keywords: postoperative; pheochromocytoma; hypertension; hypotension; arrhythmia

1. Introduction

Pheochromocytomas (PHEOs) are rare catecholamine-secreting neuroendocrine tumors derived
from chromaffin cells of the adrenal medulla (80–85%). Paragangliomas (PGLs) are extra-adrenal
tumors, originating from similar cells present in both sympathetic and parasympathetic ganglion
cells (15–20%) [1]. Catecholamines, i.e., epinephrine (EPI), norepinephrine (NE) and dopamine
(DA), are synthesized and secreted from almost all pheochromocytomas and paragangliomas
(PPGLs) [2,3]. They are either released in large amounts during tumor manipulation or may suddenly
drop after tumor resection causing wide swings in hemodynamics [4]. Clinical manifestations of
fluctuating perioperative and postoperative hemodynamics are hypertensive crisis, arrhythmias (most
commonly tachyarrhythmias), headache, sweating, constipation and anxiety. Therefore, attention
should be focused on minimizing tumor manipulation by careful handling of tumor tissue, limiting
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intra-abdominal pressure, providing adequate anesthesia and maximizing the use of vasoactive agents
to achieve intraoperative hemodynamic stability, hence improving outcomes during the postoperative
period [4,5]. The use of an appropriate preoperative antihypertensive regimen can be counterproductive
when effects continue after surgical tumor removal, i.e., a rapid decline of catecholamine levels may
lead to hypotension [6,7]. As such, administration of volume expanders and vasopressor management
would be critical in reversing vascular collapse [8]. Reports have shown that patients with higher
preoperative metanephrines and catecholamines have higher postoperative complications including
organ ischemia, bowel obstruction, hypoglycemia, etc. [9–11].

Since the pioneering work by Gagner et al. of the first laparoscopic resection of PHEO in 1992,
surgical management of PHEO has considerably improved owing to the advancement in pre, intra,
and postoperative care of these patients [12]. Postoperatively, patients are closely monitored in the
intensive care unit for hemodynamic fluctuations along with a careful assessment of electrolyte and
endocrine abnormalities.

To our best knowledge, most of the published articles focus primarily on preoperative and
intraoperative care of PPGL patients, whereas studies detailing postoperative management are
only available from individual case reports. It is extremely important for physicians of PPGL
patients to provide not only appropriate preoperative evaluation and treatment but also adequate
postoperative care.

In this article, we describe the medical approaches to treat these patients after tumor resection
based on our unique, long-standing experience with these patients at the National Institutes of Health.
Additionally, we present the notable complications physicians should become aware of, including
those emergencies that require immediate attention by a well-trained and experienced endocrinologist
working alongside intensivists. Finally, this article provides clinical caveats to practicing clinicians
regarding postoperative management of these patients.

2. Catecholamines and Adrenoceptors

PPGLs secrete catecholamines with substantial variation in their content based on the expression of
various biosynthetic enzymes. Typically, adrenal PHEOs produce either EPI or NE while extra-adrenal
and metastatic PHEOs mainly produce NE. Rarely, these tumor cells produce DA. Adrenoceptors
(α1, α2, β1, β2) are the final target site of action for these catecholamines. Therefore, it is essential to
recognize the impact of catecholamines from PPGL on specific organs (Tables 1 and 2).

Table 1. Characteristics of subtypes of adrenergic receptors.

Adrenoceptor
Subtype

Agonists Tissue Responses

α1 *
EPI≥NE>>Iso
Phenylephrine

Vascular smooth muscle Vasoconstriction

Liver Glycogenolysis, gluconeogenesis

Intestinal smooth muscle Hyperpolarization and relaxation

Heart Chronotropic, arrhythmias

α2 * EPI≥NE>>Iso
Clonidine

Pancreatic islets (/cells) Decreased insulin secretion

Platelets Aggregation

Nerve terminals Decreased release of NE

Vascular smooth muscle Vasoconstriction

β1
Iso>EPI=NE
Dobutamine Heart Chronotropic and inotropic

53



Cancers 2019, 11, 936

Table 1. Cont.

Adrenoceptor
Subtype

Agonists Tissue Responses

β2
Iso>EPI>>NE

Terbutaline

Juxtaglomerular cells
Smooth muscle (vascular,

bronchial, and gastrointestinal)
Skeletal muscle

Liver

Increased renin secretion
Relaxation

β3 Iso=NE>EPI Adipose tissue
Glycogenolysis, uptake of K+

Glycogenolysis, gluconeogenesis
lipolysis

* At least three subtypes each of α1– and α2–adrenoceptor are known, but distinctions in their mechanisms of action
and tissue locations have not been clearly defined. In some species (e.g., rat), metabolic responses in the liver
are mediated by α1–adrenoceptor, whereas in others (e.g., dog), β2–adrenoceptor are predominantly involved.
Both types of receptors appear to contribute to responses in humans. Metabolic responses in adipocytes and
certain other tissues with atypical pharmacologic characteristics may be mediated by this subtype of receptor.
Most β2–adrenoceptor antagonists (including propranolol) do not block these responses. EPI, epinephrine; NE,
norepinephrine; Iso, isoproterenol; AV, atrioventricular. Adapted from Goodman and Gillman’s The Pharmacological
Basis of Therapeutics [13].

Table 2. Responses of effector organs to autonomic nerve impulses.

Effector Organs
Adrenergic Impulses Cholinergic Impulses

Receptor Type * Responses Responses

Heart

SA node β1, β2 Chronotropic ++ Chronotrophy −−, vagal
arrest +++

Atria β1, β2 Inotropic and chronotropic ++ Inotropic −−, shortened
AP duration ++

AV node β1, β2
Increase in automaticity and

chronotropic ++
Chronotropic −−, AV

block +++

His-Purkinje system β1, β2
Increase in automaticity and

chronotropic +++ Little effect

Ventricles β1, β2

inotropic, chronotropic
automaticity, and rate of

idioventricular pacemakers +++

Slight decrease in
contractility

Arterioles

Coronary α1, α2, β2 Constriction +, dilations § ++ Constriction +

Skin and mucosa α1, α2 Constriction +++ Dilation ||

Skeletal muscle α1, β2
Constriction +, dilation § ++,

$++
Dilation **+

Cerebral α1 Constriction (slight) Dilation ||

Pulmonary α1, β2 Constriction +, dilations § Dilation ||

Abdominal viscera α1; β2 Constriction +++, dilation $+ −
Salivary glands α1, α2 Constriction +++, Dilation++

Renal α1, α2, β1, β2 Constriction +++, dilation $+ −
Veins (systemic)

Veins α1, α2, β2 Constriction ++, dilation++ −
Lung

Tracheal and bronchial
muscle β2 Relaxation + Contraction ++

Bronchial glands α1, β2
Decreased secretion, increased

secretion Stimulation +++

Stomach

Mobility and tone α1, α2, β2 Decrease (usually) + Increase +++

54



Cancers 2019, 11, 936

Table 2. Cont.

Effector Organs
Adrenergic Impulses Cholinergic Impulses

Receptor Type * Responses Responses

Sphincters α1 Contraction (usually) + Relaxation (usually) +

Secretion Inhibition Stimulation +++

Intestine

Mobility and tone α1, α2, β1, β2 Decrease (usually)+ Increase +++

Sphincters α1 Contraction (usually) + Relaxation (usually) +

Secretion α2 Inhibition Stimulation ++

Gallbladder and ducts

β2 Relaxation + Contraction +

Kidney

Renin Secretion α1, β1 Decrease +, increase ++ −
Urinary bladder

Detrusor β2 Relaxation (usually) + Contraction +++

Trigone and sphincter α1 Contraction ++ Relaxation ++

Ureter

Mobility and tone α1 Increase Increase (+)

Adrenal medulla

−
Secretion of epinephrine

and norepinephrine
(primarily nicotinic and
secondarily muscarinic)

Skeletal muscle

β2
Increased contractility,

glycogenolysis, K+ uptake −
Liver

α1, β2
Glycogenolysis and

gluconeogenesis $$ +++
−

Pancreas

Acini α Decreased secretion + Secretion ++

Islets (β cells) α2 Decreased secretion +++ −
β2 Increased secretion + −

* Where a designation of subtype is not provided, the nature of the subtype has not been determined unequivocally.
Responses are designated highest (+++ and −−) to lowest (+ and −) to provide an approximate indication of the

importance of adrenergic and cholinergic nerve activity in the control of the various organs and functions listed.
Although it had been thought that β1–adrenoceptor predominates in the human heart. Recent evidence indicates

some involvement of β2–adrenoceptor. § Dilation predominates in situ due to metabolic autoregulatory phenomena.
|| Cholinergic vasodilation as these sites is of questionable physiologic significance. $ Over the usual concentration
range of physiologically released, circulating epinephrine, β–adrenoceptor response (vasodilation) predominates
in blood vessels of skeletal muscle and liver, α–receptor response (vasoconstriction), in blood vessels of other
abdominal viscera. The renal and mesenteric vessels also contain specific dopaminergic receptors, activation of
which causes dilation. ** Sympathetic cholinergic system causes vasodilation in skeletal muscle, but this is not
involved in most physiologic responses. It has been proposed that adrenergic fibers terminate at inhibitory
β–adrenoceptors on smooth muscle fibers and at inhibitory α–adrenoceptors on parasympathetic cholinergic
(excitatory) ganglion cells of Auerbach’s plexus. $$ There is significant variation among species in the type of
receptors that mediates certain metabolic responses. α- and β-adrenoceptor responses have not been determined in
human beings. A β3–adrenoceptor has been cloned and may mediate lipolysis or thermogenesis or both in fat cells
in some species; SA, sinoatrial; AV, atrioventricular. Adapted from Goodman and Gillman’s The Pharmacological
Basis of Therapeutics [13].

EPI and NE have some overlapping but distinct effects on α- and β-adrenoceptors. EPI has
more potent effects on β2-adrenoceptors than NE, but equivalent effects on β1-adrenoceptor, along
with dominant effects on α-adrenoceptors in comparison to NE (Table 1). More than 95% of EPI is
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released from the adrenal medulla, which acts on the β2-adrenoceptors of skeletal muscle vasculature
causing vasodilation leading to hypotension. In contrast, NE released from sympathetic nerve endings
within the effector sites causes α1-adrenoceptor mediated vasoconstriction, leading to hypertension
and its profound action on β1-adrenoceptors causes increased ionotropic and chronotropic effects in
the heart [14]. Eventually, the resulting concentration of catecholamines at effector sites are significant
determinants of adrenoceptor mediated responses [14,15].

Persistently high catecholamine levels may lead to adrenoceptor desensitization due to receptors’
internalization, reduction of their numbers on the cell surface, or decreased binding affinity of
catecholamines to receptors [16,17]. These mechanisms may partially explain why some patients
with PPGL are only moderately hypertensive, despite high plasma catecholamine levels. Decreased
or desensitized adrenoceptors, perioperative α-adrenoceptor blockade, and abruptly decreased
catecholamine production contributes to postoperative hypotension.

Differences in receptor binding, affinity, and downstream effects explain the spectrum of clinical
signs that patients with PPGL develop. Patients with predominantly EPI secreting PPGL have
episodic symptoms and signs of palpitation, lightheadedness or syncope, anxiety, and hyperglycemia.
Conversely, patients with primarily NE secreting tumors have continuous symptoms and signs of
hypertension, sweating, and headache [18–20]. These effects could extend to peri and postoperative
periods due to excessive catecholamines release while handling the tumor during surgical resection.
Thus, it is mandatory that these patients are followed by a multidisciplinary team in a close monitoring
setting like the intensive care unit during the postoperative period.

3. Cardiovascular Complications Related to PPGLs

3.1. Hypertension

According to the American College of Cardiology/American Heart Association (ACC/AHA)
2017, hypertension is defined as blood pressure > 130/80 mmHg [21]. Risk factors associated with
postoperative hypertension following PPGL resection include incompletely removed/metastatic tumor,
additional tumor at an unknown location, underlying essential hypertension, excessive intravenous
fluid administration, pain, and excessive use of vasopressors (management of transient hypotension
resulting from a significant drop in catecholamine levels).

One possible mechanism behind hypertensive crisis during PPGL resection includes massive
catecholamine release secondary to tumor manipulation. Watchful and precise resection, appropriate
vasodilator use, and clear communication between the surgeons and anesthesiologists are helpful in
minimizing intraoperative hemodynamic fluctuation [22–24]. Other tumor-related factors resulting
in hemodynamic instability include large tumor size (>4 cm), urinary catecholamines >2000 μg/24 h,
large postural drop in blood pressure (>10 mmHg) after α-adrenoceptor blockade, preoperative mean
arterial blood pressure (MAP) > 100 mmHg and prolonged duration of anesthesia [25–27]. Therefore,
hypertension should be treated promptly with quickly titratable and shorter-acting agents. Below
we summarize the most important therapeutic options available to treat perioperative hypertension
among patients with PPGL (Figure 1) (Table 3).
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Figure 1. Postoperative management of hypertension following tumor resection. # Residual or
metastatic disease causing an increased blood pressure is treated using α–adrenoceptor blocker.
If necessary, β-adrenoceptor blocker and/or calcium channel blocker is added. β-adrenoceptor
blocker might be used at first for epinephrine-secreting tumors. ∞ Management of hypertensive
emergency. * Underlying essential hypertension is treated according to currently accepted guidelines.
$ Phentolamine is used to manage hypertensive crisis or in cases of resistant hypertension. BP, blood
pressure; IV, intravenous; PO, per oral.

Table 3. Anti-hypertensive medications used in hypertensive crisis after pheochromocytoma and
paraganglioma (PPGL) resection.

Anti-Hypertensive
Medication

Mechanism of Action
Route of

Administration
Dose

α- and β-adrenoceptor blockers

Phentolamine Competitive α1- and α2-adrenoceptor blocker IV Bolus dose 5 g
Maintenance dose 0.5 mg/min

Esmolol β1-adrenoceptor antagonist IV Starting dose 0.5 ml/kg
Maintenance dose 50–300 μg/kg/min

Metoprolol β1-adrenoceptor antagonist IV 5 mg every 5 mins as tolerated up to 15
mg total dose

Labetalol Selective α1- and nonselective
β-adrenoceptor antagonist IV

Loading dose 10–20 mg, double initial
dose every 10 mins until target blood

pressure is attained

Calcium channel blockers

Nicardipine NE mediated transmembrane calcium influx
into vascular smooth muscles IV

Starting dose 5 mg/h, dose increased by
2.5 mg/h every 5mins to a maximum of

15 mg/h

Clevidepine Increase cardiac output
Decrease afterload IV Starting dose 1–2 mg/h

Maintenance dose 4–6 mg/h

Others

Nitroglycerin Venous dilator
Decrease preload IV

Starting dose 5–10 μg/min (increase the
dose by 5 μg/min every 5 mins until

desired effect is achieved)

Hydralazine Decrease arterial vascular resistance IV 10 mg over 2 mins, additional doses as
needed

Magnesium sulfate
•Inhibition of release catecholamines
•Direct inhibition of catecholamines receptors
•Endogenous calcium antagonist

IV
Bolus dose 2–4 g over 2 mins

Maintenance dose 1–2 g/h, dose
adjusted on magnesium blood levels

Abbreviations: IV, intravenous; NE, norepinephrine.

3.1.1. α- and β-Adrenoceptor Antagonist

α-adrenoceptor antagonists are categorized according to specific receptor activity: Non-selective
antagonists such as phenoxybenzamine and phentolamine and selective α1-adrenoceptor antagonists
such as doxazosin, prazosin, and terazosin. These are predominantly used to manage perioperative
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hypertension following PPGL resection [2,28]. However, hypertensive crisis in the intra and
postoperative period is managed by using phentolamine (Regitine) given as a 5 mg bolus intravenously
with additional bolus doses given as needed [29]. The most common side effect is reflex tachycardia
caused by baroreceptor reflex after α2-adrenoceptor blockade. Therefore, it is recommended to be
used in combination with esmolol (Brevibloc), a rapidly acting cardio-selective β1-adrenoceptor
antagonist [30]. The negative inotropic and chronotropic effect with no direct vasodilatory action of
esmolol makes a good pair with direct acting α-adrenoceptor antagonists [30]. It is given intravenously
at a loading dose of 0.5–1.0 mg/kg over 30 s or one minute followed by 50–150 μg/kg/min infusion
(lower dose and slower infusion for more gradual control, higher dose and faster infusion for immediate
control) and, if necessary, the dose may be increased up to a maximum of 300 μg/kg/min [31,32].
At higher doses, esmolol inhibits β2-adrenoceptors located in the musculature of bronchi and blood
vessels. Moreover, as patients’ oral intake improves, cardio-selective β1-adrenoceptor blockers such as
metoprolol (Lopressor) 25–50 mg three to four times a day or atenolol (Tenormin) 12.5–25 mg once a
day (occasionally twice daily) orally are also administered to control catecholamines or α-adrenoceptor
blocker induced tachyarrhythmia [33,34].

Labetalol (Normodyne or Trandate) is a combined selective α1- and non-selective β-adrenoceptor
blocker with α to β blocking ratio of 1:4–7 [35]. Prolonged duration of action (2–4 h) of labetalol makes it
challenging to titrate as a continuous infusion [36]. Poopalalingam et al. reported the use of continuous
infusion of labetalol during PHEO resection, thus, providing sufficient α- and β-adrenoceptor blockade
for the duration of surgery including the immediate postoperative period. Additionally, labetalol also
minimizes the risk of postoperative hypotension and somnolence associated with preoperative use
of phenoxybenzamine for the surgical preparation of a patient [37]. Labetalol is given intravenously
at a loading dose of 10–20 mg followed by doubling of the initial dose every 10 mins until target
blood pressure is achieved. If continuous infusion is planned, the dose is started at 2 mg/min and
the drip rate is adjusted depending on blood pressure response with a total dose of up to 300 mg
(FDA dosage). Labetalol and the other β-adrenoceptor blockers are used with caution in patients with
bradycardia, atrio-ventricular block, and it may potentiate the action of other drugs such as calcium
channel blockers [38,39].

3.1.2. Calcium Channel Blockers

Although calcium channel blockers (CCBs) are less effective than α- and β-adrenoceptor blockers,
it is an important class of drug used to manage hypertension following PPGL resection. They
minimize complications related to catecholamines overload, such as coronary vasospasm [40]. CCBs
inhibit NE mediated transmembrane calcium influx into vascular smooth muscle, resulting in arterial
vasodilation [41]. In a clinical setting, nicardipine (Cardene) is most commonly used either alone or in
combination with α- and β-adrenoceptor blockers in the postoperative period. However, we might also
consider using those CCBs such as amlodipine or nifedipine, when already used in the preoperative
period to control blood pressure. Nicardipine is started at a dose of 5 mg/h and dose is increased by
2.5 mg/h every five minutes to a maximum of 15 mg/h until target blood pressure is achieved. Recently,
the use of Clevidipine (Cleviprex), an ultrashort-acting third-generation dihydropyridine CCB, has
become popular. It acts by selective arteriolar dilatation which helps in decreasing peripheral vascular
resistance [42]. Clevidipine starting dose is 1–2 mg/h intravenously and doubled every 90 s with a
maximal dose up to 32 mg/h for a maximum duration of 72 h. Once the target blood pressure is reached,
infusion is titrated based on therapeutic response and usually, maintained at a rate of 4–6 mg/h [43].
Multiple clinical trials have demonstrated promising effects of Clevidipine to control both pre and
postoperative hypertension [44,45].

3.1.3. Nitroglycerin

Nitroglycerin is an antianginal drug and a more potent venous dilator than arterial dilator.
However, arterial dilation occurs at higher doses [46]. It has a rapid onset of action, and the dose
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is easily titratable, thus, often used to manage hypertensive emergency [4]. Nitroglycerin is most
commonly used to manage intraoperative hypertensive crisis due to its effective safety profile [8].
The initial dose of intravenous nitroglycerin is 5 μg/min, which can be increased to a maximum of
100 μg/min. Nitroglycerin should be administered cautiously among patients undergoing PPGL
resection as it is associated with hypotension, reflex tachycardia, and headache.

3.1.4. Hydralazine

Hydralazine (Apresoline) use is very limited in the management of postoperative hypertension
following PPGL resection due to its long duration of action resulting in hypotension and reflex
tachycardia [47]. Hydralazine is preferably used among those patients who have underlying essential
hypertension. The initial dose of hydralazine for an acute hypertensive episode is 10 mg intravenously
(not exceeding 40 mg) given over two minutes with additional doses given every four to six hours as
needed [30]. If patient’s oral intake is improved, hydralazine can be given at a dose of 100–200 mg
orally two to three times a day. Adverse effects include tachycardia, negative effect on myocardial
metabolism precipitating acute myocardial ischemia or infarction, and cerebral vasodilation leading to
increased intracranial pressure [47]. Thus, hydralazine is not considered a first-line agent to treat acute
postoperative hypertension.

3.1.5. Magnesium Sulfate

Magnesium (Sulfamag) is considered safe and potent supplemental medication to block
catecholamine action, bringing hemodynamic control in adults and children undergoing PPGL
resection [24]. Multiple case reports have verified the use of magnesium in pediatric age with
PHEO [48–50]. The vasodilator property of magnesium is evoked by direct inhibition of catecholamine
receptors and release of catecholamines from the adrenal medulla and adrenergic nerve terminals
which act as endogenous calcium antagonists [51,52]. Given its safety profile and efficient blockade,
it is considered a first-line agent in the intraoperative management of PPGL resection during
pregnancy [53,54]. It is usually given at a dose of four grams in 250 mL of 5% Dextrose injection at
a rate not exceeding 3 mL/min. Magnesium sulfate is also beneficial in the management of cardiac
arrhythmias due to its stabilizing effect on cardiac electrical conduction [55]. Therefore, continuous
infusion of magnesium is given under close monitoring due to its associated neuromuscular and
cardiovascular toxicities especially among patients with renal insufficiency. These toxic complications
can be reversed with the intravenous calcium administration.

3.1.6. Treatment of Underlying Hypertension

Persistent hypertension following PPGL resection might be related to coexistence of essential
hypertension. Oral antihypertensive medications, preferably a preoperative antihypertensive
medication regimen, should be used under close monitoring to make any necessary adjustments in
dosage. After discharge, a patient is followed by his or her primary care provider. Approximately
six weeks later, laboratory evaluation is performed to evaluate for the presence of catecholamines
and metanephrines in blood and urine, thus, identifying the presence of residual tumor, tumor at
an unknown location, or metastatic tumor. However, if laboratory results are negative, a diagnosis
of underlying essential hypertension is established, and antihypertensive medications are given
as necessary.

3.2. Hypotension

Hypotension is defined as blood pressure below 90/60 mmHg or any degree of low blood
pressure leading to organ hypoperfusion or end-organ damage. Potential risk factors attributed to
postoperative hypotension following PPGL resection include chronically low circulating plasma
volume, an abrupt decrease in serum catecholamine levels, down-regulation of adrenoceptors,
increased blood loss, and cardiogenic or septic shock [56]. Independent tumor-related risk factors are
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open procedures, high preoperative plasma NE and EPI levels and increased urinary fractionated
catecholamines excretion [25,26,57,58]. EPI secreting PPGLs cause decreased cardiac contractility owing
to downregulation of β-adrenoceptors on the heart, resulting in left heart failure, thus precipitating
hypotensive state and collapse after resection [59–61]. However, NE secreting PPGLs cause a
decrease in circulating plasma volume secondary to α1-adrenoceptor mediated vasoconstriction [2].
Moreover, profound irreversible α-adrenoceptor blockade by phenoxybenzamine triggers recalcitrant
postoperative hypotension by: (1) Prolonged half-life of the drug and (2) permanent covalent binding
to adrenoceptors which are curtailed only after de novo synthesis [2,62]. Nevertheless, this effect is
comparatively less with selective α1-adrenoceptor blockers.

First line management for postoperative hypotension following PPGL resection includes vigorous
intravenous fluid administration [40]. If fluid therapy fails, vasopressor use is justified to restore normal
blood pressure. Vasopressors used to manage hypotension include NE, EPI (rarely), and vasopressin.
However, pure α-adrenoceptor agonists such as phenylephrine are not used because of remnant effects
of preoperative α-adrenoceptor blockade. Finally, the ultimate goal of managing hypotension is both
restoration of adequate and prevention of inadequate tissue perfusion (Figure 2).

 

Figure 2. Postoperative management of hypotension following tumor resection. * In the differential
diagnosis of hypotension consider downregulation of adrenoceptors, cardiogenic shock, sepsis, and
medication-induced. BP, blood pressure.

3.2.1. Intravenous Fluid

Fluid loss during the postoperative period results from: (1) Surgical site bleeding or occult bleeding,
(2) suction drainage (nasogastric tube, chest tube for pleural fluid, ascites from abdominal drains
and urinary system), (3) third spacing of fluid, i.e., capillary leak and extravasation of protein-rich
serum into the interstitial spaces of the soft tissues, organs, deep space cavities (chest, abdomen),
or retroperitoneum, (4) insensible or evaporative losses, and (5) loss of systemic vascular resistance
after sudden withdrawal of catecholamines following tumor resection [63]. First line management for
hypotension is giving adequate amounts of intravenous fluid to restore blood volume, blood pressure,
and adequate tissue perfusion, by filling the large acute increase in volume of distribution thus,
reducing morbidities associated with hypotension [64]. Blood transfusion is reserved for those patients
who present with excessive operative site bleeding while monitoring serum hemoglobin levels at
regular intervals and in patients with known coronary disease. Knowledge of both systolic and diastolic
left ventricular function is essential to anticipate the possibility of volume overload and associated
complications. Every patient should be monitored carefully for signs of volume overload since this
may lead to postoperative hypertension and pulmonary edema leading to respiratory compromise.
The use of vasopressors is justified only when there is persistent hypotension despite administration of
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adequate amounts of intravenous fluids. Patients who are hemodynamically at risk, i.e., low ejection
fraction or known coronary disease can be monitored by echocardiography, pulmonary artery catheters
or other non-invasive devices.

3.2.2. Norepinephrine

NE (Levophed) is anα- andβ-adrenoceptor agonist with stronger affinity towardsα1-adrenoceptor
and mild to moderateβ1-adrenoceptor and minimalβ2-adrenoceptor agonist effects [65]. It is considered
a first-line agent if intravenous fluid therapy fails to correct hypotension. The loading dose of NE
is 8–12 μg/min intravenously with flow rate adjusted to maintain low normal blood pressure with
mean arterial pressure >65 mm Hg. Maintenance dose is adjusted to 2–4 μg/min with daily doses as
high as 68 mg. NE increases mean arterial pressure, effective circulating volume, venous return, and
preload with minimal increase in heart rate [66]. As the dose of NE is increased within safety limits,
improved fluid responsiveness can be seen due to β1-adrenoceptor mediated augmentation of venous
return [67]. NE infusion is used in patients with adequate volume resuscitation, otherwise this may
cause profound ischemia leading to serious adverse effects. Therefore, judicious use of NE is carefully
monitored in postoperative PPGL patients due to altered hemodynamics caused by excessive release
of catecholamines from tumor cells.

3.2.3. Epinephrine

EPI (adrenalin) is an α- and β-adrenoceptor agonist with dose-dependent actions. Mixed actions of
epinephrine cause an increase in both mean arterial blood pressure by vasoconstriction (α1-adrenoceptor
effect) and cardiac output (β1-adrenoceptor effect) [68,69]. The starting dose of infusion is 1–4 μg/min
and can be titrated up by 1–2 μg/min every 20 min until the desired effect is achieved. Total infusion
dose should not exceed >10 μg/min [70]. It is considered a second-line agent in the treatment of
refractory hypotension [71,72]. Adverse effects associated with the use of EPI include pulmonary
hypertension, tachyarrhythmia, myocardial ischemia, lactic acidosis, and hyperglycemia. Henceforth,
EPI is cautiously used in PPGL resected patients since it can prolong the effects of catecholamines
released from the tumor cells.

3.2.4. Vasopressin

Vasopressin (pitressin, pressin), a nonapeptide hormone, is released from the posterior pituitary
gland in response to increased plasma osmolality, decreased intravascular volume and low blood
pressure. Vasopressin restores water balance and blood pressure by acting on vasopressin 1 (V1),
and V2 receptors in the following ways: (1) Increased systemic vascular resistance by V1 receptor
stimulation on arterial smooth muscle cells and (2) water reabsorption at collecting ducts by stimulation
of V2 receptors in kidney. Additionally, vasopressin may increase responsiveness of catecholamines
allowing lower doses of adrenergic drugs to be used [73]. Few patients develop catecholamine-resistant
vasoplegia through severe catecholamine deficiency induced by tumor removal. In some cases,
aggressive catecholamine and fluid replacement therapy might not be helpful to restore vascular tone.
Augoustides et al. proposed that a chronic increase in NE levels can inhibit vasopressin release through
downregulation of the neurohypophyseal vasopressin synthesis [74]. Vasopressin has no action on
adrenergic receptors and is thus useful to treat refractory hypotension after PPGL resection [24].
In clinical practice, vasopressin is most often used at 0.03 to 0.04 units/min. Higher doses have been
used but with a higher risk of adverse events.

3.3. Arrhythmia

Broadly, arrhythmias are classified as tachyarrhythmias (>100 beats/min) and bradyarrhythmias
(<60 beats/min). Tachyarrhythmia is commonly documented following PPGL resection from
either increased catecholamine levels or inotropes used to correct postoperative hypotension [75].
Other important risk factors include rebound effect of β-adrenoceptor blocker discontinuation and
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residual effect ofα-adrenoceptor blockade used in preoperative preparation, postoperative hypotension,
anemia and pain that also may cause an increase in sympathetic activity. Sinus tachycardia is the most
commonly observed tachyarrhythmia after PPGL resection as a compensatory response to an underlying
condition. Therefore, treatment is focused on addressing underlying causes, such as relieving pain
or anxiety and replacing volume deficit. If heart rate is persistently elevated for a prolonged period
of time, rate-controlling medications may be indicated. Other tachyarrhythmias observed following
PPGL resection may include atrial fibrillation, atrial flutter, and occasionally life-threatening ventricular
fibrillation. Management of tachyarrhythmia is based on a patient’s hemodynamic stability, presence
or absence of narrow or wide complex QRS, and regular or irregular rhythm.

Residual anesthetic effects and opioids and analgesics used in the postoperative period makes it
difficult to identify the signs and symptoms of unstable tachyarrhythmia. Therefore, a multidisciplinary
team of physicians, including intensivists, surgeons, anesthetists, cardiologists, and endocrinologists
are required to manage these patients.

In stable patients with narrow, regular (<0.12 sec) QRS complex that is not sinus tachycardia
(non-sinus tachycardia), vagal maneuvers such as Valsalva or carotid sinus massage can be executed.
If rhythm is regular, adenosine 6 mg rapid intravenous push is injected followed by a bolus dose of
12 mg when no response is observed within one to two minutes. An additional dose of 12 mg is given in
resistant cases. Usually, adenosine is helpful to effectively terminate and/or diagnose tachyarrhythmia.
If tachycardia resumes or is not responsive to adenosine, treatment with longer-acting atrioventricular
(AV) nodal blocking agents such as diltiazem or β-adrenoceptor blocker is required. Stable patients with
irregular narrow complex tachycardia usually have either atrial fibrillation or atrial flutter requiring
an expert consultation and use of rate-controlling agents such as diltiazem, β-adrenoceptor blockers
or antiarrhythmics such as amiodarone. Diltiazem (Cardizem) is given intravenously at a starting
dose of 0.25 mg/kg over two minutes followed by a maintenance dose with an infusion at 5–15 mg/h.
Commonly used β-adrenoceptor blockers to control tachyarrhythmia include metoprolol (intravenous
and oral forms) and esmolol (very short half-life, existing in drip form). Esmolol (Brevibloc) is loaded
initially as 500 μg/kg over one minute with maintenance doses of 50–200 μg/kg/min and repeat bolus
doses between each dose increase. However, a major drawback of using esmolol is that arrhythmias
may recur after discontinuation. Therefore, longer acting β-adrenoceptor blocker, metoprolol tartrate
(Lopressor), is used and given at a bolus dose of 2.5–5.0 mg intravenously over two minutes with
repeated doses every 10 min up to a maximum three times before using longer intervals (every six
to eight hours) [76]. These medications must be given under careful supervision as they can cause a
significant drop in blood pressure, resulting in decreased perfusion to vital organs. Once a patient’s
oral intake improves, these medications can be changed to oral formulations such as metoprolol
tartrate, given orally at a dose of 25–100 mg twice daily accordingly. Rhythm controlling agent such
as amiodarone, an iodinated benzofuran antiarrhythmic may be considered. It is easily titratable
and is used to treat both supraventricular and ventricular tachyarrhythmia with limited negative
inotropic effects. Typical doses in stable patients includes a bolus of 150 mg intravenously over 10 min
followed by an infusion of 1 mg/min over six hours which is titrated to 0.5 mg/h after the first six
hours with a maximum dose of up to 2.2 g in the first 24 h. One large metanalysis done on the effect
of amiodarone on recent-onset atrial fibrillation showed a similar efficacy and safety profile to other
antiarrhythmics [77].

For hemodynamically stable patients with wide complex tachycardia, 12-lead electrocardiogram
(EKG) and expert consultation are obtained. Amiodarone is often the first medication used if there are
no contraindications (hypersensitivity, history of severe bradycardia) are observed [78]. Recommended
doses are described earlier in this section. Other antiarrhythmics frequently used after obtaining
appropriate expert consultation include propafenone, flecainide, and procainamide.

For prolonged, refractory or hemodynamically compromising tachyarrhythmias, electrical
cardioversion is considered in combination with antiarrhythmics. If a patient has pulseless electrical
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activity [2], immediately follow the ACC/AHA treatment guidelines for pulseless electrical activity
(PEA) algorithm to manage appropriately (Figure 3).

 

Figure 3. Management of tachyarrhythmia following PPGL resection in the postoperative period.
# Unstable tachyarrhythmia implies patient has tachyarrhythmia along with hemodynamic instability or
concerning symptoms. Treatment in intensive care unit usually begins with calcium channel blockers.
If heart rate is not well controlled, β-adrenoceptor blockers such as esmolol or metoprolol is added.
In patients with increased blood pressure along with increased heart rate, use of combined α– and
β-adrenoceptor blocker such as labetalol is recommended. Moreover, β-adrenoceptor blocker might
be used at first for epinephrine-secreting tumors. * Underlying causes for increased catecholamines
include their release during manipulation / resection of tumor and residual/metastatic disease (patient
must be on appropriate adrenoceptor blockade). $ Other causes include inotropes used to correct
postoperative hypotension, rebound tachycardia by discontinuation of β-adrenoceptor blockers used
preoperatively as well as anemia, hypovolemia, pain, and anxiety. @α-adrenoceptor blocker are used in
the presence of residual or metastatic disease. BPM, beats per minute; EKG, electrocardiogram; IV,
intravenous; PO, per oral.

It is not unusual for sinus tachycardia to remain uncontrolled despite using all drugs including
esmolol, metoprolol, and diltiazem. Therefore, another therapeutic approach may be considered.
Recently, ivabradine has been introduced to treat patients with heart failure and sinus tachycardia
who failed or were intolerant to β-adrenoceptor blockers. Ivabradine selectively inhibits If current in
the sinus node, resulting in decreased heart rate without compromising myocardial contractility and
cardiovascular hemodynamic status [79]. Thus, Ivabradine is prescribed at a dose of 2.5–7.5 mg two
times a day orally to PPGL patients with medication-resistant sinus tachycardia, providing excellent
control of tachycardia (personal observations). It is recommended to start Ivabradine at low doses and
titrate to achieve heart rate control [80,81].
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In contrast, bradyarrhythmia’s after PPGL resection might result from sinus node or atrioventricular
node dysfunction caused by progression of native conduction disease, overdose of rate controlling
agents, i.e., β-adrenoceptor blocker, and metabolic or electrolyte disturbances. Bradycardia is defined in
postoperative PPGL patients as heart rate below 60 beats/min. Therapeutic intervention is unnecessary
for cases of transient bradycardia with no hemodynamic instability [82]. Detrimental effects of sustained
bradycardia in the postoperative period include hypotension and inadequate cardiac output (decreased
coronary circulation leading to myocardial infarction). Thus, atropine or β-adrenoceptor agonists
may be indicated [75,82]. Atropine is administered at a dose of 0.5 mg intravenously, repeated every
three to five minutes to a total dose of 3 mg intravenous until target heart rate of >60 beats/min is
achieved. If bradycardia remains uncontrolled, consider using DA or EPI. DA actions are mediated
either directly or by conversion and release of NE, leading to the stimulation of β-adrenoceptors on the
heart while EPI increases heart rate by directly stimulating β-adrenoceptors on the heart [83]. DA has a
dose range of 2–20 μg/kg/min whereas EPI is given at a dose of 2–20 μg/min until the desired heart rate
>60 beats/min is sustained. Other agents which can be utilized to chemically pace are isoproterenol
and dobutamine.

Unusually, bradyarrhythmias are unresponsive to atropine, DA, and EPI. Henceforth,
transcutaneous or transvenous pacing becomes necessary.

3.4. Myocardial Infarction

It is not uncommon to recognize myocardial injury following PPGLs resection. The mechanism
behind injury to myocytes by increased catecholamines includes hemodynamic compromise (increased
afterload), tachycardia, increased oxygen consumption, and coronary arterial vasoconstriction [84].
Moreover, myocardium is rich in paraganglionic fibers with higher NE affinity which might produce
structural and functional remodeling in the heart [85]. Direct actions of increased EPI and NE levels may
result in myocarditis or cardiomyopathy causing leakage of cardiac enzymes [86]. Perhaps, hypotension,
hypertension, anemia, hypoxemia, systolic, and/or diastolic dysfunction are common risk factors
associated with myocardial infarction in the postoperative period. Clinical presentation of myocardial
infarction in the postoperative period is commonly asymptomatic or non-specific, thus, relying on
classic symptoms alone might lead to missed diagnoses [87]. Moreover, ischemic electrocardiographic
signs may be subtle, and angina is masked by residual anesthetic effect and use of stronger analgesics
concealing the diagnosis of myocardial injury [88]. Therefore, a higher index of suspicion of acute
myocardial infarction is necessary in the absence of classic coronary risk factors [89]. According to
ACC/AHA 2014 perioperative clinical practice guidelines, may consider comprehensive risk assessment
with 12-lead EKG, 2D-echocardiography, and exercise or non-pharmacological stress testing to allocate
them to low-risk or high-risk groups [90,91]. Measurement of troponin levels and obtaining a
12-lead EKG is recommended among patients with signs and symptoms of myocardial ischemia or
infarction in the postoperative period [91]. To manage patients appropriately, myocardial infarction
in the postoperative period is classified similarly as in the non-surgical setting: (1) Non-ST-elevation
myocardial infarction (NSTEMI) (Figure 4) (Table 4) and (2) ST-elevation myocardial infarction (STEMI),
management is dependent on expert consultation.
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Figure 4. Management algorithm of postoperative NSTEMI. # Aspirin and clopidogrel is given in the
postoperative period only when it is safe from surgical point of view. CTA, computed tomography
angiography; 2D-ECHO, two-dimensional echocardiography; EKG, electrocardiography; NSTEMI,
non-ST-elevation myocardial infarction; NTG, nitroglycerin.

Table 4. Medical Therapy for NSTEMI following PPGL resection.

Medications Dosage Goal of Treatment

Aspirin 325 mg PO Inhibition of platelet aggregation
and activation

High-intensity Statin
Lowers LDL cholesterol levels in
blood by approximately ≥ 50%,
atherosclerotic plaque stabilization

Atorvastatin 40–80 mg PO

Rosuvastatin 20–40 mg PO

β-adrenoceptor blocker
Lowering heart rate, pain
resolution, ST-segment
normalization

Metoprolol
1–5 mg IV, incrementally repeat as needed up to 15
mg total dose
25–50 mg PO three to four times a day

Esmolol 10–50 mg IV bolus, infusion up to 200 μg/kg/min

Morphine sulfate 2–5 mg IV, repeat as needed Pain control

Nitroglycerin

0.4 mg sublingual every five minutes up to a total of
three doses.
Transdermal patch starting at 0.2 mg/h and increasing
to 0.6 mg/h with drug-free period from 6 to 8 PM
50 μg/min IV, titrate upwards as mean arterial
pressure tolerates

Pain elimination by coronary
vasodilation and ST-segment
normalization

Abbreviations: BPM, beats per minute; IV, intravenous; LDL, low density lipoprotein; PO, per oral.

3.5. Heart Failure

Heart failure may also be seen as one of the rare complications seen following PPGL resection.
Myocardium may have been dependent on the excess catecholamines prior to resection due
to desensitized adrenoceptors, possible catecholamine-induced cardiomyopathy or non-ischemic
cardiomyopathy. Reduced circulatory volume may also play a significant role in the development of
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heart failure following tumor resection [92]. Therefore, patients in the postoperative period following
PPGL resection might develop either heart failure with preserved ejection fraction (HFpEF) or heart
failure with reduced ejection fraction (HFrEF). HFpEF is usually seen in the setting of hypertensive
damage with diastolic dysfunction resulting in increased susceptibility to volume overload and resulting
pulmonary edema. In contrast, HFrEF may be observed in patients with significant myocardial ischemia
secondary to postoperative instability. Heart failure may also develop in the setting of stress-induced
cardiomyopathy called Takotsubo cardiomyopathy or broken-heart syndrome, that has been frequently
described in patients with PPGL. Diuretics and inotropes may be utilized to treat heart failure.
However, when medical therapy fails, mechanical devices such as intra-aortic balloon pump, impella,
extracorporeal membrane oxygenation may need to be utilized. It is appropriate to promptly obtain
cardiology consultation when there is a suspicion of heart failure to apply the most relevant diagnostic
and therapeutic tools.

3.6. Cerebrovascular Accident

Clinical course of patients with PPGL can be complicated by ischemic or hemorrhagic stroke.
The main mechanisms include: (1) Thrombotic or embolic occlusion of cerebral artery secondary to
increased platelet aggregation [93], (2) cerebral hypoperfusion secondary to tissue hypoxia causing
increased susceptibility in the watershed regions [94,95], and (3) rupture of intracranial artery causing
intracerebral or subarachnoid hemorrhage secondary to catecholamine-induced hypertension [96].

Patients with PPGL have a higher rate of ischemic stroke in comparison to hemorrhagic events in
the postoperative period [97,98]. The potential risk factors for catecholamine-induced ischemic stroke
include uncontrolled hypertension (failure of cerebrovascular autoregulation), vascular spasm, dilated
cardiomyopathy with risk of left ventricular thrombus (embolic) or atrial fibrillation (embolic).

Symptoms may range from headaches to motor and/or sensory deficits, to confusion and seizures.
Recognition of these symptoms is challenging due to the concomitant use of anesthetic or sedative
therapy in the postoperative period [99]. The modified National Institute of Health Stroke Scale
(mNIHSS) has improved reliability benefits and, therefore, should be used for detailed neurological
examination of patients with increased risk of postoperative stroke [100].

For patients that develop ischemic or hemorrhagic stroke following PPGL resection, it is advisable
to provide a multidisciplinary patient-centered treatment plan including neurology, critical care,
surgery, interventional neuroradiology, and anesthesiology.

4. Other Complications

4.1. Adrenocortical Insufficiency

Surgical approaches for PHEO resection can lead to primary adrenal insufficiency (PAI) in order
of ascending frequency: Cortical sparing vs. unilateral vs. bilateral adrenalectomy. Glucocorticoids
supplementation is not routinely prescribed for patients undergoing unilateral adrenalectomy because
the contralateral adrenal gland can maintain eucortisolemia [101]. An individualized preoperative
evaluation to identify risk factors for primary or secondary adrenal insufficiency (AI) is recommended,
which includes but are not limited to identification of exposure to exogenous glucocorticoids or
other medications that inhibit steroidogenesis, suppression of hypothalamic pituitary adrenal (HPA)
axis secondary to endogenous cortisol co-secretion, or patient-related comorbidities. Currently,
cortical sparing surgical approach for PHEOs with germline mutations and low risk for metastasis
have increased. Adrenal sparing surgery is also preferred in patients with either solitary adrenal
gland or bilateral adrenal involvement, as chronic glucocorticoid replacement is associated with
decreased quality of life, increased cardiovascular risk, fatigue, infections and decreased resistance to
stress [102,103].

When adrenal insufficiency is clinically suspected among patients undergoing bilateral
adrenalectomy or in cases of subclinical or overt cortisol co-secretion, hydrocortisone 50 mg intravenous
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bolus is administered before anesthesia induction followed by 25–50 mg intravenously every eight
hours thereafter, with tapering over the next 24–48 h. If no immediate postoperative complications
develop, and patient can tolerate oral intake, transition to physiological oral maintenance dose with
hydrocortisone 10–12 mg x body surface area (BSA) is recommended [104,105]. The proposed dosages
can be individualized based on the patient’s history and length of surgery. If immediate complications
develop, patients should remain on supraphysiologic doses of steroids as per clinical judgment.

Clinical surveillance for symptoms suggestive of AI during the postoperative period is paramount.
In addition, morning serum cortisol measurements with adrenocorticotropic hormone (ACTH) levels
and Cosyntropin stimulation test are routinely used to confirm the diagnosis of AI [106]. Cosyntropin
stimulation test can be performed as early as postoperative day 1 (unless precluded by clinical
instability) to three to six weeks later to identify those non-critically ill patients who will benefit with
glucocorticoid replacement therapy [107]. Once the diagnosis of AI is established, continuation of
physiological glucocorticoid replacement is indicated. In cases of cortisol co-secretion or underlying
central AI, HPA axis should be evaluated every six months to annually to assess for recovery. In contrast,
after bilateral adrenalectomy, lifelong glucocorticoid and mineralocorticoid supplementation without
further HPA axis testing is recommended [101,108,109].

Mineralocorticoid replacement therapy is indicated among patients with evidence of primary AI or
after bilateral adrenalectomy. In these cases, fludrocortisone should be initiated when hydrocortisone
dosages fall below 50 mg/day. Fludrocortisone is usually administered at dosages of 50–100 μg/day.
Mineralocorticoid replacement is monitored based on the development of clinical symptoms like salt
cravings, volume depletion, and orthostatic hypotension, followed by measurement of renin activity
levels to a target goal in the upper end of the reference range without development of side effects [106].

Preceding discharge of patients with a confirmed diagnosis of AI, education should be provided
for early recognition of adrenal crisis and sick day rules. Patients should be equipped with a steroid
emergency card to be placed in wallets, set up on smartphones, and a medical alert bracelet [106].

4.2. Renal Failure

Renal injury is a rare complication associated with PPGL resection. The mechanism of renal
injury is due to massive catecholamine release in the postoperative period that can potentially lead
to: (1) Stimulatory effects on renin activity and (2) hypertensive crisis from severe vasoconstriction
leading to hypoperfusion at the renal bed, ischemia, and necrosis of skeletal muscles provoking
rhabdomyolysis [110,111]. In contrast, hypotension due to a rapid drop in catecholamine levels,
or intravascular volume depletion, can lead to acute tubular necrosis [111].

Occasionally, “mass effect” from tumor may lead to renal ischemia causing direct compression of
the renal artery or vasospasm secondary to catecholamines excess [112–114]. Renal artery stenosis has
been reported only during a hypertensive crisis. Diagnosis can be established by the use of Doppler
ultrasonography, gadolinium-enhanced 3D magnetic resonance angiography, and contrast-enhanced
arteriography. Stenosis tends to be transient and reversible after tumor resection. Failure to correct
the mass effect on the renal artery may lead to postoperative renal artery thrombosis, resulting in
permanent kidney damage. A second surgery to correct renal artery stenosis is risky and might result
in secondary nephrectomy [115]. In cases of persistent renal artery stenosis, percutaneous balloon
angioplasty is recommended [116]. When angioplasty fails, open surgical revascularization should be
attempted [117].

In scenarios of hypertension leading to acute kidney injury, antihypertensive therapy must be
initiated as mentioned earlier in this review. In cases of severe rhabdomyolysis-related acute kidney
injury, hemodialysis is recommended. Intravenous fluids must be used judiciously. Colloids, such as
albumin 4%, are recommended in patients at risk or with pre-existent renal failure and low albumin
levels. Nephrotoxic agents should be discontinued, and supportive care should be provided under
nephrology guidance.
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4.3. Hypoglycemia

PPGL patients can have glucose homeostasis abnormalities mediated by elevated catecholamine
secretion leading to increased liver glycogenolysis, inhibited insulin secretion from pancreatic β-cells,
and increased insulin resistance in the skeletal muscle. These pathological changes can lead to
preoperative hyperglycemia [118]. Sudden withdrawal of plasma catecholamines and pre-existence of
preoperative hyperglycemia may result in postoperative hypoglycemia [119]. Chen et al. reported
other risk factors associated with postoperative hypoglycemia following PPGL resection including
tumor size, higher pre-operative 24-hour urine metanephrine levels, and prolonged operative time.
Similarly, preoperative β-adrenoceptor blockers exposure leads to increased liver glycogenolysis
subsequently contributing to hypoglycemia development [9].

Classic symptoms of hypoglycemia (anxiety, sweating, chills, irritability, lightheadedness, nausea,
etc.) may be masked in the postoperative period due to residual effects of anesthesia, opioid,
or β-adrenoceptor blocker use. If untreated, hypoglycemia may result in neuronal cell death and
brain damage [120]. Consequently, serum glucose levels should be monitored at regular intervals for
at least 24 h postoperatively following a PPGL resection [121]. If a patient develops hypoglycemia,
evaluation of related risk factors (for example, associated medications, critical illness, sepsis, renal or
hepatic failure, or adrenal insufficiency, etc.) and identification of reversible culprits are recommended,
independent of the catecholamine levels and the surgical approach [122].

Treatment considerations include administration of glucose tablets, glucose gels, or carbohydrate
containing juices to provide 15–50 g of glucose. Moreover, if the patient is unable to tolerate oral intake,
treatment with Dextrose 5% infusion should be started and titrated to a glucose goal of >100 mg/dL.
In emergent situations, where treatment with oral or intravenous dextrose is not feasible, administration
of 1 mg intramuscular glucagon should be considered [123–125]. Institutional hypoglycemia treatment
guidelines and hospital policies should be promptly enforced, depending on individual patient needs
and access to available resources [121,126–129].

4.4. Intestinal Pseudo-Obstruction

Increased catecholamine levels in the postoperative period following PPGL resection affects
gastrointestinal smooth muscle cells and inhibits acetylcholine release from the parasympathetic
nervous system, resulting in complications ranging from transient intestinal motility abnormalities to
constipation, pseudo-obstruction, bowel infarction and perforation [130,131]. Moreover, commonly
used medications in the postoperative period like analgesics and CCBs might demonstrate these
symptoms. Moreover, α-adrenoceptor stimulation induces vasoconstriction of mesenteric arteries
leading to ischemic colitis, ulceration, necrosis, and intestinal perforation, particularly in patients
with risk factors for atherosclerotic or microvascular disease such as diabetes mellitus [132,133].
Ischemic colitis may be transient and reversible or associated with increased morbidity involving
full thickness of the bowel wall, causing infarction and irreversible stricture requiring segmental
resection. Paralytic ileus presents as constipation, abdominal distension, and discomfort for more
than two to three days postoperatively. Therefore, patients are encouraged to be mobile, constantly
change position, and recommended to be in sitting posture soon after surgery. Additionally, pain
tolerance should be monitored to reduce analgesic dosage and avoid opioid drugs as soon as possible.
Oral intake is slowly advanced starting from liquids to semi-solid and finally solid diet. High fiber
diet is supplemented as the patient tolerates an oral diet. However, the use of liquid laxatives (milk
of magnesium, magnesium citrate, Miralax) or rectal suppositories (bisacodyl, docusate sodium,
polyethylene glycol) is advisable in some patients to relieve discomfort. Conservative management is
preferred for patients with colonic distension measured on a plain radiograph as<12 cm, which includes
fasting, nasogastric suction, intravenous fluid and electrolytes replacement, and discontinuation of
drugs affecting colonic motility (narcotics) [134]. If conservative treatment is inefficient, endoscopic
desufflation and pharmacologic treatment are initiated, especially for those who are confirmed to have
increased catecholamine levels due to widespread metastatic disease [135]. α-adrenoceptor blockers
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such as phenoxybenzamine or doxazosin are initially considered as the pharmacological management
among those with widespread metastatic disease, due to their additional beneficial effect on the smooth
muscle cells of the intestine and blood vessels. Moreover, Metyrosine, a tyrosine analog competitively
inhibiting tyrosine hydroxylase (enzyme catalyzing rate-limiting step of conversion of tyrosine to
dihydroxyphenylalanine DOPA in catecholamine synthesis) causes significant catecholamine store
depletion inside tumor cells. Therefore, it is our strong recommendation to start metyrosine at 250 mg
orally twice daily and, if necessary, increase the dose every 48 h. Occasionally, pseudo-obstruction is
extremely severe with no improvement, despite using conservative and pharmacologic management.
At this point of time, the use of phentolamine (short-acting, competitive α1- and α2-adrenoceptor
antagonist) at a dose of 1–5 mg intravenously is justified. Additionally, phentolamine is also helpful in
controlling elevated blood pressure following PPGL resection [134,136]. Nevertheless, major drawbacks
associated with its use are: (1) Recurrence of pseudo-obstruction following discontinuation of drug and
(2) intravenous administration requiring continuous intensive care monitoring to avoid a precipitous
drop in blood pressure [137–140] (Table 5).

Table 5. Postoperative complications following PPGL resection.

Complication Reason Recommended First Line Management

Hypertension

•Incomplete tumor removal
•Tumor present at unknown location
•Metastatic tumor
•Excessive vasopressor use
•Surplus IV fluids administration
•Pain medication
•Underlying essential hypertension

Nicardipine
Labetalol

Hypotension

•Chronically low circulating plasma volume
•Prolonged (preoperative) α-adrenoceptor blockade action
•Abrupt decrease in serum catecholamines levels
•Downregulation of adrenoceptors
•Blood loss

IV fluids #

Arrhythmia

Tachyarrhythmia:
•Elevated sympathetic activity from increased catecholamines
levels and pain
•Use of inotropes for postoperative hypotension
•Rebound effect of preoperative discontinuation of
β-adrenoceptor blockers

Stable narrow complex sinus tachycardia: Treat
underlying cause

Stable regular narrow complex non-sinus
tachycardia: Vagal maneuvers- adenosine,

expert consultation
Stable irregular narrow complex tachycardia:

Expert consultation.
Stable wide complex tachycardia:

Expert consultation
Hemodynamically unstable tachycardia:

Electrical cardioversion

Bradyarrhythmia:
•Progression of native conduction disease
•Electrolyte disturbance
•Sinus node dysfunction
•Heart block
•Excessive medication used such as β-adrenoceptor blockers

Treatment of underlying abnormalities
Atropine

Dopamine
Epinephrine

Myocardial
infarction

Increased catecholamines causes myocyte injury by:
•Hemodynamic compromise
•Tachycardia
•Increased oxygen consumption
•Coronary artery vasoconstriction

12-lead EKG
Expert consultation

Heart failure •Desensitized adrenoceptors on myocardium
•Cardiomyopathy Expert consultation

Cerebrovascular
accident

•Uncontrolled hypertension
•Thrombotic or embolic occlusion of cerebral artery
•Rupture of intracranial artery leading to hemorrhage

Expert consultation
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Table 5. Cont.

Complication Reason Recommended First Line Management

Adrenocortical
insufficiency

•PHEO resection with concomitant cortisol hypersecretion Hydrocortisone Fludrocortisone
•Bilateral adrenalectomy

Renal Failure
•Hypoperfusion of renal bed (hypotension, hypertension and
massive bleeding)
•Secondary to rhabdomyolysis

Antihypertensive medication (if hypertension
exits)

IV fluid therapy based on electrolytes
Hemodialysis

Hypoglycemia
•Hyperinsulinemia from increased catecholamine secretion
(predominantly β-adrenergic)
•Sudden withdrawal of catecholamines

50% Dextrose (0.5 ml ampules)
Maintenance fluid must include 5–20%

dextrose.

Intestinal
pseudo-obstruction

•Hypomotility from increased catecholamines
•Mesenteric vasoconstriction (predominantly α-adrenergic)
•Use of opioid analgesics

Laxatives diet with high fiber content, enema

# Blood transfusion if indicated. Abbreviations: BSA, body surface area; EKG, electrocardiogram; IV, intravenous;
PHEO, pheochromocytoma.

5. Other Common Surgical Complications

Complications observed after any surgical procedure which were not mentioned earlier include
nausea, vomiting, urinary retention, hemorrhage, and wound infection. These complications are
not elaborately described here as they can be managed similarly to any other surgical procedures.
Meticulous monitoring along with the skills of a multidisciplinary team of physicians and appropriate
nursing care, together with patient cooperation are helpful for faster recovery with no or minimal
complications in the postoperative period.

PPGL patients are at a significant risk of bleeding, which is difficult to be identified as hypotension.
It is not uncommon after tumor resection. Elevated blood pressure as a result of higher catecholamines
causes hemorrhage either intra or postoperatively. Precise surgical technique is crucial to avoid
redundant blood loss intraoperatively. Therefore, an experienced surgeon is preferred to resect PPGL,
minimize blood loss, and make use of meticulous surgical techniques to accurately scissor out tumor
from a complex site. However, in the incidence of major hemorrhage, hemodynamic stability of the
patient is assessed, and appropriate transfusion is given as per the needs of the patient and clinical
judgment of the surgeon and anesthetist. Depending on the risk to benefit ratio, necessary medications
would be stopped or continued during the perioperative period and if in doubt, a consult specialist
opinion is considered.

Surgical site/wound infection is a potential cause of morbidity and mortality in the postoperative
period. Risk factors depend on location, nature of surgical wound/incision, and the procedure
performed [141]. Postoperatively, regular wound inspection, infection control, and strict hygiene
(specifically hand hygiene and early removal of clips, sutures, drains, and foreign materials) minimize
the risk of wound infection. However, patients with surgical site infection present with pain,
swelling, redness, warmth, purulent wound discharge, or dehiscence. Such patients are managed with
appropriate laboratory work and targeted empiric antibiotic therapy is initiated as soon as possible.

Urinary retention, commonly regarded as a minor and trivial complication by surgeons, might
cause increased restlessness, confusion, and delirium [142]. A catecholamine surge in the postoperative
period from PPGL resection inhibits detrusor contraction via α-adrenoceptor mediated increase in
bladder outlet and proximal urethral tone. Moreover, residual anesthetic effects cause bladder atony
by acting as smooth muscle relaxants and interfering with autonomic regulation of detrusor muscle
tone. Furthermore, vasopressors used to treat postoperative hypotension promote urinary retention
by their effects on β-adrenoceptor in bladder and α-adrenoceptor in the bladder neck and proximal
urethra. Moreover, aggressive fluid administration to correct hypotension might cause overdistension
of the urinary bladder resulting in urinary retention. Diagnosis is based on the patient complaining of
discomfort, palpable bladder on examination, and ultrasound bladder scanning for rapid and accurate
assessment of bladder volume [143,144]. Therefore, the first step in the management of urinary retention
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in the postoperative period is urethral catheterization. If a prolonged period of urinary retention
is observed, the use of indwelling catheter is not advised as it may result in infection. Henceforth,
pharmacotherapy with α-adrenoceptor blockers such as tamsulosin, alfuzosin, or long-acting doxazosin
is recommended.

Splenectomy is required among those patients who are undergoing unilateral adrenalectomy
on the left side due to the presence of a large-sized PHEO. Such patients need to be vaccinated
preoperatively against pneumococcus, Hemophilus influenzae, and Meningococcus [2].

6. Conclusions

Patients with PPGL resection must be managed appropriately in the intensive care setting during
the postoperative period. Detailed physical examination and complete laboratory workup must be
conducted at regular intervals to identify a patient at risk and provide treatment at the right point
of time.
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Abstract: Fibroblast growth factor 21 (FGF21) is a hepatokine with beneficial effects on metabolism.
Our aim was to evaluate the relationship between the serum FGF21, and energy and glucose
metabolism in 40 patients with pheochromocytoma/functional paraganglioma (PPGL), in comparison
with 21 obese patients and 26 lean healthy controls. 27 patients with PPGL were examined
one year after tumor removal. Basic anthropometric and biochemical measurements were done.
Energy metabolism was measured by indirect calorimetry (Vmax-Encore 29N). FGF21 was measured
by ELISA. FGF21 was higher in PPGL than in controls (174.2 (283) pg/mL vs. 107.9 (116) pg/mL;
p < 0.001) and comparable with obese (174.2 (283) pg/mL vs. 160.4 (180); p = NS). After tumor
removal, FGF21 decreased (176.4 (284) pg/mL vs. 131.3 (225) pg/mL; p < 0.001). Higher levels of
FGF21 were expressed, particularly in patients with diabetes. FGF21 positively correlated in PPGL
with age (p = 0.005), BMI (p = 0.028), glycemia (p = 0.002), and glycated hemoglobin (p = 0.014).
In conclusion, long-term catecholamine overproduction in PPGL leads to the elevation in serum
FGF21, especially in patients with secondary diabetes. FGF21 levels were comparable between obese
and PPGL patients, despite different anthropometric indices. We did not find a relationship between
FGF21 and hypermetabolism in PPGL. Tumor removal led to the normalization of FGF21 and the
other metabolic abnormalities.

Keywords: FGF21; pheochromocytoma; paraganglioma; diabetes mellitus; obesity; energy
metabolism; calorimetry
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1. Introduction

Fibroblast growth factor 21 (FGF21) is a metabolic regulator that has a systemic effect in promoting
glucose uptake and oxidation [1,2]. The main site of FGF21 expression and production in humans is
liver and, to a lesser degree, muscle and white adipose tissue (WAT) [3]. In rodents, FGF21 targets
brown adipose tissue (BAT), where it induces mitochondrial uncoupling protein-1 (UCP1) gene
expression and favors glucose oxidation and energy expenditure [4,5].

In humans, under conditions of enhanced adaptive energy expenditure, brown adipocyte-like cells
appear at sites of WAT. This is called the “browning” of WAT, and cells resembling brown adipocytes
arising in this process are called “beige” [6]. The promotion of WAT browning was documented in
patients with pheochromocytoma and functional paragangliomas (PPGL) due to the tumor-mediated
release of catecholamines [7,8]. Analysis of visceral adipose tissue from the perirenal and omental
regions in small samples of pheochromocytoma confirmed the presence of beige adipose tissue with
significant expression of FGF21 [9].

Furthermore, there is also an adipose-independent mechanism for FGF21 to be able to regulate
metabolism [10,11]. FGF21 can cross the blood-brain barrier and is detectable in both human and
rodent cerebrospinal fluid [12,13]. Continuous intracerebroventricular injection of FGF21 to obese
rats increases energy expenditure and insulin sensitivity [14]. FGF21 has been shown to act on the
central nervous system to increase systemic glucocorticoid levels, suppress physical activity, and alter
circadian behavior [15,16].

PPGL represents a useful model for studying the influence of long-term catecholamine
overproduction in metabolic disorders in humans. Catecholamine overproduction leads to a
large variety of signs and symptoms, including sustained or paroxysmal arterial hypertension,
hypermetabolic state with weight loss and disorders of glucose metabolism [17]. The aim of our
study was to evaluate the changes of circulating levels of FGF21 and its relationship to energy and
glucose metabolism in PPGL, before and one year after tumor removal. For comparison, at baseline,
we used healthy lean controls and also obese patients with glucose metabolism disorder.

2. Results

2.1. Basic Characteristics of Groups

Biochemical, anthropometrical, and clinical characteristics of the studied groups are summarized
in Table 1. Obese patients and controls contained significantly more females than PPGL (p = 0.008).
As expected, obese patients had a higher body mass index (BMI) and body fat percentage in
comparison with PPGL and controls (p < 0.001). Also their lipid profile differed in triglycerides
(TAG) and high-density lipoprotein cholesterol (HDLc) (p < 0.001). Higher values of resting energy
expenditure/basal energy expenditure (REE/BEE) were present in PPGL and obese in comparison
with controls. Hypermetabolic state was detected in 49% of PPGL and 24% of obese. PPGL and obese
also showed higher systolic blood pressure (sBP) than controls (p = 0.002). Fasting blood glucose (FBG)
and glycated hemoglobin (HbA1c) levels in PPGL and obese were similar (p = NS), but higher than
in controls (p < 0.001). Insulin levels were lower in PPGL patients than in controls (p = 0.037) and
expectedly higher in obese, together with HOMA-IR (p < 0.001). Adrenergic phenotype was seen in
61% of PPGL patients and noradrenergic phenotype in 39% of PPGL patients.

2.2. Effect of Tumor Removal in PPGL

A subgroup of 27 consecutive patients with PPGL was examined one year after tumor removal.
The basic characteristics of patients before and after tumor removal are summarized in Table 2.
The decrease in free plasma metanephrines and chromogranine reflects successful surgery (p < 0.001).
Weight gain was significant in all parameters, including body fat percentage. No patient fulfilled
the requirements for hypermetabolism after tumor removal. No significant decrease in office blood
pressure measurements was present. Sustained hypertension remained in 22% of patients, but the
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total number of antihypertensives decreased. FBG and HbA1c decreased significantly. Unexpectedly,
insulin levels did not normalize. On the contrary, normal glucose tolerance was present in the majority
of patients (93%).

Table 1. Clinical and metabolic characteristics of study subjects.

Factors Controls n = 26 Obese n = 21 PPGL n = 40 p

Female (n, %) 21 (81) 18 (86) 21 (53) 0.008
Age (years) 48.5 ± 10 54.6 ± 14 52.4 ± 14 0.262

Body mass index (kg/m2) 23.9 ± 3 44.9 ± 9 *,† 25.1 ± 4 <0.001
Body fat percentage (%) 27.5 ± 11 51.4 ± 11 *,† 29.5 ± 8 <0.001

Resting energy expenditure (Kcal/day) 1467 ± 165 1943 ± 398 +,* 1691 ± 327 <0.001
REE/BEE (%) 98.7 ± 8 101.9 ± 18 ‡ 110.3 ± 12 • 0.007

Systolic blood pressure (mmHg) 114.7 ± 15 132.9 ± 17 ‡ 131.7 ± 18 • 0.002
Diastolic blood pressure (mmHg) 71.3 ± 15 78.8 ± 10 75.9 ± 11 0.106
Mean arterial pressure (mmHg) 85.7 ± 12 96.8 ± 11 ‡ 94.8 ± 13 • 0.013

Pulse pressure (mmHg) 50.1 ± 9 54.0 ± 10 55.7 ± 12 0.439
Fasting blood glucose (mmol/L) 4.2 (0.9) 6.0 (3) * 5.8 (2.1) ◦ <0.001

HbA1c (mmol/mol) 34.0 (6) 44.0 (25) * 42.0 (16) • <0.001
Insulin (mIU/L) 6.1 (4) 16.3 (9) ‡ 3.7 (3) •,† <0.001

HOMA-IR 1.2 (1) 4.9 (7) †,* 0.95 (1) <0.001
Total cholesterol (mmol/L) 5.1 ± 0.8 4.9 ± 1 4.6 ± 1 0.180
HDL cholesterol (mmol/L) 1.6 ± 0.4 1.1 ± 0.3 +,* 1.5 ± 0,5 <0.001
LDL cholesterol (mmol/L) 3 ± 0.7 2.9 ± 0.9 2.6 ± 1 0.144

Triglycerides (mmol/L) 1.0 (0.4) 1.7 (0.4) *,† 0.9 (0.7) <0.001
Fibroblast growth factor 21 (pg/mL) 107.9 (116) 160.4 (180) * 174.2 (283) ◦ <0.001

Hypertension (n, %) - 18 (86) 26 (65) 0.185
Diabetes Mellitus (n, %) - 11 (52) 13 (33) 0.757

Obesity (n, %) - 21 (100) 6 (15) -
Dyslipidemia (n, %) - 18 (86) 23 (58) 0.718

Metabolic syndrome (n, %) - 19 (90) 20 (50) 0.118
Use of PAD (n, %) - 10 (48) 10 (26) 0.025

Use of insulin (n, %) - 4 (19) 3 (8) -
Use of statins (n, %) - 10 (48) 16 (40) 0.863

Number of antihypertensives (n) - 2.38 ± 1.5 1.85 ± 1.1 0.038
Use of alpha blockers (n, %) - 4 (19) 28 (70) -
Use of beta blockers (n, %) - 12 (57) 14 (35) 0.017

* <0.001 for Obese vs. Controls; † <0.001 for Obese vs. PPGL; + <0.05 for Obese vs. PPGL; ‡ <0.05 for Obese vs.
Controls; • <0.05 for PPGL vs. Controls; ◦ <0.001 for PPGL vs. Controls. Abbreviations: PPGL, pheochromocytoma;
REE, resting energy expenditure; BEE, basal energy expenditure; HbA1c, glycated hemoglobin; HOMA-IR,
homeostasis model assessment of insulin resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein;
PAD, peroral antidiabetics.

Table 2. PPGL patients before and after surgery.

Factors Before n = 27 After n = 27 p

Female (n, %) 15 (56) 15 (56) -
Age (years) 51.9 ± 13 53.0 ± 13 <0.001

Body mass index (kg/m2) 24.7 ± 3 26.2 ± 4 <0.001
Body fat percentage (%) 29.3 ± 9 32.3 ± 9 0.034

BEE (Kcal/day) 1509 ± 252 1543 ± 266 0.001
REE (Kcal/day) 1655 ± 311 1477 ± 216 <0.001
REE/BEE (%) 110.8 ± 12 96.5 ± 7 <0.001

Systolic BP (mmHg) 131.8 ± 19 124.9 ± 17 0.084
Diastolic BP (mmHg) 75.7 ± 11 74.5 ± 11 0.598

MAP (mmHg) 94.4 ± 13 91.3 ± 12 0.253
Pulse pressure (mmHg) 56.11 ± 13 55.6 ± 19 0.888

FBG (mmol/L) 5.7 (1.7) 4.8 (0.8) <0.001
HbA1c (mmol/mol) 42.0 (17) 40.0 (6) 0.018

Insulin (mIU/L) 3.3 ± 3 2.8 ± 3 <0.001
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Table 2. Cont.

HOMA-IR 0.9 ± 0.9 0.6 ± 0.7 <0.001
Total cholesterol (mmol/L) 4.8 ± 1 4.6 ± 1.1 0.436

HDLc (mmol/L) 1.5 ± 0.5 1.4 ± 0.8 0.237
LDLc (mmol/L) 2.7 ± 1 2.7 ± 0.8 0.771

Triglycerides (mmol/L) 0.8 (0.6) 1.2 (0.7) 0.017
FGF21 (pg/mL) 176.4 (284) 131.3 (225) <0.001

P-Metanephrine (nmol/L) 3.1 (9) 0.17 (0.2) <0.001
P-Normetanephrine (nmol/L) 11.6 (14) 0.33 (0.4) <0.001

Chromogranine (ng/mL) 334.8 (489) 39.6 (38) <0.001
Hypertension (%) 19 (70) 6 (22) 0.071

Diabetes mellitus (%) 9 (33) 2 (7) 0.037
Obesity (n, %) 2 (7) 2 (7) 1.000

Dyslipidemia (n, %) 17 (63) 18 (67) 0.775
MS (n, %) 14 (52) 6 (22) 0.241

Use of PAD (n, %) 5 (19) 2 (7) 0.203
Use of insulin (n, %) 3 (11) 0 (0) 0.074
Use of statins (n, %) 11 (41) 13 (48) 0.583

Use of AHT (n) 1.93 ± 1 0.37 ± 0.7 <0.001

Abbreviations: PPGL, pheochromocytoma/paraganglioma; REE, resting energy expenditure; BEE, basal energy
expenditure; BP, blood pressure; MAP, mean arterial pressure; FBG, fasting blood glucose; HbA1c;
glycated hemoglobin; HOMA-IR, homeostasis model assessment of insulin resistance; HDLc, high-density
lipoprotein cholesterol; LDLc, low-density lipoprotein cholesterol; FGF21, fibroblast growth factor 21; P-, plasma;
MS; metabolic syndrome; PAD, peroral antidiabetics; AHT, antihypertensives.

2.3. FGF21 Levels and Correlation

FGF21 levels were broad in all groups. The correlation between FGF21 and other selected
factors in patients with PPGL is shown in Table 3 and Figure 1. FGF21 was significantly higher in
PPGL than in controls (p < 0.001) and comparable with obese (p = NS). PPGL patients with diabetes
showed higher levels of FGF21 than those with normal glucose tolerance (NGT) (438.2 (337) pg/mL
vs. 154.5 (97) pg/mL; p = 0.007) or those with prediabetes (438.2 (337) pg/mL vs. 154.5 (97) pg/mL;
p = 0.022). Diabetic obese and obese with NGT showed similar results (314.1 (300) pg/mL vs.
140.5 (7) pg/mL; p = 0.049). Similar differences in FGF21 levels were present in diabetic and prediabetic
obese (314.1 (300) pg/mL vs. 113.1 (54) pg/mL; p = 0.024). Those findings are summarized in Figure 2.
PPGL with metabolic syndrome or dyslipidemia showed higher FGF21 than those without (p < 0.001).
FGF21 levels differed in PPGL with adrenergic and noradrenergic phenotypes, but were slightly
above the level of significance (p = 0.062]. A difference in FGF21 levels between hypermetabolic and
normometabolic PPGL patients was not found (p = NS). FGF21 levels in all components of metabolic
syndrome in PPGL are shown in Table 4.

Table 3. Selected factors associated with serum FGF21 levels in PPGL patients.

Factors
PPGL (n = 40)

r p

Age 0.435 0.005
Weight 0.267 0.095

Body mass index 0.348 0.028
P-Metanephrine 0.212 0.194

P-Normetanephrine 0.086 0.602
Respiratory Quotient −0.121 0.474

BEE (Kcal/day) 0.169 0.316
REE (Kcal/day) 0.163 0.336
REE/BEE (%) 0.018 0.915

Systolic blood pressure 0.194 0.231
Diastolic blood pressure −0.047 0.755
Mean arterial pressure 0.058 0.721
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Table 3. Cont.

Pulse pressure 0.338 0.032
Fasting blood glucose 0.459 0.002

HbA1c 0.426 0.014
Insulin 0.097 0.551

HOMA-IR 0.248 0.121
Total cholesterol −0.045 0.785
HDL cholesterol 0.009 0.593
LDL cholesterol −0.211 0.196

Triglycerides 0.255 0.113

Abbreviations: PPGL, pheochromocytoma/paraganglioma; P-, plasma; REE, resting energy expenditure; HbA1c,
glycated hemoglobin; HOMA-IR, homeostasis model assessment of insulin resistance; HDL, high-density
lipoprotein; LDL, low-density lipoprotein.

Table 4. FGF21 levels in PPGL patients with metabolic syndrome and its components.

Category Occurrence n FGF21 p

Dyslipidemia Yes 23 264.9 (343)
<0.001

No 17 133.7 (102)

Diabetes mellitus
Yes 13 438.2 (337)

0.001
No 27 158.0 (170)

Central Obesity Yes 6 214.2 (326)
0.486

No 34 167.1 (280)

Metabolic syndrome Yes 20 377.9 (333)
<0.001

No 20 147.8 (94)

Hypertension Yes 26 214.2 (348)
0.085

No 14 160.4 (131)

Figure 1. FGF21 levels and their correlation with selected factors in PPGL—age, BMI, FBG a HbA1c.
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Figure 2. FGF21 levels in obese and PPGL with normal glucose tolerance (NGT), prediabetes,
and diabetes mellitus.

3. Discussion

Our study shows that patients with PPGL have higher serum levels of FGF21 compared to healthy
controls and these levels do not differ from obese patients. Furthermore, successful tumor removal
significantly decreased FGF21 levels. Elevated FGF21 levels were more evident in patients with
secondary diabetes mellitus and were related positively to fasting glucose levels and BMI in PPGL.
We did not find a relationship between FGF21 and hypermetabolic state in PPGL.

We know from animal models that FGF21 stimulates whole-body energy expenditure and
increases metabolic rate and physical activity [18]. In humans, conflicting results were published,
depending on the studied population. In healthy lean volunteers, augmented FGF21 levels correlated
positively with total energy expenditure during cold exposure [19]. In another study, fasting and
postclamp FGF21 were positively related to REE, particularly in obese subjects [19]. On the other hand,
no association between FGF21 and REE was reported in patients with hypercortisolism and a healthy
population with low birth weight [20,21].

Catecholamine overproduction in PPGL leads to an increase in resting energy expenditure [22].
Although there are elevated levels of FGF21 in patients with PPGL, we have not found a link
to hypermetabolic state. The causes of the hypermetabolic condition are likely to be much more
complex and include the direct action of catecholamines on intermediate metabolism, fatty tissue,
and inflammation [22–24]. In a fat biopsy study in PPGL, increased activity of brown adipose tissue in
visceral fat, along with mRNA FGF21 was demonstrated, compared to patients undergoing elective
cholecystectomy [9]. However, the study did not compare serum levels of FGF21. Thus we speculate
that serum levels of FGF-12 may not reflect local paracrine production and activity in adipose tissue in
PPGL. Another explanation can be found in the study by Douris and co-workers. They demonstrated
that FGF21 also acts centrally in the brain through the activation of the sympathetic nervous system,
which induces browning of WAT [11]. They also demonstrated that an intact beta-adrenergic receptor
signaling pathway is necessary for the central actions of FGF21 [11]. It was shown that chronic
overproduction of catecholamines could lead to desensitization of beta-adrenergic receptors in
PPGL [25,26]. These findings and the existence of genetic polymorphisms of the beta-adrenergic
receptor lead us back to actions (both, catecholamines and FGF21) on local levels.

Experimental studies have shown that it is noradrenaline which stimulates the production of
FGF21 in brown adipose tissue, via beta-adrenoceptors [5]. In addition, this effect is not affected by the
concomitant administration of an alpha-blocker [5]. Surprisingly, we did not find a link either between
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FGF21 and both free plasmatic metanephrines or noradrenergic and adrenergic biochemical phenotype.
In our study, we used free plasmatic metanephrines, which are the gold standard for the biochemical
diagnosis of PPGL. They are produced continuously within PPGL tumor cells, and independently of
catecholamine release, and they do not reflect the biochemical activity of tumors. We assume that this
could explain the weak link between noradrenergic phenotype and serum FGF21 levels in our study.

Mraz and co-workers have demonstrated that FGF21 expression in the human liver was more than
100-fold higher relative to fat, suggesting that the liver remains the most important producer of this
factor in humans [27]. Enhanced liver production of FGF21 has been linked to obesity, diabetes mellitus,
and metabolic syndrome [27–29]. Our study reveals the same finding. Obese patients with metabolic
syndrome had a higher level of FGF21, which correlates with blood glucose and BMI levels. In patients
with PPGL, the findings were similar, despite significantly lower BMI. However, circulating levels
of FGF21 were significantly higher in PPGL with secondary diabetes mellitus and signs of metabolic
syndrome. The question remains whether it is the presence of hyperglycemia that stimulates the
production of FGF21 in PPGL. According to available studies, human serum FGF21 levels are increased
by oral boluses of fructose and glucose [30–32] and by 24-h hyperglycemia maintained via intravenous
glucose infusion [33]. Furthermore, von Holstein-Rathlou et al. demonstrated in cell culture (HepG2)
and mice models that glucose and fructose directly influence hepatocytes in the production of
FGF21 [33]. On the other hand, Samms et al. showed that insulin rather than glucose “per se”
increases total and bioactive FGF21 in the postprandial period in adult humans with and without type
2 DM according to oGTT and glucose clamp [34]. In our group with PPGL, basal insulin levels were
significantly lower than in the obese and lean controls, and we did not find a relation to FGF21. It is
possible that the mechanism of the insulin resistance state in PPGL is different. Insulin secretion is
impaired, due to the inhibitory effect of catecholamines by the activation of α-adrenergic receptors
in pancreatic β cells. In addition, catecholamines antagonize insulin action in target organs and
thereby might trigger insulin resistance [35–37]. Komada et al. found impairment of insulin secretion
particularly in the early phase of the insulin secretory response [38]. Our work shows that metabolic
changes in PPGL are partially reversible. One year after adrenalectomy, we find an improvement in
glucose metabolism and insulin resistance, followed by a decrease in FGF21, despite an increase in
body weight due to the disappearance of the hypermetabolic effect of catecholamines.

The consequences of the elevation of FGF21 in PPGL are unclear. We cannot identify from our
work whether the elevation of FGF21 is the result of a controversial “FGF21 resistance state”, as is
known in obese and diabetic patients [39–41], or whether FGF21 has some biological effect. However,
in comparison to serum FGF21 levels in PPGL versus obese individuals, the levels in PPGL are
most likely biologically significant. From the context mentioned above, we found that circulating
FGF21 in PPGL reflects the metabolic abnormalities associated with diabetes mellitus and metabolic
syndrome components, and we did not find a relation to hypermetabolism. Thus, it is possible that
circulating levels of FGF21 originate predominantly from hepatic production, as demonstrated in the
mice model [42]. Further investigation would be needed to assess the effect of FGF21 on metabolism
and adipose tissue in PPGL.

Our study has several limitations. Firstly, the range of FGF21 serum concentration in human
studies is very wide, making interpretation of clinical observations difficult. Secondly, our population
was small and of a cross-sectional nature. Thirdly, we cannot exclude the influence of antihypertensive
or antidiabetic therapy in both treated groups. Fourthly, we measured only total FGF21 and not the
bioactive form of FGF21 and other important proteins such as fibroblast- activating protein. Finally,
the lack of determination of urinary catecholamine levels to assess metabolic effects is another limitation
of our study.

85



Cancers 2019, 11, 485

4. Patients and Methods

4.1. Recruitment and Background

87 subjects were included in the study (40 patients with PPGL, 26 healthy volunteers, and 21
obese individuals). Subjects with PPGL (38 pheochromocytoma and 2 abdominal paraganglioma)
were examined during a short hospitalization in our department before and one year after tumor
removal. Diagnosis of PPGL was based on free plasma metanephrines levels, visualization of
the tumor by computer tomography or PET/CT with fluorodopa. The diagnosis was confirmed
histopathologically. Five patients with familial, bilateral, or malignant PPGL were not examined
after operation. Obese participants were investigated during hospitalization for weight reduction.
All obese patients had hypercortisolism excluded. Healthy subjects had no history of chronic disease
or medication. Written informed consent was obtained from all patients. The ethical committee of our
institution approved the study (permission date: 21 May 2015, ethical code: 20/15). The study was
done in accordance with the Declaration of Helsinki.

4.2. Anthropometric, Biochemical Measurements, and Indirect Calorimetry

Blood samples were withdrawn after overnight fasting between 6 and 7 a.m. Height (cm),
weight (kg), and waist and hip circumference (cm) were measured. BMI was calculated as weight
in kilograms divided by the square of height in meters. Obesity was defined by BMI >30 kg/m2.
Metabolic syndrome was classified according to the International Diabetes Federation by the presence
of central obesity (BMI >30 kg/m2 or waist circumference ≥94 cm in males or ≥80 cm in females),
and any two of the following four factors: triglycerides ≥1.7 mmol/L or specific treatment for these
lipid abnormalities; HDL cholesterol <1.03 mmol/L in males and <1.29 mmol/L in females or specific
treatment for these lipid abnormalities; systolic blood pressure ≥130 or diastolic blood pressure
≥85 mmHg or treatment of previously diagnosed hypertension; fasting blood glucose ≥5.6 mmol/L
or previously diagnosed type 2 diabetes.

Office arterial blood pressure was measured with an oscillometric sphygmomanometer according
to the European Society of Hypertension guidelines. Arterial hypertension was defined in accordance
with the European Society of Hypertension guidelines.

Basic laboratory tests, including serum glucose, lipid profile, glycated hemoglobin (HbA1c),
were measured by standard methods in our institutional laboratory with international accreditation.
Insulin was analyzed by the IRMA kit BI-INS-IRMA (Cis Bio International, Sark France).
Homeostasis model assessment index-insulin resistance (HOMA-IR) was calculated as fasting glucose
concentration multiplied by fasting insulin and divided by 22.5. Diabetes mellitus was defined by
fasting plasma glucose levels ≥7.0 mmol/L or plasma glucose ≥11.1 mmol/L two hours after a 75 g
oral glucose load or HbA1C ≥48 mmol/mol. Prediabetes was defined by fasting blood glucose levels
from 5.6 to 6.9 mmol/L or plasma glucose ≥7.8 mmol/L, but not over 11.1 mmol/L, two hours after a
75 g oral glucose load according to the WHO 2006 definition.

Serum FGF21 levels were measured by a commercial ELISA kit (BioVendor, Modrice,
Czech Republic), which is based on the polyclonal anti-human FGF21 antibody and biotin-labeled
polyclonal anti-human FGF21 antibody. Plasma free metanephrines (normetanephrine and
metanephrine) were quantified by liquid chromatography with electrochemical detection (HLPC-ED,
Agilent 1100, Agilent Technologies, Inc., Wilmington, DE, USA). The noradrenergic biochemical
phenotype was defined as: predominant increases of only normetanephrine, accompanied by either
normal plasma concentrations of metanephrine or by increases of less than 5 % for metanephrine
relative to the sum of increments for both hormones. The adrenergic biochemical phenotype was
defined as: increases of plasma metanephrine above the upper reference limits and relative to the
combined increments of both metabolites, of larger than 5 % for metanephrine [43].

Energy metabolism was quantified by indirect calorimetry with a ventilated canopy system
(Vmax Encore 29 N system, VIASYS Healthcare Inc; SensorMedics, Yorba Linda, California).
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Resting energy expenditure (REE) and respiratory quotient (RQ) were measured. The methodology
was described in our previous article [22]. The Harris-Benedict formula was used for the calculation of
predicted basal energy expenditure (BEE). REE was divided by BEE and multiplied by 100 to express
the rate of metabolism (REE/BEE). Hypermetabolic state was classified as REE/BEE more than 110%.
Free fat mass (FFM) was measured with a Bodystat 1500 device (Bodystat Ltd, Isle of Man, UK).

4.3. Statistical Analysis

Statistical analysis was performed by Statistica for Windows ver. 9.1 (StatSoft, Inc., Tulsa, OK,
USA). Normally distributed data are shown as the mean ± SD (standard deviation). Data with
abnormal distribution are expressed as median with interquartile range (IQR). Categorical variables
are expressed as frequencies (%). All parameters were tested for normality by the Shapiro-Wilk test.
Parameters without a normal distribution were logarithmically converted. Two independent groups
were tested by the Student’s t-test or Mann-Whitney test as appropriate. The dependent groups were
tested by the Student’s paired t-test or the Wilcoxon test as appropriate. For three and more groups,
the Kruskal-Wallis test, or an ANOVA with Scheffe post-hoc test, was used. Correlations between
variables were investigated by the Pearson correlation coefficient. Categorical variables were tested by
chi-square or Fisher’s exact test. p values of <0.05 were considered significant.

5. Conclusions

In conclusion, we found elevated levels of serum FGF21 levels in PPGL and their relation to
secondary diabetes mellitus, but not to the hypermetabolic state. One year after tumor removal led to
normalization of FGF21 and the other metabolic abnormalities.
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Abstract: Cyclooxygenase 2 (COX-2) is a key enzyme of the tumorigenesis-inflammation interface and can
be induced by hypoxia. A pseudohypoxic transcriptional signature characterizes pheochromocytomas
and paragangliomas (PPGLs) of the cluster I, mainly represented by tumors with mutations in von
Hippel–Lindau (VHL), endothelial PAS domain-containing protein 1 (EPAS1), or succinate dehydrogenase
(SDH) subunit genes. The aim of this study was to investigate a possible association between underlying
tumor driver mutations and COX-2 in PPGLs. COX-2 gene expression and immunoreactivity were
examined in clinical specimens with documented mutations, as well as in spheroids and allografts derived
from mouse pheochromocytoma (MPC) cells. COX-2 in vivo imaging was performed in allograft mice.
We observed significantly higher COX-2 expression in cluster I, especially in VHL-mutant PPGLs, however,
no specific association between COX-2 mRNA levels and a hypoxia-related transcriptional signature
was found. COX-2 immunoreactivity was present in about 60% of clinical specimens as well as in MPC
spheroids and allografts. A selective COX-2 tracer specifically accumulated in MPC allografts. This study
demonstrates that, although pseudohypoxia is not the major determinant for high COX-2 levels in PPGLs,
COX-2 is a relevant molecular target. This potentially allows for employing selective COX-2 inhibitors
as targeted chemotherapeutic agents and radiosensitizers. Moreover, available models are suitable for
preclinical testing of these treatments.

Keywords: VHL; NF1; EPAS1; hypoxia-inducible factor; inflammation; radiosensitization; succinate
dehydrogenase; mouse pheochromocytoma cells; immunohistochemistry; fluorescence imaging
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1. Introduction

Over the past few decades, advances in genetic testing have substantially facilitated the
identification of germline and somatic mutations in tumor susceptibility genes in about 60% of
adrenal pheochromocytomas and their extra adrenal counterparts, paragangliomas (summarized as
PPGLs) [1–4]. Gain-of-function mutations in proto-oncogenes such as rearranged during transfection
(RET; germline or somatic), endothelial per-arnt-sim domain-containing protein 1 (EPAS1; somatic),
and Harvey rat sarcoma viral oncogene homolog (HRAS; somatic); and loss-of-function mutations in
tumor suppressor genes such as von Hippel–Lindau (VHL; germline or somatic), neurofibromin 1 (NF1;
germline or somatic), transmembrane protein 127 (TMEM127; germline), and myc-associated factor X
(MAX, germline or somatic), as well as mutations in all four succinate dehydrogenase subunits (SDHD,
SDHC, SDHB, and SDHA; germline) and SDH assembly factor 2 (SDHAF2; germline) have been
implicated in the tumorigenesis of PPGLs [2,5–11]. Beyond that, the number of PPGL susceptibility
gene candidates is still increasing, e.g. [4,12–21], although most of them seem to play a minor role in
PPGL according to the low proportion of patients related to these genes described so far.

Gene expression profiling provided the basis for classifying PPGLs according to their main
transcriptional signatures underlying the aforementioned mutations: cluster I presents with activation
of pseudohypoxic signaling pathways and includes mainly VHL-, EPAS1-, and SDHx-mutant cases;
cluster II is enriched in kinase receptor signaling pathways and is comprised of RET-, NF1-, TMEM127-,
MAX-, and HRAS-mutant cases [22,23]. Both pseudohypoxia and kinase receptor signaling are
involved in regulating apoptosis, proliferation, invasion, and metastasis, and angiogenesis via different
mechanisms, but can also contribute to inflammatory conditions in various tumor entities [24–27].

Cyclooxygenases (COX) 1 and 2, also referred to as prostaglandin-endoperoxide synthases (PTGS
1 and 2; EC 1.14.99.1), catalyze the conversion of arachidonic acid to prostaglandin H2 (PGH2). PGH2

is then converted into a variety of other prostanoids, determined by certain downstream synthase and
isomerase pathways. Prostanoids comprise other prostaglandins such as PGE2 and PGF2α, prostacyclin
(PGI2) and thromboxanes (e.g., TXA2). These compounds are ligands for G protein-coupled receptors
and act as potent para- and endocrine mediators of metabolic processes in homeostasis, but also
in inflammatory and neoplastic processes. In particular, the inducible isoenzyme COX-2 is a key
enzyme of the tumorigenesis-inflammation interface. In this context, COX-2 overexpression has been
shown in various tumor entities and is positively correlated with progression, malignancy and poor
patient survival [28]. COX-2 overexpression also contributes to chemo- and radiation resistance [29–35].
Hypoxic and pseudo-hypoxic signaling additionally influences COX-2-mediated pathways [26,27,36].
Therefore, studies have been initiated on the use of selective COX-2 inhibitors (coxibs) as targeted
chemotherapeutic agents and potential radiosensitizers [28,37].

Endoradiotherapy, e.g., with [177Lu]Lu-DOTA-(Tyr3)octreotate (177Lu-DOTA-TATE) is currently
investigated as a treatment option for inoperable or metastatic PPGLs, showing promising effects,
but sometimes incomplete tumor remission in clinics as well as in preclinical PPGL models [38–40].
COX-2 is associated with chemo- and radiation resistance and poor patient outcome in a number of
tumor entities [29–35] encouraging us to investigate whether COX-2 is a potential target in PPGLs.

The first report on COX-2 gene expression and immunohistochemistry in adrenal pheochromocytomas
was published in 2001 suggesting that the enzyme might have a role in malignant transformation of these
tumors [41]. Between 2007 and 2011, another four immunohistochemical studies were published supporting
the value of COX-2 as surrogate marker that, in association with other factors, could potentially discriminate
between benign and metastatic pheochromocytoma [42–45]. Due to literature showing that COX-2 is
induced by hypoxia signaling [46,47], we hypothesized that cluster I PPGLs have a higher COX-2 expression
than cluster II. Accordingly, COX-2 may be a promising molecular target for functional imaging and adjuvant
treatment, in particular in cluster I PPGLs.

To address the above hypothesis, we evaluated COX-2 status of PPGLs with known mutational
status for VHL, SDHx, EPAS1, NF1, RET, and HRAS on both mRNA and protein level. Furthermore,
we characterized COX-2 immunoreactivity in tumor spheroids and allografts derived from mouse
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pheochromocytoma (MPC) cells with a heterozygous Nf1 knockout [48,49] in order to assess the
usefulness of these models for preclinical testing of COX-2-targeting adjuvant and, in particular,
radiosensitizing treatments.

2. Results

2.1. COX-2 Gene Expression in Clinical PPGL Samples

COX-2 gene expression data were extracted from gene expression arrays [50,51] of 70 PPGL
samples with documented mutations in tumor susceptibility genes (Table 1). This series reflects
the expected age, location, and metastatic disease, according to the mutations involved. Most cases
were adrenal pheochromocytomas (67%), followed by thoracic and abdominal paragangliomas (29%),
and head and neck paragangliomas (7.1%). Germline mutations were documented in 60% of cases.
At the time of investigation 8.6% of cases showed metastatic disease. Most of the tumors carried
mutations in SDHx (23% comprising 5 SDHD, 2 SDHC, and 9 SDHB, cases) and RET (23%) followed
by VHL (21%), EPAS1 (16%), HRAS (11%), and NF1 (5.7%). The SDHx subgroup showed the highest
proportion of extra-adrenal paragangliomas (62% thoracic and abdominal, and 31% head and neck),
followed by EPAS1 (73% thoracic and abdominal). All other genetic subgroups included mostly
adrenal pheochromocytomas (85−100%). All subgroups showed similar means in tumor diameters
(4.4−5.9 cm). Metastatic disease was most frequently documented among SDHx-mutant cases (25%)
compared to all other genetic subgroups (0−18%).

Table 1. Tumor characteristics and clinical features of 70 PPGL patients extracted from [50,51] for
COX-2 gene expression analysis; (A) adrenal; (TA) thoracic and abdominal; (HN) head and neck.

Mutant Gene VHL SDHx 1 EPAS1 NF1 RET HRAS Total

Total cases (n) 15 16 11 4 16 8 70

Hereditary (n) 10 15 0 3 14 0 42

Sex (n)
Female 6 9 10 4 8 3 40
Male 9 7 1 0 8 2 27

Unknown 0 0 0 0 0 3 3

Tumor location (n)
A 13 1 5 4 16 8 47

A + TA 2 2 2 0 0 0 6
TA 0 8 4 0 0 0 14
HN 0 5 0 0 0 0 5

Tumor diameter (n)
<4 cm 1 6 3 0 4 0 14

≥ 4 and ≤ 8 cm 4 3 5 0 1 4 17
>8 cm 0 1 2 0 1 1 5

Unknown 10 6 1 4 10 3 34
Mean (cm) 4.4 ± 1.0 4.6±1.2 5.8 ± 1.2 n.a. 4.6 ± 1.2 5.9 ± 0.9 5.1 ± 0.5

Age at diagnosis (years)
Range 9−47 10−95 18−78 38−58 18−62 45−79 9−97

Unknown 1 0 0 1 0 2 4
Mean 24 ± 3.1 † 27 ± 7.9 42 ± 6.4 48 ± 5.8 38 ± 6.5 64 ± 4.6 ‡ 36 ± 2.3

Metastatic (n) 0 4 2 0 0 0 6
1 comprising 5 SDHD, 2 SDHC, and 9 SDHB cases; significance of differences tested with Mann–Whitney U test:
† p < 0.01, ‡ p < 0.001; (n.a.) not available.

Statistical analysis taking into account the general clinico-morphologic features of the tumors
showed that gender, tumor location, tumor diameter, age at diagnosis, or metastatic behavior had no
relevant influences on COX-2 gene expression (Table S1). On the other hand, COX-2 expression was
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significantly higher in head and neck PPGLs (p = 0.01) compared to other locations. Of note, all head
and neck PPGLs in this series were related to an SDHD germline mutation.

PPGLs carrying a VHL mutation showed the highest COX-2 expression (0.30 ± 0.28), followed
by cases with SDHx (−0.13 ± 0.22), EPAS1 (−0.25 ± 0.13), HRAS (−0.55 ± 0.12), RET (−0.68 ± 0.14),
and NF1 (−0.96 ± 0.16) mutations (Figure 1). The mean COX-2 expression among all cluster I tumors
was higher (−0.01 ± 0.14) compared to cluster II (−0.68 ± 0.09). COX-2 expression was similar in
hereditary (−0.26 ± 0.15) and somatic cases (−0.31 ± 0.11). COX-2 expression showed significant
positive relationships with VHL mutations (r = 0.371, p = 0.002) and cluster I transcriptional signature
(r = 0.406, p < 0.001), respectively.

 
Figure 1. Normalized COX-2 gene expression in PPGLs with regard to genetic background. gene
expression array data were derived from Lopez-Jimenez et al. [50] and Qin et al. [51] mRNA expression
series. Seventy samples with known genotype were included in this analysis and classified according
to the specific gene mutated, origin of mutations, and transcriptional cluster; numbers in parentheses
represent the number of samples investigated in each subgroup; see Table S1 for statistical analyses.

To further investigate a possible association between the pseudohypoxic signature and COX-2 in
cluster I PPGLs, unsupervised clustering for 97 hypoxia-related genes (see materials and methods for
details) showed that VHL- and SDHx-mutant cases clustered together (Figure S1). Pearson correlation
for COX-2 expression and pseudohypoxic signature indicated significant relationships (p < 0.05)
for 86 out of 171 probes, representing 65 out of 97 genes related to hypoxia in PPGLs (Table S2).
Correlation coefficients ranged from 0.19 to 0.63 with 65 probes having only a weak correlation below
0.4. Exemplary, consistent with high COX-2 expression, the analysis showed a significant positive
relationship with mRNA levels of Ca2+-dependent phospholipase A2 (r = 0.564, p < 0.001) since
the enzyme is required for releasing arachidonic acid from phospholipid membranes as the specific
substrate for cyclooxygenases.

2.2. COX-2 Immunoreactivity in Clinical PPGL Tissue Samples of a Second Cohort

COX-2 immunoreactivity was assessed in formalin-fixed paraffin-embedded tumor samples from
a separate cohort sharing no case with the RNA sample cohort. This series included 96 PPGLs with
a clinically documented mutation in tumor susceptibility genes (Table 2) and reflects the expected
age, location, and metastatic disease, according to the mutations involved. Most cases were adrenal
pheochromocytomas (52%), followed by thoracic and abdominal paragangliomas (26%), and head and
neck paragangliomas (22%). Germline mutations were documented in 52% of cases. At the time of
investigation, 13% of cases showed metastatic disease.
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Table 2. Tumor characteristics and clinical features of 96 PPGL tissue samples available for COX-2
immunohistochemistry classified with regard to mutations in different tumor susceptibility genes;
(A) adrenal; (TA) thoracic and abdominal; (HN) head and neck.

Mutant Gene VHL SDHx 1 EPAS1 NF1 RET HRAS Total

Total cases (n) 14 39 7 21 9 6 96

Hereditary (n) 7 38 0 0 4 0 50

Sex (n)
Female 6 18 6 9 4 4 47
Male 8 21 1 12 5 2 49

Tumor location (n)
A 10 4 4 20 8 4 50

TA 3 15 3 1 1 2 25
HN 1 20 0 0 0 0 21

Tumor diameter (n)
<4 cm 3 22 2 6 2 2 35

≥4 and ≤8 cm 7 13 5 11 3 3 44
>8 cm 0 2 0 0 3 0 5

Unknown 4 2 0 4 1 0 12
Mean (cm) 4.6 ± 0.6 3.9 ± 0.4 * 4.5 ± 0.6 4.1 ± 0.3 7.2 ± 1.5 * 3.8 ± 0.5 4.4 ± 0.3

Age at diagnosis (years)
Range 9−49 14−71 17−75 20−74 33−72 28−81 9−81
Mean 25 ± 3.9 ‡ 38 ± 2.7 † 42 ± 8.7 52 ± 2.8 † 49 ± 4.2 58 ± 7.2 * 42 ± 1.7

Metastatic (n) 1 8 0 1 1 1 12
1 comprising 18 SDHD, 3 SDHC, 9 SDHB, 5 SDHA, and 4 SDHAF2 cases; significance of differences tested with
Mann–Whitney U test: * p < 0.05, † p < 0.01, ‡ p < 0.001.

Most of the cases carried a mutation in SDHx (41% comprising 18 SDHD, 3 SDHC, 9 SDHB,
5 SDHA, and 4 SDHAF2 cases) followed by NF1 (22%), VHL (15%), RET (9.4%), EPAS1 (7.3%), and HRAS
(6.3%). The SDHx subgroup showed the highest proportion of extra-adrenal paragangliomas (39%
thoracic and abdominal, and 51% head and neck), whereas all other genetic subgroups included mostly
adrenal pheochromocytomas (57−95%). Tumor diameters were significantly smaller in the SDHx
subgroup (3.9 cm) and significantly higher in the RET subgroup (7.2 cm) compared to cases with other
genetic backgrounds. Metastatic disease was most frequently documented among SDHx cases (21%)
compared to all other genetic subgroups (0−17%).

COX-2 immunoreactivity was assessed by three observers using a three-mark score taking
into account the percentage of positively stained tumor cells per tissue section (Figure 2). Sections
with ‘strong’ (>50% of tumor cells stained) or ‘moderate’ score (20–50% of tumor cells stained)
showed cytoplasmic COX-2 immunoreactivity in pheochromocytes and/or interconnected stromal cells.
Tumors with ‘negative or weak’ score (<20% of tumor cells stained) showed COX-2 immunoreactivity
predominantly in few stromal cells scatted over the tissue section. Interobserver variation statistics
showed good agreement between the first two observers (weighted κ = 0.67). However, there were
14 cases of disagreement (15%) between ‘negative or weak’ and ‘moderate’ scores as well as 16 cases of
disagreement (17%) between ‘moderate’ and ‘strong’ scores that where passed to a third observer for
final decision.
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Figure 2. Scoring of COX-2 immunoreactivity in PPGL tissue samples; examples for cases carrying
loss-of-function-mutations in VHL, SDHx, or NF1, or gain-of-function mutations in HRAS, EPAS1,
or RET, (s) strong immunoreactivity, >50% of tumor cells were stained; (m) moderate immunoreactivity,
20–50% of tumor cells were stained; (n/w) negative or weak, <20% of tumor cells were stained; scale
bars: 0.1 mm.

COX-2 immunoreactivity was strong in 23 samples (24%) and moderate in 35 samples (36%)
whereas 38 samples (40%) showed negative or weak staining. Tumor location, tumor diameter, age at
diagnosis, or metastatic behavior had no statistically relevant influences on COX-2 immunoreactivity
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(Table S1). On the other hand, COX-2 immunoreactivity was significantly higher in samples from male
patients compared to females and all genetic subgroups showed different sex ratios. However, multiple
regression analyses, testing the relationships between COX-2 expression and the two independent
variables ‘genetic background’ and ‘sex’ simultaneously, showed that trends in COX-2 immunoreactivity
of the genetic subgroups were not artifacts of different sex ratios.

In tissue samples with different genetic backgrounds, a trend was observed with highest COX-2
immunoreactivity in PPGLs due to VHL mutations (36% strong, 43% moderate), followed by NF1
(33% strong, 43% moderate), SDHx (23% strong, 41% moderate), HRAS (17% strong, 33% moderate),
EPAS1 (14% strong, 29% moderate), and RET (all samples negative or weak) (Figure 3). Of note, COX-2
immunoreactivity showed similar incidences in different SDH subtypes. However, due to higher
numbers of SDHD-mutant cases compared to the other subtypes, multiple regression analyses (Table S2)
taking also into account the sex of the patients showed a significant positive relationship between SDHD
mutation and COX-2 immunoreactivity (r = 0.867, p ≤ 0.001). A negative relationship was detected
between RET mutation and COX-2 immunoreactivity (r = −0.948; p < 0.001). COX-2 immunoreactivity
was similar in hereditary cases (24% strong, 37% moderate) compared to somatic cases (24% strong,
37% moderate). The trend for higher COX-2 immunoreactivity in cluster I (25% strong, 40% moderate)
compared to cluster II (22% strong, 31% moderate) was related to different sex ratios in these groups
(r = 0.323, p = 0.043).

 
Figure 3. Comparison of COX-2 immunoreactivity in PPGLs in respect to genetic background;
incidences of strong, moderate, and negative or weak COX-2 immunoreactivity observed among
96 tissue samples classified with regard to specific mutations in tumor susceptibility genes, origin
of mutations, and transcriptional cluster; numbers in parentheses represent the number of samples
investigated in each subgroup; see Table S1 for statistical analyses.

All 58 COX-2-positive PPGLs were further stratified in terms of their histologic staining pattern
(Figure 4). Three different patterns of COX-2 immunoreactivity were observed: (pattern A) staining of
pheochromocytes only, (pattern B) staining of both stromal cells and pheochromocytes, and (pattern C)
staining of stromal cells only. Tumors with mutations in SDHx showed the highest proportion of COX-2
immunoreactivity with stromal cells involved (72%, pattern B+C), followed by VHL (45%, pattern B
only), NF1 (38%, pattern B+C), HRAS (33%, pattern B only), and EPAS1 (0%). Pearson correlation
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showed a significant positive relationship between SDHx mutations and COX-2 immunoreactivity
with stromal cells involved (r = 0.266, p = 0.009).

 

Figure 4. Immunoreactivity pattern in COX-2-positive PPGLs; COX-2 immunoreactivity with stromal
cells involved was more frequently observed in tumors related to SDHx mutations (72%, pattern
B+C) compared to other genetic background (0−45%); histologic examples: (pattern A) HRAS somatic
mutation; (pattern B) SDHD germline mutation; (pattern C) SDHD germline mutation; see Table S1 for
statistical analyses; scale bars: 0.1 mm.

2.3. COX-2 as Molecular Target in Preclinical PPGL Models

We further assessed the COX-2 status of a commonly used preclinical model of mouse
pheochromocytoma (MPC) cells with heterozygous Nf1 knockout. In vitro, MPC spheroids showed
strong and homogeneous COX-2 immunoreactivity in pheochromocytes involving the most peripheral
8−10 cellular layers, whereas COX-2 immunoreactivity was absent in the necrotic core (Figure 5A).
In vivo, MPC tumors in a subcutaneous allograft model showed strong tumor-specific uptake of
a red-fluorescent COX-2 imaging probe (Figure 5B). Tissue sections from these allografts showed strong
and homogenous COX-2 immunoreactivity predominantly involving pheochromocytes.
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Figure 5. COX-2 as a molecular target in MPC spheroids and allografts harboring a heterozygous
Nf1 knockout; (A) COX-2 immunoreactivity in MPC spheroids; (B) COX-2 functional imaging and
immunoreactivity in a luciferase-expressing subcutaneous MPC allograft model; (BLI) bioluminescence
imaging of tumors; (COX-2 tracer) tumor uptake of a red-fluorescent COX-2 selective imaging probe;
(#) residual non-specific accumulation of COX-2 tracer due to intraperitoneal injection; (ITC) IgG
isotype control; scale bars: 0.1 mm

3. Discussion

Endoradiotherapy, e.g., with 177Lu-DOTA-TATE is currently investigated as a treatment option
for inoperable or metastatic PPGLs, showing promising effects, but sometimes incomplete tumor
remission in clinics as well as in preclinical models [38–40]. COX-2 is associated with chemo- and
radiation resistance and poor patient outcome in a number of tumor entities [29–35] encouraging
us to investigate whether COX-2 is a potential target in PPGLs. Inhibition of COX-2 is considered
a viable radiosensitization strategy [24,35]. In particular, selective COX-2 inhibitors (coxibs) have
been suggested for combination radiotherapy of tumors, thereby enhancing radiosensitivity in
various settings [28,35,37].

Expression of COX-2 was assessed on mRNA or protein level in two separate cohorts of PPGL
patients with known tumor driver mutations. Both cohorts were comprised of tumors with a similar
distribution of clinical features in respect to sex, tumor location, age at diagnosis, and metastatic
behavior, reflecting previously described features of PPGLs [52].

Despite a significant increase in COX-2 mRNA levels in cluster I compared to cluster II PPGLs,
we did not find a significant relationship between the pseudohypoxic transcriptional signature of
cluster I PPGLs and COX-2 in clinical samples. COX-2 protein levels are consistent with these results
showing also no significant difference between cluster I and cluster II PPGLs. This may be due to
the fact that PPGLs are characterized by a high degree of intertumoral heterogeneity. Many different
factors have been described to activate and interfere with COX-2 in cancer [28]. Amongst others,
intratumoral differences in normoxic/hypoxic conditions, systemic chemotherapy, oxidative stress,
or even tobacco smoking can interfere with COX-2 levels on gene expression and protein level, possibly
masking a potential association with the pseudohypoxic signature of cluster I PPGLs. Nevertheless,
trends were observed that may at least partially be explained by the underlying genetic background.

In cluster I PPGLs with loss-of-function mutations in VHL and SDHx, pseudohypoxic transcriptional
phenotypes may contribute to COX-2 induction on gene expression and protein level. Functional defects
of VHL, an E3 ubiquitin ligase, directly impair ubiquitin labeling of hypoxia-inducible factors (HIF-α) for
regular proteasomal degradation. Functional defects of SDH indirectly impair ubiquitin-labeling of HIF-α
caused by intracellular accumulation of succinate, an intrinsic inhibitor of prolyl hydroxylases. Therefore,
both VHL and SDH defects are associated with enhanced HIF-α signaling even under normoxic conditions,
a metabolic state referred to as pseudohypoxia [25]. From investigations on other tumor entities, in particular
on colon cancer, it is known that both HIF-α isoforms (1 and 2) are capable of directly upregulating
COX-2 expression [26,27].
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COX-2 mRNA levels as well as the percentage of moderate and high COX-2 immunoreactivity
tended to be lower among cases carrying a gain-of function mutation in EPAS1, encoding the HIF-2α
protein, compared to VHL- and SDHx-mutant cases. This observation suggests that activation of
HIF-2α alone may not be sufficient for COX-2 upregulation in PPGLs.

In cluster II PPGLs with loss-of-function mutations in NF1 gene, the trend for a relatively high
COX-2 immunoreactivity is consistent with another report on elevated COX-2 and prostaglandin E2
(PGE2) levels in NF1 malignant peripheral nerve sheath tumors [53]. These observations raise the
possibility that functional defects in NF1, a GTPase-activating protein, could indirectly contribute to
the upregulation of COX-2 expression. This may at least be partly explained by elevated levels of
activated Ras-GTP leading to hyperactivation of mitogen-activated protein kinase (MAPK) pathways.
Under normoxic conditions, COX-2 expression can be induced through activation of oncogenic
pathways such as Ras-MAPK and can even be further enhanced by HIF-1α during hypoxia [36].
The lack of high COX-2 mRNA in the gene expression cohort might be due to the low number of
NF1-mutant cases in this particular set of tumors. On the other hand, all NF1 cases in the RNA sample
cohort carried germline mutations, whereas all NF1 cases in the tissue sample cohort carried somatic
mutations. Whether there is a relationship between germ line or somatic NF1 mutations and different
COX-2 levels in PPGLs remains to be investigated.

In accordance with the observations in clinical PPGL samples, COX-2 immunoreactivity was
also high in spheroids and subcutaneous allografts derived from mouse pheochromocytoma (MPC)
cells with a heterozygous Nf1 knockout. Therefore, these models are suitable for preclinical testing
of COX-2-targeted treatments for the management of PPGLs. Since we did not find a significant
relationship between tumor driver mutations and COX-2 in clinical PPGL samples, molecular imaging
could be applied in a personalized approach to pre-estimate whether a tumor is susceptible to
COX-2-targeted treatment. In our study, specific accumulation of a red-fluorescent COX-2 probe in
subcutaneous MPC allografts demonstrates the potential value of COX-2 tracers for assessing the target
status in PPGLs non-invasively. In order to translate this approach into clinical practice, studies have
been initiated on the use of selective COX-2 inhibitors as PET radiotracers for cancer imaging [54–56].

In the case of HRAS and RET mutations, trends for lower COX-2 mRNA levels in PPGLs are in
agreement with COX-2 immunoreactivity. These findings suggest that both HRAS and RET have not
major role in regulating COX-2 expression in PPGLs. However, there have been reports on fibroblasts
transformed with a mutant HRAS responding with a rapid induction of COX-2 on gene expression
and protein level [57]. It has also been reported that HRAS expression increases COX-2 expression in
intestinal epithelial cells [58]. In thyroid cancer, RET has been shown to activate Ras, and thus it could
indirectly lead to COX-2 activation, however, whether RET could activate COX-2 in any other way is
a matter of investigation [59].

The observation that tumor diameter and age at diagnosis had no statistically relevant impact
on COX-2 levels is in accordance with previous studies [41–45]. In contrast to these reports, we did
not detect a statistically relevant increase of COX-2 mRNA and COX-2 immunoreactivity in primary
tumors of metastatic PPGLs. This is most likely due to the relatively small number of metastatic
cases in our cohorts. Significantly higher COX-2 mRNA levels in head and neck PPGLs compared
to other tumor locations is related to the fact that all head and neck PPGLs in this series carried an
SDHD mutation. This raises the possibility that COX-2 expression may be regulated by SDHD-related
metabolic alterations in particular in head & neck PPGLs. However, due to low sample numbers
available in the SDHD subgroup, further studies focusing on COX-2 expression in specific SDH
mutation subtypes are necessary to draw a conclusion from these initial observations. In our tissue
series, head and neck PPGLs comprised of cases with different tumor driver mutations explaining why
similar effects on COX-2 were not detected in this series. Significantly higher COX-2 protein in PPGLs
from male patients compared to females is considered a specific characteristic of our tissue sample
cohort since we did not detect a similar effect in the RNA samples.
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Higher COX-2 immunoreactivity in stromal cells of PPGLs related to SDHx germline mutations
compared to other tumor driver mutations indicates a systemic effect of partial SDHx loss on COX-2
levels. This pattern of COX-2 immunoreactivity may be related to structure-supporting sustentacular
cells and/or a characteristic monocytic component in PPGLs that has recently been discovered [60].
Further histologic investigations are required to elucidate the specific cell populations of stromal COX-2
immunoreactivity in PPGLs. A report on COX-2 in cervical cancer showed that the ratio between
COX-2 in tumor cells and COX-2 in stroma cells was very effective in distinguishing patients with
low versus high risk of death from disease. A very strong relationship between both tumor COX-2
expression and tumor-to-stromal COX-2 ratio has been shown to be highly correlated with response to
chemotherapy while, high COX-2 expression in the stroma was significantly associated with better
survival, but failed to directly correlate with response to treatment [61]. Further studies are required to
fully elucidate the role of COX-2 in PPGL tumorigenesis and therapy resistance.

4. Materials and Methods

4.1. Tumor Samples and Genetic Testing

For immunohistochemical analysis, a series of 96 tumors from patients with confirmed PPGL
diagnosis were used for this study. The cohort was recruited in the four participating centers: Tumor
and Normal Tissue Bank of the UCC/NCT at the Universal Hospital Carl Gustav Carus, Dresden,
Germany, Spanish National Cancer Research Centre, Madrid, Spain, Radboud University Medical
Centre, Nijmegen, The Netherlands, and University of Florence, Italy. All patients provided informed
consent to collect clinical and genetic data, in accordance with institutional ethical-approved protocols
for each center. Metastatic cases were defined based on clinical documentation of metastases or
extensive local invasion. Genetic screening was performed in germline and tumor DNA using
a next-generation sequencing panel (PheoSeq) as previously described [62].

4.2. Gene Expression Profiling and Data Processing

Gene expression array data were extracted from [50,51]. To investigate the association between
a pseudohypoxic transcriptional signature and COX-2 in cluster I PPGLs on RNA level, a published
list of 782 genes significantly differentially expressed between VHL- and SDHB-mutant cases was
taken into account [50]. These genes were compared with the hypoxia database including all genes
theoretically related to hypoxia [63]. Unsupervised clustering was applied with 97 hypoxia-related
genes overlapping from both lists (Figure S1). Pearson correlation coefficients® were calculated
between COX-2 expression and each of the 97 genes.

4.3. COX-2 Immunohistochemistry

Formalin-fixed and paraffin-embedded tumor and spheroid sections (3 μm) were dewaxed using
Roticlear (Carl Roth, Karlsruhe, Germany) and rehydrated in a graded series of ethanol. Antigen
retrieval was performed in 10 mmol/L citrate buffer pH 6 intermittently heated to 100 ◦C in 5 min
intervals. Washing was performed using 0.05 mol/L Tris-buffered saline pH 8 containing 0.5% (v/v)
Tween-20 (TBS-T). Endogenous peroxidase was quenched using 3% H2O2 in TBS-T. Endogenous
avidin and biotin were blocked using a commercially available avidin/biotin quenching system
(Agilent, Santa Clara, CA, USA). Non-specific binding sites were blocked using 10% fetal bovine serum
(v/v) in TBS-T. COX-2 was detected using the primary antibody ab15191 (Abcam, Cambridge, UK).
Isotype controls were incubated with non-specific rabbit IgG ab27478 (Abcam). Specific binding
was detected using the biotinylated secondary antibody 111-065-003 (Dianova, Hamburg, Germany)
and ExtrAvidin-peroxidase E2886 (Sigma-Aldrich, St. Louis, MO, USA) followed by staining with
3-amino-9-ethylcarbazole substrate (Sigma-Aldrich). Tumor sections were counterstained with Meyer’s
hematoxylin, mounted with Kaiser’s glycerol gelatin (Carl Roth), and imaged using the AXIO Imager
A1 microscope (Carl Zeiss, Oberkochen, Germany).
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4.4. Scoring of COX-2 Immunoreactivity

For each case, COX-2 immunoreactivity was analyzed from a series of bright field images
(magnification, ×100) contiguously captured along the diameter of one tumor section (images
per section > 5). Perinuclear and cytoplasmic red-brown staining was considered positive. PPGLs form
dense, reticular to glandular ‘zellballen’ or intermediate forms [64]. Typically, structure-supporting
sustentacular cells are closely associated with tumor cells [65]. Taking into account these specific
histologic features of PPGLs, our examination assessed COX-2 immunoreactivity in both inflammatory
and sustentacular cells of the stromal compartment and/or pheochromocytes.

The percentage of COX-2-positive tumor cells was assessed using a three-mark score adapted from [41]:
negative or weak (<20% of tumor cells); moderate (20–50% of tumor cells); strong (>50% of tumor cells).
Samples were evaluated independently by two histologically experienced observers (Martin Ullrich and
Verena Seifert) who were blinded to the genetic subtype of tumors. In cases of disagreement, samples were
referred to a third observer for final decision (Sandra Hauser). Notably, our scoring system does not report
on staining intensities that were observed to vary between samples from different centers most likely due to
differences in tissue quality, preservation techniques, and storage time.

4.5. Spheroid Models

Mouse pheochromocytoma cells (MPC clone 4/30PRR [48]) were cultivated as previously described [49].
Spheroids were generated from MPC cells passage 34 as described elsewhere [66,67]. After 18 days of
cultivation, spheroids (diameters between 500 and 600 μm) were fixed in paraformaldehyde and embedded
in paraffin according to standard procedures (n = 6).

4.6. Tumor Allograft Models

Animal experiments were carried out at the Helmholtz-Zentrum Dresden-Rossendorf according to
the guidelines of German Regulations for Animal Welfare and have been approved by the local Animal
Ethics Committee for Animal Experiments (Landesdirektion Dresden, Germany). Subcutaneous
tumor allografts were generated through injection of luciferase-expressing MPCLUC/eGFP-ZEO cells
(abbreviated as MPCLUC/GZ) passage 11 into female NMRI-nude mice (Rj:NMRI-Foxn1nu, homozygous,
T cell-deficient, hairless; Janvier Labs, Le Genest-Saint-Isle, France) as described previously. Five weeks
after cell injection, optical in vivo imaging was performed (tumor diameters between 0.8 and 1.2 mm).
After imaging, mice were sacrificed using CO2 inhalation and cervical dislocation. Tumors were excised,
fixed in paraformaldehyde, and embedded in paraffin according to standard procedures (n = 6).

4.7. Optical In Vivo Imaging

Optical tumor imaging in mice was performed on a preclinical In-Vivo Xtreme imaging system
(Bruker, Billerica, MA, USA) under general anesthesia with inhalation of 10% (v/v) desflurane (Baxter,
Unterschleißheim, Germany) in 30% (v/v) oxygen air. Location and morphology of luciferase-expressing
MPCLUC/GZ allografts were assessed using bioluminescence imaging (BLI) as described previously [49].
Functional COX-2 imaging was performed using the RediJect COX-2 Fluorescent Imaging Probe
(PerkinElmer, Waltham, MA, USA) injected intraperitoneally according to manufacturer’s instructions.
Fluorescence imaging (FLI) was performed three hours after injection. Specific fluorescence of the
imaging probe was captured at λEx/Em = 570/600 nm and non-specific fluorescence was captured
at λEx/Em = 480/535 nm. Tumor uptake was analyzed in processed images, showing specific
fluorescence/non-specific fluorescence ratios.

4.8. Statistical Analysis

Graphs were drawn using Prism version 5.02 (GraphPad Software, San Diego, CA, USA). Incidences
of COX-2 immunoreactivity within a defined subgroup are presented as percent of cases, n represents
the number of cases. If not stated differently, data are presented as means ± standard error of the
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means. Significance of differences was tested for n ≥ 6 using the Mann–Whitney U test. Multiple linear
regression analysis was performed using OriginPro 2017G (OriginLab Corporation, Northhampton,
MA, USA). Relationships were described with the regression coefficient r and considered significant at
p-values < 0.05. Interobserver variation was calculated using online QuickCalcs κ statistics version
06/2014 (GraphPad Software, www.graphpad.com/quickcalcs/kappa1).

5. Conclusions

Moderate to high cyclooxygenase 2 (COX-2) gene expression and immunoreactivity in about
60% of PPGLs demonstrates that, for these patients, COX-2 is considered a clinically relevant
molecular target for adjuvant, in particular radiosensitizing treatments using selective COX-2 inhibitors,
e.g., in combination with 177Lu-DOTA-TATE endoradiotherapy. However, taking into account the
genetic background of the samples, is an indicator but not the major determinant for COX-2 expression
in PPGLs. High COX-2 immunoreactivity in tumor spheroids and subcutaneous tumor allografts
derived from mouse pheochromocytoma (MPC) cells demonstrates that available PPGL models are
suitable for preclinical in vitro and in vivo testing of COX-2-targeting treatments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/6/743/s1,
Figure S1: Unsupervised clustering for 97 hypoxia-related genes in PPGLs applied to our mRNA expression
series extracted from [50,51]; VHL- and SDHx-mutant cases clustered together whereas, other cases showed no
homogeneous profile, Table S1: Statistical analyses of COX-2 status with regard to clinical characteristics and
genetic background of tumors in two independent series of PPGL samples; data in parentheses were calculated
from low sample numbers (n < 7); as Mann–Whitney U test showed significant sex-related differences in COX-2
immunoreactivity in tissue samples, multiple regression analyses was applied to distinguish whether the trends
observed in the genetic subgroups were related to genetic background or different sex ratios only; levels of
significance: * p < 0.05; † p <0.01, ‡ p < 0.001, Table S2: Pearson correlation between expression of COX-2 and
97 hypoxia-related genes in PPGLs in the mRNA expression series extracted from [50,51].
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Abstract: In this review, we propose that paraganglioma is a fundamentally organized, albeit aberrant,
tissue composed of neoplastic vascular and neural cell types that share a common origin from a
multipotent mesenchymal-like stem/progenitor cell. This view is consistent with the pseudohypoxic
footprint implicated in the molecular pathogenesis of the disease, is in harmony with the neural
crest origin of the paraganglia, and is strongly supported by the physiological model of carotid body
hyperplasia. Our immunomorphological and molecular studies of head and neck paragangliomas
demonstrate in all cases relationships between the vascular and the neural tumor compartments,
that share mesenchymal and immature vasculo-neural markers, conserved in derived cell cultures.
This immature, multipotent phenotype is supported by constitutive amplification of NOTCH
signaling genes and by loss of the microRNA-200s and -34s, which control NOTCH1, ZEB1, and
PDGFRA in head and neck paraganglioma cells. Importantly, the neuroepithelial component is
distinguished by extreme mitochondrial alterations, associated with collapse of the ΔΨm. Finally,
our xenograft models of head and neck paraganglioma demonstrate that mesenchymal-like cells first
give rise to a vasculo-angiogenic network, and then self-organize into neuroepithelial-like clusters, a
process inhibited by treatment with imatinib.

Keywords: carotid body; angiogenesis; mitochondria; neural crest; neurogenesis; paraganglioma;
stem-like tumor cells; vasculogenesis; xenograft
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1. Introduction

1.1. Intersections between Tumorigenesis, Histogenesis, and Tissue Regeneration

Tumors are capable of autonomous and aberrant growth, but, as normal tissues, can grow only
after achieving a structural organization, which requires the coordinated contribution of different cell
types, the establishment of appropriate cell–cell and cell–matrix interactions and the development
of specific scaffolds and vascular networks [1]. However, much of the basic information about the
structural and functional organization of neoplastic tissues is still lacking. For instance, the key
question of whether tumors contain cells able to transdifferentiate into both vascular and parenchymal
cell types is still debated [2]. We do not know to what extent tumors follow the histogenetic blueprint of
their normal tissue counterparts, and we do not fully understand which of the several tumor-resident
cell types can regenerate neoplastic tissue after damage inflicted by therapy [3–6]. Nonetheless, it
is clear that evolutionarily conserved developmental programs and signaling pathways intersect
tumorigenesis, histo/organogenesis, and tissue repair/regeneration [1,6]. In particular, invasive
and/or metastatic tumors essentially imitate the organogenetic program of the neural crest, a transient
embryonic structure that characterizes the evolution of procraniates and craniates (Cristozoa) [7].
The temporary neural crest milieu defines a highly plastic population of migratory and multipotent cells
that, in response to complex signals—including morphogen gradients, cell–cell interactions, availability
of oxygen and nutrients, and topography—dedifferentiate via the epithelial–mesenchymal transition
(EMT) program, migrate, proliferate, and again re-differentiate via the reverse mesenchymal–epithelial
transition (MET) program, giving rise to an amazing variety of cell types and tissues throughout the
axial body region [4,8]. While the embryonic population of neural crest cells is ephemeral, it appears
that in postnatal tissues and organs the perivascular niche preserves multipotent stem/progenitor-like
cells that retain tissue-specific histogenetic instructions that are reactivated during regeneration and
repair [4,9–12]. Such cells might link development, tissue regeneration, and neoplasia.

1.2. Paragangliomas and Pheochromocytomas

Paragangliomas (PGLs) are rare, generally sluggish but invasive and potentially lethal tumors
arising from the neural crest-derived paraxial autonomic ganglia (paraganglia) of parasympathetic
(mainly head and neck) or sympathoadrenal (mainly truncal) lineage [13]. Pheochromocytomas
are in essence catecholamine-producing tumors that arise mainly from the chromaffin cells of
the adrenal medulla, also of neural crest origin, and present with a constellation of symptoms
secondary to catecholamine overload, eventually leading to severe cardiovascular disorders and
death [14]. It is estimated that 10–20% of all pheochromocytomas and PGLs (collectively termed
PPGLs) manifest a malignant behavior, in terms of synchronous or metachronous metastatic spread,
generally associated with poor prognosis [15]. Metastatic progression seems less common in head and
neck PGLs (HNPGL, ≈5%) and pheochromocytomas (≈10%) than in thoraco-abdominal PGLs (15%
to 35%) [15–17]. However, despite intensive research, no clinicopathological, molecular, or genetic
criteria that unequivocally distinguish PPGLs with metastatic potential have been identified [15–18].
Therefore, to overcome diagnostic problems, the WHO Endocrine Tumor Classification recently
acknowledged metastatic potential to all PPGLs [19,20]. This implies life-long follow-up after surgery
for all cases and additional risk stratification according to pathological, clinical, biochemical, and
genetic evidence [17,21].

Collectively, PPGLs may provide important insights into the intersection(s) between
organogenesis and tumorigenesis, as it is plainly evident that their basically conserved histostructure
mimics that shared by their normal tissue counterparts, the extramedullary paraganglia and the
adrenal medulla. In fact, as exemplified in Figure 1, PPGL tissue quite invariably consists in nests
or ribbons of more or less dysplastic neurosecretory cells, fairly circumscribed and “nursed” by glial
cells, with the whole resting on a highly vascular framework composed of dysplastic endothelia and
pericytes that may assume frankly angiomatous features [22]. Thus, PPGLs provide a model for
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“organoid” tumors, i.e., tumors consisting of a tridimensional assemblage of cells of more than one
type, arranged to form predictable tissue-like structures mimicking those of the organ of origin.

Figure 1. Tissue-like organization in paraganglioma. (a) Dark brown immunohistochemical staining
for S100, a glial marker, highlights the sustentacular cell component surrounding the alveolar nests
(“zellballen”) of neuroepithelial (“chief”) cells (avidin-biotin immunoperoxidase counterstained with
hematoxylin and eosin, bar = 10 μm). (b) Immunofluorescence highlights thin sustentacular cells
at the edges of neuroepithelial “zellballen,” identified by labeling with antibody to S100 (green).
The endothelial lining of the capillaries in the surrounding stroma is labeled in red with CD34
(double immunofluorescence on semithin frozen section, bar = 10 μm). (c) Transmission electron
micrograph showing the cytological features and topological relationships of the four main cell types
that organize the paraganglioma microenvironment (endothelial cells, EC; pericytes, PC; sustentacular
cells, SC; neuroepithelial cells, NE). Note the nuclear pleomorphism and similarities between
chromatin patterns (bar = 2 μm). (d) Dark brown cytoplasmic staining for chromogranin A (CGA), a
marker for neuroendocrine neoplasia, highlights neuroepithelial cell nests (“zellballen”) (avidin-biotin
immunoperoxidase counterstained with hematoxylin and eosin, bar = 10 μm). (e) Immunofluorescence
highlights the pericytic/mural cell component of the paraganglioma vasculature, identified by red
labeling with antibody to smooth muscle actin (SMA, immunofluorescence on semithin frozen
section, bar = 10 μm). (f) Ultrastructural cross section of a paraganglioma capillary showing the
atypical cytological features of endothelial cells (EC) and pericytes (PC), two cell types whose roles in
paragangliar tumorigenesis have been thus far scarcely considered (bar = 2 μm).

Intriguingly, PPGLs are among the tumors most frequently associated with autosomal dominant
genetic predisposition, found in up to ≈40% of the cases [23–25]. The genes most commonly involved
are those encoding the four subunits of the succinate dehydrogenase (SDH) enzyme, namely SDHA,
SDHB, SDHC, and SDHD, and the SDH assembly co-factor, i.e., SDHAF2. Furthermore, PPGLs
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have been associated with germline mutations in other genes, including RET, NF1, VHL, EPAS1, FH,
MDH2, EGLN1/2, TMEM127, and MAX, some of which are linked to hereditary neoplastic syndromes
including other neural crest tumors, such as multiple endocrine neoplasia (RET), von-Hippel-Lindau
syndrome (VHL), neurofibromatosis type 1 (NF1), and Carney–Stratakis syndrome (SDH genes) [23–25].
Notably, a maternal parent-of-origin effect, interpreted as evidence for “imprinting,” is implicated
in the transmission of SDHD, SDHAF2, and MAX mutations [26]. Regardless of this effect, which
may result in generation skipping, the penetrance of the mutations in the SDH genes that are most
commonly associated with PPGL is surprisingly low; in fact, it has been reliably estimated at only
1.7% for SDHA, 22.0% for SDHB, and 8.3% for SDHC [27]. Furthermore, mice mutated in sdhb, the
human SDHB homolog, do not develop any type of cancer [28]. All this suggests that germline SDH
mutations predispose to PPGL, but are not sufficient for tumorigenesis. The environmental and/or
constitutional factors that might modulate hereditary PPGL risk and contribute to PPGL, even in the
absence of genetic predisposition, are currently unknown, with the exception, for carotid body PGL,
of exposure to chronic hypoxia, such as in people living at high altitudes or in patients affected with
chronic obstructive pulmonary disease or cyanotic heart defects [29–32].

Importantly, the most relevant genes implicated in PPGL predisposition, namely the SDH genes
and VHL, as well as EPAS1, FH, MDH2, and EGLN1/2, link PPGL tumorigenesis to pseudohypoxia, a
cellular phenotype characterized by the constitutive expression of proteins involved in the adaptive
responses to low partial pressures of oxygen [23–25]. Among other pleiotropic effects on metabolism,
the EMT, vasculoangiogenesis, etc., pseudohypoxia deregulates growth factor signaling and attenuates
cell death, promoting the expansion of immature cell populations [33]. The same processes, induced to
various extents by chronic environmental hypoxia, are implicated in the adaptive growth of the carotid
body, the paraganglion at the basis of the homeostatic oxygen-sensing system. Notably, the carotid
body is the most frequent site of origin of head and neck PGL (HNPGL) [34].

2. The Physiological Model of Carotid Body Hyperplasia Under Chronic Hypoxia May Illuminate
Paraganglioma Development

Carotid body development has been recently delineated in a notable series of elegant studies
from Ricardo Pardal’s group [35–37]. The carotid body is implicated in the organismal adaptation to
chronic hypoxia, as in people living at high altitudes or in patients with cardiorespiratory diseases,
in which cases, this organelle sustains marked hyperplasia and hypertrophy, reflecting the combined
expansion of the neural and vascular tissue components, as in PGL. Pardal’s lab has clearly shown that
this adaptive process is made possible via hypoxia inducible factor (HIF)-dependent reactivation of
neural crest-derived resident stem-like cells retaining mesectodermal differentiation potential [36,37].
Such cells, overlooked because of lack of distinctive markers, remain quiescent under normoxia, but,
under low partial pressure of oxygen, acquire a nestin +/GFAP- stem/progenitor cell phenotype
and convert not only into new sustentacular and neuroepithelial cells, but also into endothelial
and pericytic/mural cells, thus contributing to the impressive vasculoangiogenesis that sustains the
hyperplastic carotid body. This capability of vasculo/neural transdifferentiation is consistent with the
fact that both the neural ganglia of the autonomic nervous system and the cardiovascular structures of
the upper trunk originate from the cephalic neural crest during embryogenesis [36]. Furthermore, it
has been shown that stem-like neural cells can convert into vascular cells in vitro, and that neoplastic
stem-like cells from neural tumors, such as glioblastoma, can give rise to tumor-derived endothelia
in immunodeficient mice. This process, defined as vasculogenic mimicry, rather than being aberrant,
might reflect the conservation of a physiological developmental potential, which is probably useful for
tissue repair/regeneration [2,37–39].

Despite functional differences and the fact that they originate from distinct axial levels of the
neural crest, the carotid body and the adrenal medulla are very much alike in tissue structure and
cell types, and this similarity is maintained in the derived tumors. Furthermore, as demonstrated
in several mammals, including humans, the adrenal medulla is also hypoxia-sensitive, particularly
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in the neonatal period of life [40]. All this suggests that the developmental and genetic pathways
responsible for the growth and homeostasis of the carotid body and of the adrenal medulla could be
very similar. In support of this hypothesis, studies based on genetic cell fate tracing and on genetic
ablation of Schwann cell precursors in avian and mammalian models revealed that the adrenal medulla
originates from neural crest-derived multipotent precursors with a glial phenotype (“Schwann cell
precursors”), that migrate along the developing sympathetic nerve to the adrenal area to differentiate
into postsynaptic neuroendocrine chromaffin cells [41,42]. Surprisingly, the conclusions of these
publications, highly relevant to our understanding of PGL and pheochromocytoma, have yet to be
incorporated into the mainstream pathological and molecular interpretation of PPGL tumorigenesis.

In fact, it is currently assumed that the phenotypic plasticity of PPGL cells is circumscribed within
the neuroepithelial lineage, a theory backed by the neuroepithelial-specific loss of SDHB protein in the
SDH-related PPGLs, which conforms to the widely accepted two-hit hypothesis of tumor suppressor
genes [43–46]. This would imply that a uniquely neoplastic neuroepithelial cell population drives
PPGL growth stimulating angiogenesis and gliogenesis from adjacent normal blood vessels and nerves.
Thus, the vascular (endothelial and pericytic) and the glial (sustentacular) PPGL components are
relegated to ancillary roles. Such a view is incongruent with the hypothesis that PPGL tumorigenesis
could aberrantly recapitulate the histogenesis of the carotid body and of the adrenal medulla [47,48].
Thus, the origin(s) and the nature of PPGL remain undefined and controversial.

3. Molecular Heterogeneities Do Not Exclude a Developmental Model of
Paragangliar Tumorigenesis

PPGLs have been linked to germline and/or somatic mutations in more than 20 genes considered
tumor-initiators and/or -drivers [23–25]. PPGL tissues bear the distinguishable molecular signatures
of these gene mutations, and, on such a basis, can be subdivided into at least three major molecular
clusters [49]. The first and largest cluster, identified by pseudohypoxic signaling, is related to
loss-of-function mutations that stabilize HIFA, either indirectly, via metabolic inhibition of the
α-ketoglutarate-dependent dioxygenases, as in the case of mutations in the Krebs cycle genes encoding
the SDH enzyme subunits (SDHA/B/C/D), the SDH assembly factor (SDHAF2), fumarate hydratase
(FH) and malate dehydrogenase 2 (MDH2); or directly, via disruption of HIFA proteasomal targeting, as
in the case of VHL and of the genes encoding the prolyl hydroxylases 1 and 2 (EGLN1/2). Additionally,
gain-of-function mutations in EPAS1, encoding HIF2A, contribute to this cluster. Functionally,
the pseudohypoxic cluster is characterized by steady HIFA signaling, even under normoxia, and
by a cascade of downstream effects, including a metabolic shift towards glycolysis, impaired
oxidative phosphorylation, production of reactive oxygen species, DNA and histone hypermethylation,
inhibition of collagen maturation and activation of the EMT, which is the widely recognized driver of
the migratory mesenchymal-like cell phenotype and of vasculoangiogenesis [50].

With the exception of the VHL-related PPGLs, frequently located in the adrenals, the
pseudohypoxic cluster encompasses mainly noradrenergic extra-adrenal PGLs and is clinically
important because it includes the SDHB/FH-related PGLs associated with higher metastatic potential
and higher risk of disease multiplicity/recurrence [51]. The second cluster, designated the kinase
signaling cluster, bears the molecular signature of aberrant PI3K/AKT and RAS/MAPK activation.
Tumors in this cluster are mainly pheochromocytomas and have mutations in various genes involved
in protein kinase signaling networks, including NF1, KIF1B, MAX, RET, TMEM127, H-RAS, ATRX,
and, more rarely, K-RAS and FGFR [52]. PPGL-associated fusion genes involving NGFR, BRAF, or
NF1 also contribute to this group. Although lacking the central pseudohypoxic footprint, the kinase
signaling cluster relies on a glycolytic and glutaminolytic switch, necessary for cell proliferation
and survival, as well as for chromatin remodeling. Clinically, the PPGLs in this cluster do not
display a particularly aggressive behavior, except those associated with ATRX mutations [52]. Finally,
the third cluster, also mainly adrenal, designated the Wnt signaling cluster, is associated with
mutations in the cold shock domain containing E1 (CSDE1) gene and with fusion genes involving
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the mastermind-like transcriptional coactivator 3 (MAML3). The PPGLs in this cluster tend to be
hypomethylated and overexpress genes of the Wnt and Hedgehog pathways, known to play key
roles in development [25]. Thus, the genomic landscape of PPGLs demonstrates clinically-relevant
heterogeneity, but it is not granted that the distinctive molecular phenotypes entail substantial
divergence in fundamental processes responsible for PPGL tissue development and growth. In
fact, the molecular pathways defining the three major PPGL clusters are interrelated and participate in
developmental processes [53–55]. Indeed, the relative uniformity of the organoid tissue organization
of PPGLs suggests that different mutational backgrounds and molecular phenotypes converge on
encouraging the aberrant activation of a single, pre-determined morphogenetic program that most
likely retraces the developmental footsteps of paragangliar hyperplasia, as in the physiological model of
the carotid body [37,56]. Furthermore, molecular phenotypes reflect microenvironmental interactions,
which in complex tissues that contain cells of more than one type, like PPGLs, are likely modulated
by the composition of the resident cell populations [57,58]. In this regard, PPGLs remain essentially
faithful to their characteristic vasculo-neural architecture, but the extent to which the various vascular
and neural cell types are represented in individual tumors, and their levels of differentiation, are
variable [22,56]. Thus, the PPGL molecular clusters might reflect microenvironmental footprints, rather
than differences in fundamental biological programs.

4. Ultrastructural and Immunomorphological Relationships Between the Vascular and Neural
Compartments of Head and Neck Paragangliomas

In the past decade, we have tried to understand the relationships between the diverse PPGL
cell types and to devise ways to capture the processes underlying PPGL development. Based on the
characteristics of our patients, recruited at a skull base surgery center, we focused on HNPGLs, which
mostly arise at the carotid bifurcation, in or around the jugular bulb, in the cervical tract of the vagus,
or within the temporal bone. HNPGLs cause important morbidity and, when inoperable, are inevitably
lethal [59].

We proceeded through sequential steps including: (1) analysis of the ultrastructural and
immunomorphological relationships between the various resident HNPGL cell types; (2) identification
of genes and molecular pathways common to HNPGLs; (3) localization of relevant protein products at
the cellular and subcellular levels; (4) development and characterization of in vitro and in vivo models
of HNPGL; and (5) use of such models, in conjunction with information derived from the preceding
steps, to investigate HNPGL tissue development and evaluate the potential of specifically-targeted
therapy [22,56]. None of the HNPGL cases recruited in our studies revealed evidence of metastasis,
therefore our focus is on the reconstruction of the fundamental natural history of the disease, and not
on factors linked to metastatic potential.

Using standard immunohistochemistry, classical electron microscopy (EM), and frozen section
immunofluorescence (Figure 1), we confirmed that the endothelial, pericytic, glial, and neuroepithelial
PGL cell types were clearly discriminated by specific markers (e.g., CD34, CD31, β2-microglobulin
for endothelial cells; smooth muscle actin, S100, and GFAP for sustentacular cells; and chromogranin
A and β3-tubulin for neuroepithelial cells). However, we also found that these allegedly distinct
HNPGL cells coexpressed, to variable extents, markers associated with pluripotent mesenchymal
stem-like state, vasculo/neurogenesis, and hypoxia (e.g., vimentin, nestin, CD44/HCAM, KIT/CD117,
HIF2A, GLUT4, ZEB1, NOTCH1, DLK1, PDGFRA, VEGFR1/2) [22,56]. This was in agreement with
flow cytometry, which highlighted within freshly-dissociated HNPGLs cell populations positive for
stem-like mesenchymal cell markers (e.g., CD44/HCAM, CD73, CD90, CD105, and CD133). Further,
the cells sorted for CD34 included subsets positive for stem (CD133, CD44/HCAM), neural (NCAM),
or glial (GFAP) cell markers, suggesting pluripotency. A pluripotent potential was also consistent
with the strong positivity of the endothelia for CD34, a sialomucin also expressed in mesenchymal
progenitors and in gastrointestinal stromal tumors (GISTs), which co-occur with PGL in some
SDH-related PGL syndromes [46,60], and for β2-microglobulin, a major histocompatibility complex
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(MHC) class I component associated with infection, the EMT, and cancer [61]. Furthermore, EM, that
we extensively utilized, revealed aberrant features in the contiguous vascular (endothelial/pericytic)
and neural (glial/neuroepithelial) HNPGL compartments [56], and highlighted widespread contacts
between the pervasive dendritic processes of the sustentacular cells and the plasma membranes of
the neuroepithelial cells, suggesting contact-mediated sustentacular nurturing [22]. Most notably, at
the ultrastructural level, the HNPGL cell types demonstrated a gradient in mitochondrial alterations,
limited to occasional swelling of the cristae in the endothelial, pericytic, and sustentacular cells,
but striking in the neuroepithelial cells, where the mitochondria were massively increased in
number, extremely swollen, and presented convoluted or disrupted cristae [56]. Additionally, the
mitochondria tended to form tight perinuclear clustering, a subcellular redistribution connected
to an oxidant-rich nuclear microenvironment that promotes hypoxia-induced transcription [62].
These aberrant mitochondria appeared to be incompatible with normal respiration. In fact, the
mitochondrial membrane potential (ΔΨm) collapsed in the neuroepithelial PGL component relative
to autologous normal adipose tissue, while the ΔΨm was only slightly decreased in the vascular
component. This lineage-related pattern of mitochondrial alterations was found in all the HNPGLs
analyzed, both mutated and unmutated in the SDH genes. However, larger mitochondria were
significantly associated with the HNPGLs from SDHB/C/D gene mutation carriers [56].

5. Our Approach to the Study of Genes and Pathways Shared Among Head and
Neck Paragangliomas

Back in 2013, we used high-density genome-wide copy number variation (CNV) analysis to
identify HNPGL-related genes and pathways [22]. This analysis, then conducted on a pilot series of 24
tumors, including SDH-related and unrelated cases, versus matched blood, revealed in all cases a high
level of chromosomal instability. A group of 104 genes, then mostly new to PPGL, was significantly
over-represented among those affected by CNVs. We confirmed with orthogonal assays some of
the most frequently amplified hits, including IDUA (4p16.3), NOTCH1 (9q34.3), JAG2 (14q32), HES5
(1p36.32), DVL1 (1p36), and CTBP1 (4p16) [22]. Interestingly, IDUA, whose loss-of-function mutations
are linked to type 1 mucopolysaccharidosis, a lysosomal storage disease (LSD) [63], showed the highest
concordance for CN gains (p = 0.000002 by Fisher’s exact test). Notably, the HNPGL-derived IDUA gene
sequences did not show mutations. By frozen section immunofluorescence, alpha-L-iduronidase, the
IDUA-encoded enzyme, was strongly expressed in the neuroepithelial component of all tested PGLs,
including cases not amplified at the IDUA locus (Figure 2) [22]. Alpha-L-iduronidase is necessary for
the lysosomal hydrolysis of iduronic acid-containing glycosaminoglycans, such as dermatan sulfate and
heparan sulfate, important microenvironmental cofactors of cell behavior in development and cancer,
that act as receptors for viruses, exosomes, lipoproteins, and growth factors and control Fibroblast
Growth Factor (FGF) and Sonic Hedgehog signaling [64–66]. While the above reported functions may
be relevant to tumorigenesis, the link between IDUA and PGL can be better understood considering
that mucopolysaccharidosis type 1 is associated with the accumulation of morpho-functionally altered
mitochondria in neural cells, an alteration ascribed to impaired mitophagy due to alpha-L-iduronidase
deficiency [67]. In fact, in carriers of loss-of-function IDUA mutations, mitochondrial clearance is
compromised, leading to the intraneuronal accumulation of pathological mitochondria, characterized
by low ΔΨm and swelling, loss of cristae, and vacuolation [67]. Contrariwise, in HNPGLs,
alpha-L-iduronidase expression is high and the IDUA gene is unmutated [22], which suggests that the
accumulation of dysfunctional mitochondria is due to primary factors and not to deficient clearance [56].
Indeed, high alpha-L-iduronidase expression might reflect upregulation of the mitophagic machinery,
in response to the large and dysfunctional mitochondrial pool [68], a hypothesis supported by the
frequent ultrastructural evidence of mitophagy in HNPGL neuroepithelial cells and by positivity of
the mitochondria for LC3 and sequestosome (Figure 2).
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Figure 2. IDUA protein immunostaining and mitophagy in head and neck paraganglioma.
(a) Immunofluorescence detects cytoplasmic IDUA protein labeling (green) in the neuroepithelial
zellballen of paraganglioma. The zellballen are outlined in red by mainly peripheral labeling with
antibody to HCAM/CD44, a surface stem cell marker that functions as a receptor for hyaluronan, a
glycosaminoglycan degraded by the IDUA product (double immunofluorescence on semithin frozen
section, bar = 10 μm). (b) Immunofluorescence highlights spots of colocalization (yellow) between
anti-p62 antibody (Sequestosome-1, SQSTM, green) and anti-mitochondrial antibody 113-1 (ABCAM,
red) (double immunofluorescence on semithin frozen section, bar = 10 μm). (c) Ultrastructural cross
section of an autophagosome (indicated by arrows) containing a swollen mitochondrion, detected in
the cytoplasm of a neuroepithelial paraganglioma cell (transmission electron micrograph, bar = 1 μm).

6. Constitutive Notch Signaling in Head and Neck Paraganglioma

Bioinformatics analyses of tumor-derived gene databases are inherently biased toward better
known pathways, which may divert attention from novelty. Nonetheless, it was notable that in our
2013 genome-wide CNV analysis of HNPGLs, “Notch signaling” stood out as the pathway with
the highest statistical significance [22]. This pathway controls stem cell maintenance and binary cell
fate specification in the vascular and parenchymal compartments, and directly affects nuclear and
mitochondrial functions [69–71].

The statistical emergence of Notch signaling rested on five Notch signaling-related genes targeted
by recurrent amplifications [22]. These included NOTCH1, prototype of the NOTCH receptor
family, JAG2, a NOTCH ligand linked to vasculogenesis and the EMT, HES5, a NOTCH1-activated
transcriptional repressor involved in neural stem cells induction [72,73], DVL1, hub of the interactions
between Notch and Wnt signaling [74], and CTBP1, a transcription regulator sensitive to the reduced
form of nicotinamide-adenine dinucleotide (NADH), that in melanoma cells links NOTCH signaling
to the drop of the intracellular NAD+:NADH ratio caused by aerobic glycolysis [75,76]. NOTCH1
signaling is mediated by the NOTCH1 intracellular domain (NICD1), released by proteolysis of
transmembrane NOTCH1 after ligand-induced activation, which relocates to the mitochondria and
to the nucleus. In the mitochondria NICD1 inhibits BAX and deregulates complex I, an effect that
could contribute to explain the deregulation of complex I activity reported in the SDH-mutated
PGLs [77,78]. In the nucleus, NICD1 forms a transcriptional regulatory complex with Suppressor of
Hairless and Mastermind, which prevents the expression of cell differentiation factors and mediates
the HIFA-induced metabolic changes resulting in the Warburg effect [79,80]. Importantly, NOTCH
and HIFA signaling are linked in a positive loop: hypoxia promotes NOTCH activation, and NOTCH
signaling upregulates HIF2A, the driver of the pseudo-hypoxic phenotype [81]. As investigated
using immunohistochemistry, immunofluorescence, and cryo-immuno-EM (Figure 3), the protein
products of the top-amplified NOTCH1-related genes were highly expressed in all the PGLs analyzed,
independently of CNV status at the respective loci and of presence or absence of germline SDHx
mutations [22]. However, for some of these proteins, the levels and the subcellular localizations of
the immunostaining varied with cell type. JAG2 was mainly expressed in the sustentacular cells,
including their dendritic processes, which establish multiple contacts with the neuroepithelial cells [22].
Membrane NOTCH1 was strongest in the endothelial and sustentacular cells, while mitochondrial and
nuclear NOTCH1 was more conspicuous in the neuroepithelial component, where the mitochondria
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are severely altered and contiguous to the nuclear envelope (Figure 3), suggesting a mitochondrial role
in the nuclear delivery of NICD1 [22,56].

Figure 3. Notch pathway proteins in head and neck paraganglioma. (a) Semithin paraganglioma
frozen section stained using immunofluorescence with an antibody that recognizes both membrane
NOTCH1 and its active intracellular domain, NICD1 (green). In neuroepithelial cells, labeling
is mainly concentrated in discrete cytoplasmic spots, suggesting mitochondrial localizations of
NICD1. The adjacent endothelia (arrowheads) mainly reveal cell membrane NOTCH1 labeling
(bar = 10 μm). (b) Immunohistochemical staining for the NOTCH ligand JAG2 is intense at the
periphery of the neuroepithelial cell clusters, a typical location of the sustentacular cells (standard
avidin-biotin immunoperoxidase counterstained with hematoxylin and eosin, bar = 10 μm). (c) Double
immunofluorescence on semithin paraganglioma frozen section highlights punctate CTBP1 nuclear
labeling in most cells. Red labeling identifies cells staining positive for vimentin, a mesenchymal
marker (double immunofluorescence on semithin frozen section, bar = 10 μm). (d) Punctate membrane
staining pattern (red) of the atypical NOTCH ligand DLK1 in paraganglioma cells (immunofluorescence
on semithin frozen section, bar = 10 μm). (e) Electron micrograph of a neuroepithelial (“chief”)
paraganglioma cell showing the accumulation of swollen mitochondria with disrupted cristae (M) next
to the envelope of the nucleus (N) (bar = 1 μm). (f) Immunoelectron microscopic view of a similar
ultrastructural field, showing dense NICD1 labeling of the perinuclear mitochondria with gold particles
(ultrathin frozen section immunoelectronmicroscopy, bar = 1 μm).
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The strong association of the NOTCH signaling pathway with HNPGLs may not simply reflect a
pathological condition. In fact, we recently performed a limited immunohistochemical study on scarce
paraffin-embedded sections of a warm autopsy-derived normal human carotid body, which revealed
NOTCH1 immunostaining of the vascular and neural tissue components, less intense but similar
to that observed in the HNPGLs (Figure 4), hinting to a physiological role of NOTCH1 signaling in
paraganglia. In this respect, it is intriguing that complex I deregulation is necessary for normal carotid
body function [82]. All this may exemplify the repurposing of developmental and morphogenetic
pathways in HNPGL tumorigenesis.

Figure 4. NOTCH1 protein immunostaining in normal carotid body and in carotid body paraganglioma.
(a) Low-power view of the fibroadipose tissue located at the carotid bifurcation, which contains
paragangliar tissue immunostained (brown) with NOTCH1 antibody (avidin-biotin immunoperoxidase
counterstained with hematoxylin and eosin, CA: carotid artery; FA: fibroadipose tissue; CB: carotid
body; bar = 100 μm). (b) High-power view of the carotid body tissue immunostained (brown)
with NOTCH1 antibody. Both capillary endothelia and neuroepithelial cells within “zellballen”
are immunostained (avidin-biotin immunoperoxidase counterstained with hematoxylin and eosin,
C: capillaries; ZB: “zellballen”; bar = 20 μm). (c) Paraganglioma tissue immunostained (brown)
with NOTCH1 antibody. Ectatic capillaries and “zellballen” are immunostained (avidin-biotin
immunoperoxidase counterstained with hematoxylin and eosin, C: capillaries; ZB: “zellballen”;
bar = 25 μm).
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7. Patient-Derived Head and Neck Paraganglioma Cultures Exhibit a Multipotent
Mesenchymal-Like Phenotype

The lack of human PPGL-derived cell lines may reflect the difficulty of maintaining neuroepithelial
PPGL cells under culture conditions. In fact, these cells are thought to be the unique neoplastic
component of the tumor tissue [44–46]. However, a developmental origin of PPGL would rather be
consistent with a multipotent stem/progenitor phenotype of PPGL cells in culture. We generated
several primary and at least four lentivirus-immortalized HNPGL cell cultures [56]. Both the primary
and the immortalized cultures demonstrated quite homogeneous flow cytometric profiles, positive for
classic mesenchymal markers (CD73, CD90, CD105), for embryonic and neural stem cell markers (SOX2
and nestin), and for GFAP and PDGFRA. Such characteristics were common to cultures from PGLs
with and without constitutional SDH gene mutations. Immunofluorescence confirmed expression
of the immature mesenchymal, hypoxic, and vascular/neural markers shared by the diverse tissue
components of the PGLs of origin (e.g., vimentin, nestin, CD44/HCAM, KIT/CD117, HIF2A, GLUT4,
ZEB1, NOTCH1, DLK1, PDGFRA, and VEGFR1/2). In tridimensional foci, randomly formed under
standard culture conditions, and in neurospheres, formed under non-adhesive conditions, the outer
shell of cells exposed to the medium was vimentin-positive and nestin-negative, while the reverse
occurred in the putatively hypoxic inner cell core. In matrigel, which allows tridimensional growth, the
cells readily generated pseudovascular networks expressing CD34 together with DLK1 and PDGFRA,
known components of the molecular mechanisms involved in vasculogenesis [56]. Notably, both
the primary and the immortalized HNPGL cells had normal tubular mitochondria with high ΔΨm,
implying normal respiratory functions. However, mitochondrial alterations similar to those found in
the HNPGLs of origin where observed in cell-derived xenografts (CDXs) formed after subcutaneous
transplantation into nude mice [56]. This indicates that the dysfunctional mitochondria observed in
the neuroepithelial HNPGL component are not exclusively determined by genetic alterations, but
develop under the influence of microenviromental and differentiation-related factors.

8. The microRNA-200s and -34s Modulate NOTCH1, ZEB1, and PDGFRA Levels in
Paraganglioma

We addressed the hypothesis that microRNAs (miRNAs) could contribute to the establishment
of an immature mesenchymal phenotype in HNPGL. We therefore compared the miRNA profiles
of HNPGLs (13 independent tumors) to those of pools of normal Jacobson’s nerves (JN), a
parasympathetic nerve that is a frequent site of origin of tympanic HNPGL [22]. JN has the unique
advantage of being recoverable, as it must be removed during petrosectomy, and has never been used
as a reference tissue for HNPGL by other authors. Genome-wide miRNA expression profiling on
the Illumina platform, validated using reverse transcription quantitative PCR (RT-qPCR), revealed
that 16 miRNAs were significantly downregulated in the HNPGLs, and only three were significantly
upregulated [22]. Notably, the miRNAs most significantly downregulated included the miR-200a,b,c,
which inhibit the EMT and promote cell differentiation and senescence by targeting the E-cadherin
transcriptional repressors ZEB1 and ZEB2 [83,84], and the miR-34b, a mediator of TP53 function [85].
Enforcing Mir expression via transfection in the SH-SY5Y neuroblastoma cell model, or via lentiviral
infection in our primary or immortalized HNPGL cells, we proved that the miR-200b,c and the miR-34b
directly target NOTCH1 and that miR-200a indirectly influences the NOTCH pathway [22]. We also
confirmed in the same models that the miR-200a,b/429 cluster strongly reduces both PDGFRA and
ZEB1 RNA and protein levels, while the miR-34b,c cluster strongly downregulates PDGFRA, but not
ZEB1 [56]. Reintroduction of these miRs in PGL cells was followed by cell death accompanied by
upregulation of BAX protein expression, indicating activation of an apoptotic response [22,56]. In
conclusion, the loss of miR-200 and miR-34 family members influences the molecular and cellular
HNPGL microenvironment by promoting the upregulation of key EMT- and mesenchymal-related
genes. This may be of translational relevance: in fact, PDGFRA, together with KIT/CD117, also
expressed in HNPGLs [56], are key targets of imatinib, a drug highly effective in the prevention and
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treatment of GISTs [86,87]. Furthermore, the NOTCH pathway and ZEB1 are major inducers of chemo-
and radio-resistance [88].

9. The Lesson of the Xenograft Models

The formation of patient-derived tumor xenografts (PDXs) in immunosuppressed mice is
predicted to depend on cells that survive ischemic necrosis during the prolonged avascular
phase that follows surgery and lasts until a new vascular network links the PDX to the murine
circulation [56]. To investigate the cells that survive in PGL tissue after devascularization, we
analyzed ex vivo-cultured PGL samples corresponding in size to those xenografted in mice. Light
microscopy and EM showed extensive coagulative necrosis by day 10 post-surgery, but also
revealed areas recolonized and remodeled by endogenous smooth muscle actin/vimentin-positive,
collagen-producing mesenchymal-like cells showing phagocytic capability, plausibly useful for the
recovery of nutrients from necrotic tissue. These cells were similar to those found at an early phase
of subcutaneous PDX formation in immunodeficient mice (3 weeks) [56]. We further analyzed
the ultrastructural and light microscopic morphology of 90 PDX samples from different HNPGL
patients, all implanted subcutaneously into the flanks or neck. The overall take-rate at 4.5–10 months
was high (89%) and unrelated to SDH mutation carrier status. The PDX tissues, including the
vasculature, proved to be of human origin, as demonstrated by mitochondrial DNA analysis and
immunoreactivity with antibodies recognizing human, but not mouse, antigens [56]. Permeation
with intracardiacally-injected India ink solution demonstrated connections to the murine circulation.
Typically, given the transplantation sites, the PDXs infiltrated the cutaneous branches of the dorsal
spinal nerves, imitating the perineural growth typical of HNPGL. However, despite the locally
aggressive behavior, the PDXs never exceeded ≈6 mm in maximum diameter, a size consistent
with the slow growth of HNPGLs in patients [56]. EM and thin section immunofluorescence revealed
that PDX tissue organization initiated with a vasculogenic process, schematized in Figure 5, which led
to the formation of endothelial tubes [56]. Such tubes originated from the self-assembly of individual
endothelial precursors, that first developed intracytoplasmic lumina through cytoplasmic vacuolization
(cell hollowing), as in HUVECs and in drosophila and zebrafish embryos [89,90]. The lumenized tubes
were positive for human β2-microglobulin, CD31, and CD34, as HNPGL endothelium, and defined
a perivascular niche that attracted mesenchymal-like, smooth muscle actin-positive cells [56,91].
The adherence of these cells to the abluminal endothelial cell membranes was associated with
dichotomic branching of the endothelial tube, a morphology pointing to intussusceptive angiogenesis,
a form of nonsprouting angiogenesis that allows the rapid bifurcation of neoformed vasculature
via endothelial invaginations [56,92]. Notably, in this process, membrane NOTCH1 was uniquely
present on the abluminal endothelial membrane, in contact with adhering perivascular cells strongly
positive for DLK1, a HIF-induced non-canonical NOTCH antagonist known as a cancer pericyte
antigen [56,93]. These DLK1-positive cells also coexpressed smooth muscle actin and PDGFRA,
assuming the ultrastructural and immunophenotypic characteristics of mural cells or pericytes [56].
The initial vasculo-angiogenic network was supported by autonomously synthesized collagen I, an
EMT-related collagen [56,94]. With the formation of structured vessels, supported by mural cells
or pericytes, the perivascular matrix was enriched with collagen IV, a key component of basement
membranes [56,95]. Such microenvironmental modification was associated with the development of
neuroepithelial-like cell clusters, often encircled by glia-like spindle cells (Figure 5).
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Figure 5. Schematic representation of the histogenesis of head and neck paraganglioma, based
on patient- and cell-derived xenograft models. The thin elongated stem-like cells (a), stabilized
and expanded in paraganglioma cell cultures, co-express (stripes) multipotent stem/progenitor cell
markers. In vivo, (b) these cells grow on autonomously synthesized extracellular matrix, develop
intracytoplasmic vacuoles of increasing size (cells with red stripes only), and coalesce (uniformly red
cells), giving rise to endothelial tubes (vasculogenesis via cytoplasmic hollowing). The endothelium
then recruits adjacent stem-like cells (cells with green stripes only), which, after contact with the
abluminal endothelial membranes (c), differentiate into mural cells (uniformly green). (d) The panel
outlines two remarkable consequences of mural stabilization. First, mural impingement results in
intraluminal endothelial intussusceptions, which divide the flow, giving rise to Y-shaped vascular
ramifications (intussusceptive angiogenesis, a process detectable only with whole-mount confocal
microscopy and/or transmission electron microscopy, as used in our study [56]). Secondly, vascular
stabilization results in perivascular deposition of collagen IV [56], which supports the development of
cell clusters with neural phenotype (cells with blue stripes only, then uniformly blue). As shown in
(e), these clusters develop into “zellballen”-like neuroepithelial nests (uniform light blue), bound by
spindle-shaped glia-like cells (uniform dark blue). Notably, while mesenchymal paraganglioma
stem-like cells have normal mitochondria, paraganglioma tissue organization is associated with
increasing mitochondrial dysfunction (swelling and loss of membrane potential), culminating in
the neuroepithelial component. Original art by Giulio Pandolfelli, adapted and modified from
Verginelli et al., 2018 [56].

These cell nests revealed positivity for the immature mesenchymal, hypoxic, and
vasculoneurogenic markers found in the neuropithelial component of PGLs (e.g., vimentin, nestin,
CD44/HCAM, KIT/CD117, HIF2A, GLUT4, ZEB1, NOTCH1, DLK1, PDGFRA, and VEGFR1/2),
but lacked advanced neuroendocrine markers, such as chromogranin A and synaptophysin.
Ultrastructurally, most PDX cells, and particularly those of the neuroepithelial-like nests, exhibited
hyperplastic and swollen mitochondria with vesicular or disrupted cristae, as in the neuroepithelial
cells of the HNPGLs of origin [56]. Cell-derived xenografts (CDXs) were similarly obtained after
subcutaneous injection of an immortalized HNPGL cell line (PTJ64i) into immunodeficient mice. At
45 days from transplantation the cells formed flat red-brown patches of 4–6 mm in diameter that,
as the PDXs, comprised a vasculo-angiogenic network supporting nests of neuroepithelial-like cells
(Figure 6) [56]. As noted before, the CDX cells developed hyperplastic and swollen mitochondria,
resembling those of the neuroepithelial HNPGL component.
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Figure 6. Ultrastructural view of paraganglioma xenograft tissue. The electron micrograph,
derived from a xenograft obtained by subcutaneous injection of an immortalized tympano-jugular
paraganglioma cell line (PTJ64i), shows a tight neuroepithelial-like cell cluster (arrowheads, dark spots
are lipofuscins) in the context of a vasculogenic tissue revealing endothelial-like cells with cytoplasmic
hollowing and capillary-like structures (arrows) (bar = 5 μm).

Overall, despite their slow development and small size, our HNPGL xenograft models support the
view that HNPGL histogenesis does not depend on neurogenesis and ancillary sprouting angiogenesis,
but on primary vasculogenesis of the embryonic type, followed by neurogenesis [56]. This is in
agreement with the physiological model of the hyperplastic carotid body [36] and emphasizes the
link between HNPGL development and embryogenesis, where vasculogenesis precedes and guides
histo/organogenesis, a sequence recapitulated in postnatal tissue regeneration [96,97].

10. Imatinib Blocks HNPGL Cell Growth and Inhibits Xenograft Formation

The evidence that HNPGLs express PDGFRA and KIT/CD117, the receptor tyrosine kinases
targeted by imatinib, brought us to test the effects of this drug on our HNPGL models [56]. At low
dose (10 μM), imatinib inhibited the growth of four HNPGL cell cultures tested, three primary and one
immortalized, that are representative of SDH-related and unrelated HNPGLs. Imatinib treatment was
followed by global protein dephosphorylation, downregulation of the ZEB1, PDGFRA, and PDGFRB
proteins, upregulation of Beclin 1, core component of the autophagy machinery, activation of the
caspases 3/7 and induction of BAX. Treatment was also followed by mainly upward variation in the
levels of miR-200a/b/c and miR-34b/c, consistent with the observed downregulation of the ZEB1
and PDGFRA proteins. Imatinib also significantly prevented CDX formation in immunodeficient
mice. In this case imatinib (50 mg/kg for 20 days, then 16.6 mg/kg for 20 additional days) was
given by intra-peritoneal injection, starting at 72 hours from the subcutaneous inoculation of the
immortalized HNPGL cell line PTJ64i. Only 2 CDXs were detected at 10 heterotransplant sites in the
imatinib-treated group versus 11 at 12 sites in the control group (p = 0.0015). Furthermore, the 2 CDXs
found in the treated mice contained only disorganized or apoptotic cells with diffuse evidence of
autophagic vacuoles [56], suggesting that imbalanced autophagic flux contributed to imatinib-induced
growth arrest and apoptosis, as previously demonstrated by other authors in several mammalian cell
types [98].
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11. Conclusions

This perspective review challenges the prevalent view postulating that PPGLs are exclusively
neuroendocrine tumors [44–46]. In fact, we propose that HNPGL arises from mesenchymal stem-like
cells with vasculo-neural differentiation potential, in keeping with the neural crest derivation of
paraganglia [8,41,42] and with the hyperplastic carotid body model, where the vascular and the neural
components arise from resident stem-like cells retaining mesectodermal differentiation potential,
reactivated by chronic hypoxia [36]. In support of this, retention of mesenchymal markers is evident
in all the distinct HNPGL tissue components. Furthermore, mesenchymal stem-like cells persist in
HNPGL tissue, and after damage, might be regenerated via EMT from more differentiated vascular
and/or neural cells [56].

HNPGL xenografts can be viewed as attempts to HNPGL regeneration after devascularization.
In patients, tumor regeneration after embolization, radiotherapy or chemotherapy could follow in
the same footsteps. In essence, our xenograft models, based on tumors related and unrelated to SDH
gene mutations, show that the vascular and neural HNPGL tissue components sequentially emerge
following an endogenous developmental program [56]. Primordial endothelial tubulogenesis seems
to be the earliest histogenetic event, as in embryonic development. This process is complemented
by angiogenesis, which does not follow the well-known sprouting model, but exploits endothelial
intussusception [56], a stochastic intravascular process of dichotomic branching, mediated by largely
unexplored paracrine and contact-mediated signals [99,100]. Interestingly, during the development
of the early vasculo-angiogenic network, the interaction between endothelial and pericytic/mural
cells involves compartmentalized expression of the NOTCH1, PDGFRA, and DLK1 proteins [56,101].
NOTCH1 is localized on the abluminal endothelial membrane, i.e., the original plasma membrane
of the mesenchymal-like cell that, by vacuolization, differentiates towards the endothelial lineage
(Figure 5), whereas PDGFRA and the atypical NOTCH ligand DLK1 are expressed by the smooth
muscle actin-positive periendothelial cells engaged in pericytic/mural differentiation, which physically
interact with the NOTCH1-labeled endothelial membranes [56].

The dependence of HNPGL histogenesis on a primordial vasculo-angiogenic phase provides
a rationale for targeted preventive and therapeutic interventions, which, however, would require
a better understanding of the molecular mechanisms underlying endothelial tubulogenesis
and intussusceptive angiogenesis. Nonetheless, imatinib, which targets the recruitment of
PDGFRA-positive mural/pericytic cells necessary for the stabilization of endothelial tubes [87,91],
strongly prevented CDX formation in our murine model. Given that tumor maintenance and tumor
development are distinct phenomena [102], this may not be translated into the conclusion that imatinib
could effectively target structured HNPGL tissue in patients, but raises the intriguing possibility of
whether this drug could be given in a preventive setting after surgery, embolization, or radiotherapy
in order to reduce the risk of HNPGL regeneration. This important question remains to be addressed
with appropriate study designs. Interestingly, vasculo-angiogenesis, as well as the EMT, are predicted
to be negatively controlled by the miR-200a,b,c and by the miR-34b [103,104], which were significantly
downregulated in our HNPGLs relative to our normal parasympathetic neural control, JN [22]. ZEB1,
NOTCH1, and PDGFRA are coordinately targeted by these miRs, thus the high levels of the relative
protein products in our HNPGLs can be at least partly explained by the loss of miRNA-mediated
regulation [22,56]. Additionally, the significant amplification of NOTCH pathway genes, demonstrated
by us for NOTCH1, JAG2, HES5, DVL1, and CTBP1, must concur with the constitutive upregulation of
NOTCH1 signaling in HNPGLs. This might contribute to link cell fate decisions to metabolism via the
coordinated transcriptional effects exerted by NICD1, at the mitochondrial and nuclear levels, and by
nuclear CTBP1, a sensor of the NAD+/NADH ratio. NOTCH1 signaling is likely fundamental not
only for the development, but also for the homeostasis of HNPGL. In fact, neuroepithelial dependence
on NOTCH1 signaling via JAG2, delivered by sustentacular cells, may account for the extensive
interactions between dendritic sustentacular processes and neuroepithelial cells, where BAX inhibition
and complex I deregulation, contributed by NICD1, might help to sustain dysfunctional mitochondria.
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Furthermore, in connection with the upregulation of ZEB1 and the EMT, NOTCH signaling is predicted
to promote resistance to chemo/radiotherapy and to antiangiogenic agents, which are major problems
in PPGL therapy [105–109].

Widespread mitochondrial alterations, that correlate with neuroepithelial differentiation and
loss of ΔΨm, implying glycolytic dependence, are a key ultrastructural feature basically common to
HNPGLs, again independently of their genetic backgrounds [56]. Such alterations, not present in
our cultured mesenchymal-like HNPGL cells, are acquired after in vivo transplantation, which links
these mitochondrial changes to microenvironment-related factors. In this regard, the role of complex I
deregulation is probably central, but is still debated. In fact, several studies reported loss of complex
I activity in PPGLs and in SDHB-mutated cell models [77,110,111], whereas Pang and coworkers
recently found an upregulation of complex I, accompanied by a strengthened NAD+ metabolism,
in SDHB-mutated PPGLs [78]. The latter finding suggests that complex I could compensate for
the primary loss of complex II activity characteristic of SDH-mutated PPGLs, an effect of potential
relevance in the clinical setting, as it could account for differential sensitivities to chemotherapeutic
agents [78]. The question is clearly open, and in our opinion, could be addressed taking into
account the microenvironmental contexts. In fact, viewing each neuroepithelial PPGL cell and each
PPGL tissue as an ecosystem, it could be hypothesized that complex I activity is balanced in the
mitochondrial populations to meet specific metabolic needs that contribute to the homeostasis of
stressed neuroepithelial cells in the variable tumor microenvironment. This is an area that is currently
addressed in our laboratories in Chieti and Stockholm.

To sum up, we challenge the view of PGL as the prototype of “Warburg tumors” [43]. In this
perspective, PGL cells would be constrained into a pre-defined role conforming to “classic” two-hit
or multiple-hit, gene-centered paradigms, where random genetic and epigenetic changes, driven
by “selective pressures,” result in the emergence of heterogeneous and uncoordinated clonal tumor
subpopulations. Instead, we believe that, regardless of genetic heterogeneities, HNPGL tumorigenesis
essentially adheres to a finalized and pre-defined histogenetic program, most likely retracing the
footsteps of carotid body histogenesis [10,35,36]. Our findings likely bear on the development of
PPGLs in general and could open up to a new understanding of the disease.
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Abstract: This work discusses the clinical performance of chromogranin A (CGA), a commonly
measured marker in neuroendocrine neoplasms, for the diagnosis of pheochromocytoma/
paraganglioma (PPGL). Plasma CGA (cut-off value 150 μg/L) was determined by an
immunoradiometric assay. Free metanephrine (cut-off value 100 ng/L) and normetanephrine (cut-off
value 170 ng/L) were determined by radioimmunoassay. Blood samples were collected from PPGL
patients preoperatively, one week, six months, one year and two years after adrenal gland surgery.
The control patients not diagnosed with PPGL suffered from adrenal problems or from MEN2 and
thyroid carcinoma. The clinical sensitivity in the PPGL group of patients (n = 71) based on CGA is 90%
and is below the clinical sensitivity determined by metanephrines (97%). The clinical specificity based
on all plasma CGA values after surgery (n = 98) is 99% and is the same for metanephrines assays.
The clinical specificity of CGA in the control group (n = 85) was 92% or 99% using metanephrines tests.
We can conclude that plasma CGA can serve as an appropriate complement to metanephrines assays in
laboratory diagnosis of PPGL patients. CGA is elevated in PPGLs, as well as in other neuroendocrine
or non-neuroendocrine neoplasia and under clinical conditions increasing adrenergic activity.

Keywords: chromogranin A; metanephrines; pheochromocytoma; paraganglioma

1. Introduction

In this work we present our experiences with radioimmunoassay of plasma chromogranin A
(CGA) in the laboratory diagnosis of neuroendocrine tumors classified as pheochromocytoma (PCC)
and paraganglioma (PGL). Radioimmunoassay of plasma methanephrines were also performed.

Neuroendocrine cells are widely dispersed cells with dense core granules similar to those dense
core granules present in serotonergic neurons (neuro properties), which store bioactive amines
and peptide hormones (endocrine properties) [1,2]. These cells do not contain synapses [1,3].
Neuroendocrine neoplasms are a heterogeneous group of tumors, including malignancies from several

Cancers 2019, 11, 586; doi:10.3390/cancers11040586 www.mdpi.com/journal/cancers128
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anatomic areas that also include pheochromocytomas and paragangliomas, commonly denoted PPGLs.
Neuroendocrine neoplasms are classified into well-differentiated neuroendocrine tumors, poorly
differentiated neuroendocrine carcinomas, and mixed adenoneuroendocrine carcinomas showing more
than 30% of neuroendocrine cells and additional components [4,5]. Neuroendocrine neoplasms can
be divided into functional and non-functional tumors; the former ones are usually diagnosed at an
earlier stage due to endocrine symptoms related to hormonal production, whereas the non-functional
tumors remain silent and are frequently diagnosed when metastasis has already occurred [2,5].
Neuroendocrine neoplastic cells have been described in the central nervous system, respiratory tract,
the larynx, gastrointestinal tract, thyroid, skin, urogenital system, breast and lung [2]. Well differentiated
neuroendocrine tumor cells synthesize, store and secrete chromogranin A (CGA) and amines; metastatic
neuroendocrine carcinomas have fewer cytoplasmic secretory granules [1]. Serum CGA is a commonly
measured marker in neuroendocrine neoplasms [3].

PPGLs are rare neuroendocrine tumors of a chromaffin cell origin usually found in the adrenal
medulla and other ganglia of the nervous system [6]. PCC is a tumor arising from adrenomedullary
chromaffin cells that commonly produces catecholamines. PGL is a tumor derived from extra-adrenal
chromaffin cells of the sympathetic paravertebral ganglia (thorax, abdomen, pelvis) producing
catecholamines or parasympathetic ganglia located in the neck and at the base of the skull, which
is often non-secretory [7–9]. PGLs were identified in the head and neck, being most frequent in the
carotid body, followed by jugulotympanic paraganglia, vagal nerve and ganglion nodosum, as well
as laryngeal paraganglia. Abdominal sites include urinary bladder tumors; other unusual sites are
peri-adrenal, para-aortic, inter-aortocaval, and paracaval retroperitoneal sites, as well as tumors in
the thyroid, parathyroid, pituitary, gut, pancreas, liver, mesentery, lung, heart and mediastinum [10].
The adrenal tumor localization is usually found in 80–85% of patients, and extra-adrenal sympathetic
and parasympathetic PGL are observed in 10–20% of patients [11,12]. While most PPGLs are benign,
approximately 10% of the PCCs and 20–25% of the PGLs are malignant [8,13,14].

PPGLs have considerable genetic heterogeneity [15] associated with various clusters based to
different patient outcomes and underlying genetics. The pseudohypoxia group is characterized by
somatic or germline mutations and silent or dopaminergic and/or noradrenergic secretory profiles in
the tricarboxylic acid cycle related to succinate dehydrogenase subunits SDHA, SDHB, SDHC, SDHD,
SDHAF1, SDHAF2 (together SDHx) or in fumarate hydratase (FH), a second enzyme in the tricarboxylic
acid cycle, in von Hippel-Lindau disease (VHL), endothelial PAS domain 1 (EPAS10, also known as
hypoxia–inducible factor 2α (HIF2A)), and prolylhydroxylases PHD1 and PHD2. The wnt signaling
group includes somatic mutations in cold shock domain containing E1 (CSDE1), α thalassemia/mental
retardation syndrome X-linked (ATRX) and mastermind-like transcriptional coactivator (3MAML3)
with mixed noradrenergic and adrenergic secretory phenotype. The kinase signaling group consists of
germline or somatic mutations in RET proto-oncogene (syndrome MEN 2A, 2B), neurofibromin 1 (NF1),
transmembrane protein 127 (TMEM127), MYC-associated factor X (MAX), kinesin-like protein (KIF1BB),
receptor tyrosine kinase (MET) and GTPase, Harvey rat sarcoma viral oncogene homolog (HRAS)
with adrenergic or mixed noradrenergic and adrenergic secretory profiles [10,15]. Mutations in the
mitochondrial succinate dehydrogenase enzyme complex subunit B (SDHB) and the tumor suppressor
gene Von Hippel-Lindau (VHL) are mainly associated with malignancy [13].

Elevated levels of circulating CGA have been associated with almost all types of neuroendocrine
neoplasms including PPGLs [5]. CGA belongs to the family of secretory chromogranin and secretogranin
proteins (CGA, chromogranin B, chromogranin C or secretogranin II, secretogranins III, IV, V, VI, VII and
VIII). These proteins are the driving force for the biogenesis of secretory chromaffin granules present
in the diffuse neuroendocrine system [16]. CGA is an acidic hydrophilic glycoprotein abundantly
expressed in large dense core vesicles of neuroendocrine cells [17]. CGA comprises at least 40% of the
soluble proteins of the adrenal chromaffin granules [18]. Human CGA is encoded by the CHGA gene,
located in chromosome 14q32.12 with eight exons and seven introns. It is transcribed and translated
into a 439 amino acids protein with a molecular weight of 48 kDa which is co-stored and co-released
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with catecholamines [5,16]. The N-terminal domain of CGA is responsible for directing CGA into
the secretory granules [19], and for binding to secretogranin III, the receptor for CGA requiring the
presence of Ca2+ [4]. The CGA structure is described in Uniprot/SWISS-PROT database under the
accession number P10645 and it consists of 18 amino acids (aa) long signal peptide (CGA 1–18) and
439 aa long CGA (together 457 aa). It includes multiple dibasic cleavage sites [5]. CGA is processed to
a lesser extent within the secretory granules to yield bioactive peptides [20]. These peptide hormones
such as vasostatin-1 (CGA 19–94), vasostatin-2 (CGA 19–131), pancreastatin (CGA 272–319), catestatin
(CGA 370–390), parastatin (CGA 347–419), serpinin (CGA 429–454), chromofugin (CGA 47–66),
chromostatin (CGA 124–143), chromactin I (CGA 173–194), chromactin II (CGA 195–221) or WE14
(CGA 316–329) have different biological functions. Generally the peptide hormones negatively
modulate the neuroendocrine function [4,5] and are involved in regulation of the cardiovascular system,
metabolism, innate immunity, angiogenesis and tissue repair [21].

The main biological role of CGA is to regulate calcium-mediated exocytosis [22]. The granin
family has the capacity to bind calcium ions and the ability to form aggregates [5]. They are involved in
vesicle sorting, in the generation of bioactive peptides and in the accumulation of soluble species such
as catecholamines and Ca2+ at low pH to large dense core vesicles. CGA is synthesized in the rough
endoplasmic reticulum, transported to the Golgi complex and packaged together with other secretory
proteins/peptides and amines into immature granules, where it may be cleaved into the various derived
peptides by specific processing enzymes. Upon acidification, secretory granules mature, and are ready
for stimulation–induced release. Intact CGA controls the dense core granule biogenesis as well as
the sorting and secretion of other bioactive molecules, and participates in the regulation of cytosolic
calcium stores and granule exocytosis [5,23]. The pH gradient across the membrane of large dense
core vesicles is responsible for maintaining the high concentrations of amines, Ca2+ and ATP inside
the vesicles. The pH gradient depends on the activity of a vesicular H+-proton pump ATPase, which
is continuously pumping H+ to acidify the vesicles [24]. Treatment of patients with proton pump
inhibitors (PPIs) can increase the concentrations of CGA in circulation.

CGA is an essential protein for PPGLs [25]. High levels of CGA, co-stored and co-secreted with
catecholamines, may indicate tumor mass and malignancy in PPGL patients and can be used to monitor
response and relapse [13]. Although non-specific for PPGL, CGA may facilitate diagnostic evaluation of
e.g., SDHB-related PPGL, especially where the measurement of plasma metanephrines could otherwise
be delayed by decreased availability or cost restriction [26]. High levels of CGA at the time of PPGL
diagnosis were associated with the presence of metastases according to the histological evaluation
of primary PPGL tumors with a PASS scoring scale, which is based on the histological evaluation of
large nest or diffuse growth (>10% of tumor volume) (2 points), central or confluent necrosis (2 points),
high cellularity (2 points), cellular monotony (2 points), tumor cell spindling (2 points), mitoses
>3/10 HPF (2 points), atyp. mitoses (2 points), periadrenal fat infiltration (2 points), angioinvasion
(1 point), transcapsular invasion (1 point), extreme pleomorphism (1 point) and nuclear hyperchromasia
(1 point) [27]. The PASS score of PPGL patients usually exceeds 4 points [28]. A value of less than four
out of 20 points indicates the benign character of a tumor [27]. The PASS score shows the possibility of
malignancy, and its value higher than four indicates uncertain biological behavior. Increasing the score
increases the likelihood of malignancy. However, the real evidence of malignancy is only the presence
of metastasis in PPGL patients [7]. CGA is physiologically released via exocytosis by both functioning
and non-functioning tumors [29]. A significant positive relationship was demonstrated between tumor
mass and serum CGA levels [30–32]. Abnormally high circulating CGA levels are a typical feature
of patients with neuroendocrine tumors and the detection of circulating CGA has a high sensitivity
and specificity for the diagnosis of these tumors [29]. Plenty of misdiagnoses or delayed diagnoses
still occur due to silent or weak clinical manifestation, especially for non-functioning neuroendocrine
tumors [33]. CGA is a widely used biomarker for the assessment of neuroendocrine neoplasms, mainly
of a gastroenteropancreatic origin [4]. It is elevated in approximately 90% of gut neuroendocrine tumors;
the highest values are noted in ileal and gastrointestinal neuroendocrine tumors associated with MEN1.
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Pancreatic neuroendocrine tumors also have elevated values [1]. CGA was significantly higher in
patients affected by hepatocellular carcinoma [34], gastroenteropancreatic neuroendocrine tumors [35],
and in primary and metastatic small intestinal neuroendocrine tumors [36]. Gastric type I, pituitary
and parathyroid tumors had lower values [1]. CGA is more frequently elevated in well-differentiated
tumors compared to poorly differentiated neuroendocrine tumors [1].

Falsely elevated CGA levels are observed in patients treated with proton pump inhibitors
(PPIs) or other acid-blocking medications [1,4,5,37]. This effect of the PPIs is fully eliminated after
discontinuation of the PPI for 2 weeks [38]. Chronic renal insufficiency (CRI) can also substantially
increase the concentration of circulated CGA [39] and may led to concentrations of CGA as high as
those detected in patients with neuroendocrine neoplasm [40]. Other diseases of the alimentary tract
affecting CGA concentration are chronic gastritis [41], chronic hepatitis, liver cirrhosis [42], pancreatitis,
irritable bowel, and inflammatory bowel diseases [43]. Its concentration in circulation is also increased
after myocardial infarction, acute coronary syndrome and heart failure [21,44,45]. The cardiovascular
complications were observed in nearly 20% of patients with PPGLs due to an increased level of
catecholamines [46].

We have presented in this study our experiences with the radioimmunoanalytical determination
of plasma CGA in groups of patients who suffered from PPGLs. These data were partly published
in the literature [47], and commentary on the data is given in the Discussion section. Patients with
various endocrine disorders other than PPGLs were used as the control group.

2. Results

In all PPGL patients, CGA and methanephrines were determined by radioimmunoassay in EDTA
plasma. The nature of the PPGL was differentiated by colored solid symbols as given in the legend of
Figure 1. Plasma CGA results were not statistically dependent on either age or gender.

As seen in Figure 1, clinical specificity and sensitivity was considerably influenced by administering
proton pump inhibitors and in patients by chronic renal insufficiency. Recurrence of the disease (REC)
was observed in two patients one week or two years after surgery. These results concerning PPI, CRI
or REC were not included in the clinical specificity and sensitivity calculations listed in Tables 1 and 2
since such increased values can be normalized by not administering PPI to patients, or long-term
kidney failure or the recurrence of PPGL must be taken into consideration when interpreting the results
as the case may be. Figure 1 describes CGA concentration in EDTA plasma of all samples of 78 PPGL
patients and 86 controls in a given time period. Metanephrine (MN) and normetanephrine (NMN)
using radioimmunoassay in EDTA plasma were also determined in these patients. Data from 71 PPGL
patients were used for determination of sensitivity, the remaining seven patients were excluded from
the study due to PPI, CRI, or REC (Table 1). One patient out of 86 control samples was also excluded
from the same cause (CRI), so the calculation of specificity was done from a group of 85 patients.
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Table 2. The clinical specificity determined from the control group of patients with various adrenal
disorders; but not afflicted by pheochromocytoma or paraganglioma. The meaning of abbreviations
is plasma chromogranin A (CGA); multiple endocrine neoplasia (MEN) type 2A (MEN2A) or 2B
(MEN2B); medullary (MTC); papillary (PTC) or follicular (FTC) thyroid carcinoma; number (n);
standard deviation (SD).

Controls

Syndrome Gender n
AGE (years) CGA μg/L) Clinical

SpecificityMean SD Mean SD

total
total 85 53 19 125.3 259.3 92

males 29 53 21 102.6 128.9 93
females 56 54 18 134 306.3 91

adrenocortical
adenoma

total 44 63 11 178.5 352.7 84
males 15 65 6 135.2 173.3 87

females 29 62 13 200.9 417.7 83

adrenocortical
adenoma +MTC, FTC

total 1 71 - 31.8 - 100
males - - - - - -

females 1 71 - 31.8 - 100

adrenocortical
adenoma + PTC

total 1 75 - 108.4 - 100
males - - - - - -

females 1 75 - 108.4 - 100

hypertension
total 8 45 16 43.2 11 100

males 4 41 22 50.2 9.1 100
females 4 48 8 36.3 8.3 100

MEN 2A
total 2 10 4 70.6 15.2 100

males 1 13 - 81.3 - 100
females 1 7 - 59.8 - 100

MEN 2A +MTC
total 7 26 14 69.5 35.5 100

males 3 20 12 71.8 24.9 100
females 4 30 16 67.7 45.7 100

MEN 2B +MTC
total 3 30 16 90.7 53.9 100

males 1 17 - 146.2 - 100
females 2 37 16 62.9 34.4 100

MTC
total 9 56 13 76.9 36.2 100

males 2 51 17 51.3 10.9 100
females 7 57 13 84.2 38.1 100

MTC + PTC
total 1 70 - 42.3 - 100

males 1 70 - 42.3 - 100
females - - - - - -

PTC
total 4 58 22 81.1 40.4 100

males 1 80 - 102.6 - 100
females 3 50 20 73.9 46.2 100

thyroid disorders
total 5 36 18 70.2 12.2 100

males 1 51 - 54.6 - 100
females 4 32 18 74.1 9.9 100

PPGL patients are divided into PCC and PGL groups (total, males, females) with specified or not
specified mutations in Table 1. Six of the PCC patients (none of the PGL patients) were metastatic
(1 case of RET mutation, other mutations were not specified), two of these patients died prior to surgery.
Nine PGL patients with preoperative CGA concentrations 355.9 ± 270.8 μg/L (Table 1) showed only
noradrenergic phenotype with increased NMN and normal MN with one exception in which both MN
and NMN were normal. Preoperative CGA concentrations 657.1 ± 492.7 μg/L (Table 1) were found in

133



Cancers 2019, 11, 586

62 PCC patients. According to Eisenhofer et al. [48], there was an adrenergic phenotype with elevated
MN and variable NMN levels in 36 patients with a CGA concentration equal to 767.7 ± 513.7 μg/L.
A noradrenergic phenotype with elevated NMN and normal or slightly increased MN to 120 μg/L was
found in 25 patients with a CGA concentration of 516.9 ± 428.8 μg/L. Both MN and NMN were in
normal reference ranges in one PCC patient. In general, the adrenergic phenotype of PPGL patients did
not have a statistically significantly higher concentration of CGA than the noradrenergic phenotype.
The CGA concentration of the adrenergic and noradrenegic phenotype is shown in Figure 2 as the
notched box plot.

The clinical sensitivity of 71 PPGL patients based on plasma CGA values greater than 150 μg/L
before surgery is equal to 90%. A total of seven patients (three not specified, one RET, two VHL, one
NF1) had pre-surgery CGA values below 150 μg/L (Figure 1). Five of these patients had a tumor volume
less than 20 mm3, and in one PCC patient diagnosed in 2002 with VHL gene mutation, recurrence was
observed in 2003, 2005 and 2014. A kidney tumor was removed from him in 2014. The last patient was
treated with vasodilating and antithrombotic drugs. Clinical sensitivity based on the concentrations of
plasma MN and NMN was 97%.

Clinical specificity of PPGL patients based on all plasma CGA values during one week, six months,
one year and two years after surgery less than 150 μg/L is equal to 99% (n = 98, CGA 73.2 ± 28.4
[29.7–187.6] μg/L). One result concerning the specificity of CGA 188 μg/L six months after surgery
was a false positive. There was also a clinical specificity of 99% for PPGL patients determined by the
concentration of metanephrines.

Figure 1. The results of chromogranin A (CGA) determination in PPGL patients before and after
surgery. Symbols indicate the type of PPGL and found mutations in genes RET; NF1; VHL; SDHB;
SDHD; MAX; MET. The meaning of abbreviations is pheochromocytoma (PCC); paraganglioma (PGL);
patients treated with proton pump inhibitors (PPI); patients with chronic renal insufficiency (CRI);
patients with a recurrence of the disease (REC).
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Figure 2. The notched box plot of CGA concentrations in adrenergic and noradrenergic phenotype of
PPGL patients.

Results concerning the clinical specificity of CGA in the group of control patients without PCC
or PGL are shown in Table 2. Some of these control patients had a diagnosis closely related to PPGL.
This concerned 44 patients with adrenocortical adenoma or one patient with adrenocortical adenoma
together with medullary thyroid carcinoma (MTC), follicular thyroid carcinoma (FTC) or papillary
thyroid carcinoma (PTC), two patients with MEN2A syndrome or seven patients with MEN2A and
MTC, three patients with MEN2B and MTC, or nine patients with merely somatic MTC. There was one
patient with MTC and PTC and four patients with PTC, nine patients with hypertension, and five cases
in which patients suffered from thyroid diseases (one goiter, one thyroiditis, three thyroid nodules).
This concerned a total of 86 cases. One of these patients with hypertension labeled CRI in Figure 1
was not included in the control group because he suffered from chronic renal insufficiency (4th degree
hypertensive nephrosclerosis), so Table 2 shows a total of 85 patients. The CGA clinical specificity
of the control group is 92%; seven out of 85 had a CGA higher than 150 μg/L. All of these patients
were diagnosed with adenoma of the adrenal gland, which was accompanied by two serious cases of
cardiovascular disease and two cases of hypertension. MN and NMN values of these patients were
inside the reference range. The clinical specificity of the control patients, based on the concentration of
metanephrines, was 99%.

The mass of the operated PPGL tumors was determined in 59 of a total of 78 PPGL patients. Of these
59 patients, five patients who received PPI and one patient with CRI were excluded. The correlation
between mass of PPGL tumors and corresponding CGA was calculated in 53 patients according to the
following equation:

Mass (g) = 16.2481 + 0.2073 × CGA(μg/L); n = 53, correlation r = 0.4490,
significance level p = 0.0007.

The volume of the operated PPGL tumors was determined in 47 of a total of 78 PPGL patients.
Of these 47 patients, six patients who received PPI and one patient with CRI were excluded.
The correlation between volume of PPGL tumors and corresponding CGA was calculated in 40
patients according to the equation:

Volume (mm3) = −23.6810 + 0.3131 × CGA (μg/L); n = 40, correlation r = 0.7300,
significance level p = 0.0000.

The PASS score [29] was determined in 65 of a total of 78 PPGL patients (PASS score mean ± SD =
5 ± 3, range 1–11 points). Of these 65 patients, six patients who received PPI and one patient with CRI
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were excluded. The correlation between PASS scores and the corresponding CGA was calculated in
58 patients according to the equation:

PASS = 3.7643 + 0.0023 × CGA (μg/L); n = 58, correlation r = 0.4322, significance level p = 0.0007.

3. Discussion

In a pilot study of 25 PPGL patients in 2008, we examined the utility of the CGA radioimmunoassay
for the diagnosis of PPGL [30]. The results were so hopeful that by 2017 radioimmunoassays with CGA
and plasma free metanephrines were determined in our institute in another 55 PPGL patients and results
were published in 2017 [47]. This article includes all data on CGA and free plasma metanephrines
concerning 78 PPGL patients measured by radioimmunoassays in our institute. Data were revised
according to clinical diagnosis, consistently purified from all results of PPI-mediated analyses, chronic
renal insufficiency or recurrence of the disease. Based on the revised results, we had to reduce clinical
sensitivity for CGA from 93% [47] to 90%, and for metanephrines we increased the clinical sensitivity
from 96% [47] to 97%. The combined clinical specificity calculated from the results of PPGL patients
four months and more after surgery and from the control group (151 analyses) was 96% for CGA
and 100% for metanephrines [47] and it was decreased in this set (156 analyses) to 95% for CGA
and 99% for metanephrines. In this study the clinical specificity of PPGL patients after surgery
(98 analyses over one week to two years after the operation of PPGL; analyses influenced by PPI, CRI
or REC were excluded—see Figure 1) was 99% for CGA and 99% for metanephrines. The clinical
specificity of the control group (85 analyses, one patient with CRI was excluded) was 92% for CGA,
99% for metanephrines. In all cases the combination of metanephrines and CGA gave 100% results of
clinical sensitivity.

The clinical sensitivity of CGA in the PPGL group of patients is 90% and is therefore below the
clinical sensitivity determined by MN and NMN (97%). But the sensitivity of metanephrines is not
equal to 100%. In our PPGL patient population, metanephrines were falsely negative in one case of PGL
and in one case of PCC (the kind of genetic mutation is unknown), while CGA levels were increased.
In the PGL case the preoperative concentrations of CGA and NMN were increased, while MN was
normal. The patient was designated for resection of sympathetic paraganglioma due to identical results
of imaging procedures using MIBG and FDG PET, respectively. The PGL located on the abdominal
aorta was removed during the first operation and one week after surgery the CGA concentration
was increased, NMN and MN were within the normal reference range. Further measurements after
6 months have shown that the CGA level is still elevated, but MN and NMN are normal. By the imaging
procedure (PET/CT with FDOPA) another deposit was found and PGL was surgically removed in the
area of the right adrenal gland after 10 months. One week after surgery the concentrations of CGA, MN
and NMN were within the normal reference range. Table 1 does not state that one PGL patient with
recurrence of the disease had MN and NMN within the reference range in the first week after surgery,
while the CGA was greater than the CGA cut-off value. Zuber et al. [26] showed that CGA is a valuable
complementary biomarker in the workup of SDHB-related PCC/PGL. Combined with plasma NMN,
CGA further enhance tumor detection by 22% with minimal loss in specificity. Unlike the previous
quote, other literature [49] states that plasma CGA levels are increased in only a small portion (16%)
of patients with biochemically silent hereditary head and neck paragangliomas, but the finding that
nine out of 62 PGL patients with a biochemically silent tumor had an elevated CGA level possesses
diagnostic significance. The CGA can be increased in a number of neuroendocrine neoplasias, so it
cannot be used alone to diagnose PPGL. Metanephrines also have an advantage over CGA that they are
unaffected by PPI use, and renal insufficiency should not affect their value. However, the combination
of CGA and plasma metanephrines increases the predictive value in terms of clinical sensitivity and
specificity and it is evident that CGA determination can be an appropriate addition to MN and NMN
assays in laboratory diagnostics of PPGL patients.
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The clinical specificity of PPGL patients after surgery based on all plasma CGA values (n = 98)
purified from results with PPI, CRI or REC (Figure 1) is 99% and is the same as the 99% specificity
based on the MN and NMN assays. CGA determination was also in this case an appropriate addition
to the MN and NMN tests, and vice versa.

The clinical specificity of CGA in the control group was 92%, while the clinical specificity based on
the MN and NMN tests was 99%. In 1 case of a patient with adrenocortical adenoma and MTC without
diagnosis of PPGL, the NMN was falsely positive increased (197 ng/L), while the CGA 115 μg/L was
below the 150 μg/L cut-off value.

A PASS score was absent in the nine patients without surgery and it was not determined in four
patients. Of the 58 PPGL patients who had determined the PASS score, 46 patients (79%) had the
PASS score equal to or greater than 4. In four metastatic PCC patients, PASS score was also equal to or
greater than 4 (mean PASS ± SD = 7 ± 3). A PASS score equal or higher than 4 indicates uncertain
biological behavior and increases the likelihood of malignancy. From this perspective, the PASS score
was clinically relevant in malignant PPGL patients. We found in the literature [50] that the overall
sensitivity for the PASS algorithm to correctly identify a malignant PCC (n = 105) was 97%, whereas
the specificity of benign PCC (n = 704) was 68%. The sensitivity of the PASS score in malignant PGL
(n = 13) was 100%, the specificity of benign PGL (n = 29) was 72%.

In the monitored PPGL and control group, increased values of CGA were found in connection
with the PPGL diagnosis, while for patients with MEN syndrome and MTC or with differentiated
cancer of thyroid gland (PTC, FTC) without the presence of PCC or PGL, CGA values were within the
reference range.

Although PPGLs are rare tumors of chromaffin cells, it has serious consequences to the health of
afflicted patients. Its familiar occurrence in individuals with a genetic predisposition is common in
young people and often consists of bilateral tumors with aggressive biological behavior [7]. Unlike the
determination of MN or NMN, the determination of CGA is not influenced by hypertensive drugs,
substances and activities affecting biosynthesis and the secretion of catecholamines [7,12], but the
value of CGA determination in patient taking proton pump inhibitors and in patients with severe renal
insufficiency is limited [4,5] (see Figure 1).

The Endocrine Society [7] recommends that initial screening for PPGLs should include
measurement of plasma-free metanephrines or urine-fractionated metanephrines using liquid
chromatography with mass spectrometric or electrochemical detection methods. The CGA in circulation
seems to be in general a biomarker of neuroendocrine tumors which can improve diagnosis, serve to
estimate prognosis and monitor the course of treatment [5]. CGA is an essential protein for PPGLs
and if immunohistochemistry for CGA is negative, PPGLs should be ruled out [25]. According to
the European Society of Endocrinology [51], CGA should be preoperatively measured in patients
with normal preoperative plasma or urinary levels of MN, NMN and 3-methoxytyramine (3MT),
and also 2–6 weeks and every year after surgery. Elevated preoperative CGA levels can be used to
screen for local or metastatic recurrences or new tumors. The postoperative determination of CGA is
recommended in cases with preoperative elevated CGA and normal metanephrines. Our experience
corresponds to the recommendations of the European Endocrinology Society. We think that if there is
any doubt about metanephrines in the laboratory diagnosis of PPGL, CGA should also be determined.

A problem in the immunoanalytical determination of CGA lies in the fact that immunoassays
are not standardized, and the results of various kit producers are different. This is due to the
different specificity and sensitivity of the antibodies used, as well as to the different format of the
given immunoassays [5]. CGA is highly acidic, it binds Ca2+ ions and aggregates rapidly. If the
Ca2+ concentration is limited in EDTA plasma samples, there CGA does not form aggregates and
concentrations of free CGA are immunoanalytically detected in comparison with serum samples [52].
The principal limitation of CGA evaluation is its low clinical specificity and sensitivity. The CGA is
elevated in PPGLs, however, as well as in other neuroendocrine or non-neuroendocrine neoplasia
and in clinical conditions with increased adrenergic activity [4]. The advantage of the immunoassay
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approach is that these methods are common in a clinical-biochemical laboratory and do not require
additional expensive instrumentation. Limitations are given by the immunoassay principle in which,
owing to interference, the immunological quantity does not have to correspond to the biological activity.

4. Materials and Methods

4.1. The Group of Patients

Included in the study were the group of PPGL patients and the control group without PPGL
diagnosis. Patients with PCC or PGL consisted of 78 patients aged 49 ± 17 (18–78) years, 36 females
aged 52 ± 18 (18–78) years, 42 males aged 48 ± 15 (20–76) years. PCC occurred in 68 patients, PGL in
10 patients. In the PCC group, mutations in the RET gene were found in seven patients, three were
diagnosed with MEN2A and MTC, four had MEN2B and MTC. Mutations in the VHL gene were
observed in five patients, in three patients were mutations in the NF1 gene, two patients had mutations
in the MAX gene, one patient in the MET gene, and in 50 patients the mutations were not determined.
In the PGL group, mutations in the SDHB gene were found in two patients, while mutation in the
SDHD gene was observed in one patient. Mutations were not determined in seven patients.

A sampling of biological materials was performed preoperatively (2 ± 3 weeks before surgery)
and about one week (1 ± 0.5 weeks), six months (30 ± 10 weeks), one year (54 ± 6 weeks) and two years
(96 ± 22 weeks) after surgery. A blood basal sampling was performed 20 min after the introduction
of cannula in supine position. Four collections (before surgery, one week, six months, one year after
surgery) were conducted in 27 patients (25 PCC, 2 PGL); 19 blood samplings were from patients treated
with proton pump inhibitors. Three collections (before surgery, one week, six months after surgery)
were from seven PCC patients, in which four samplings were from patients treated with PPI and one
patient suffered from chronic renal insufficiency (CRI). Three collections (before surgery, one week, one
year after surgery) were from one PCC and one PGL patient, one sampling of PGL patient was treated
with PPI. Two collections (before surgery, one week after surgery) were from six PCC patients and two
PGL patients, three samplings were from patients treated with PPI, one PGL patient had a recurrence
of the disease (REC). Two collections were in one patient (before surgery, six months after surgery), two
collections (before surgery, one year after surgery) were from three PCC patients. Two collections were
in 10 PCC patients and two PGL patients (before surgery, two years after surgery), two PCC patients
had REC of the disease. One collection was in 15 PCC patients and three PGL patients before surgery.

The control group consisted of 86 patients aged 53 ± 19 (7–84) years, 57 females and 29 males
without diagnosis of PCC or PGL. These patients, however, had adrenal problems, or were diagnosed
with MEN syndrome and with medullary, papillary or follicular thyroid carcinoma. The rest of the
control group suffered from thyroid diseases (goiter, thyroiditis, thyroid nodules). Forty six patients
had adrenocortical adenoma, two of whom suffered from hypertension; two patients had serious
cardiovascular problems, one adenoma was accompanied by MTC and FTC, one adenoma was
accompanied by PTC. Nine patients suffered from hypertension, one of these patients had severe
chronic renal insufficiency. Nine patients had MEN2A syndrome, which was associated with MTC
in seven patients. MTC was detected in addition to MEN2B in three patients. Ten patients suffered
from MTC, one of whom was also diagnosed with PTC. Four other patients were found to have PTC.
Five patients had thyroid disease (one goiter, one thyroiditis, and three thyroid nodules). The study was
approved by the Internal Grant Agency, Ministry of Health of the Czech Republic, grant No. NT/12336-4
and local Ethical Committee, which also examined and adopted the informed consent of the patient.

4.2. Laboratory Examination

CGA was determined in the EDTA-plasma using a commercially available a solid-phase
two-site immunoradiometric assay with primary immobilized monoclonal antibodies and secondary
radioiodinated monoclonal antibodies, both directed against sterically remote sites on the CGA
molecule (manufacturer Cisbio Bioassays, Codolet, France; code CGA-RIACT). The cut-off value of
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CGA in the EDTA plasma 150 μg/L was determined on the basis of our results and information from
the Cisbio company that 97% of healthy persons (n = 60) had CGA below 97 μg/L with a maximum
concentration of 146 μg/L.

Free MN and NMN were determined in human EDTA plasma by competitive radioimmunoassay
using a MetCombi Plasma RIA kit (IBL International GmbH, Hamburg, Germany, code RE29111).
The cut-off values were 100 ng/L for metanephrine and 170 ng/L for normetanephrine.

4.3. Statistics

All statistical calculations were made using the computer program NCSS 2004 (Number Cruncher
Statistical Systems, Kaysville, UT, USA).

5. Conclusions

We can conclude that plasma CGA determined by immunoassay, which is simple without the
necessity of special laboratory equipment, is an effective marker of PPGLs and can serve as an
appropriate complement to MN and NMN assays in laboratory diagnosis of PPGL patients. Based on
90% clinical sensitivity, CGA can provide additional information to metanephrines, but absence of
elevated CGA should not be relied on to rule out PPGL. In all cases of PPGL patients under investigation
the combination of metanephrines and CGA gave 100% results of clinical sensitivity. Plasma CGA also
exerts an association to PASS score, tumor mass and tumor volume.
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Abstract: Pheochromocytomas and paragangliomas (PPGLs) with activated pseudohypoxic pathways
are associated with an immature catecholamine phenotype and carry a higher risk for metastasis.
For improved understanding of the underlying mechanisms we investigated the impact of hypoxia
and pseudohypoxia on catecholamine biosynthesis in pheochromocytoma cells naturally lacking
Hif2α (MPC and MTT) or expressing both Hif1α and Hif2α (PC12). Cultivation under extrinsic hypoxia
or in spheroid culture (intrinsic hypoxia) increased cellular dopamine and norepinephrine contents
in all cell lines. To distinguish further between Hif1α- and Hif2α-driven effects we expressed Hif2α
in MTT and MPC-mCherry cells (naturally lacking Hif2α). Presence of Hif2α resulted in similarly
increased cellular dopamine and norepinephrine under hypoxia as in the control cells. Furthermore,
hypoxia resulted in enhanced phosphorylation of tyrosine hydroxylase (TH). A specific knockdown of
Hif1α in PC12 diminished these effects. Pseudohypoxic conditions, simulated by expression of Hif2α
under normoxia resulted in increased TH phosphorylation, further stimulated by extrinsic hypoxia.
Correlations with PPGL tissue data led us to conclude that catecholamine biosynthesis under hypoxia
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is mainly mediated through increased phosphorylation of TH, regulated as a short-term response
(24–48 h) by HIF1α. Continuous activation of hypoxia-related genes under pseudohypoxia leads to a
HIF2α-mediated phosphorylation of TH (permanent status).

Keywords: hypoxia; pseudohypoxia; spheroids; HIF; EPAS1; catecholamine; pheochromocytoma
and paraganglioma; phosphorylation tyrosine hydroxylase

1. Introduction

Pheochromocytomas and extra-adrenal paragangliomas (PPGLs) are rare catecholamine-
producing neuroendocrine tumors with variable aggressiveness. PPGLs with activated pseudohypoxic
pathways (cluster 1), including those with mutations in genes encoding hypoxia-inducible factor
(HIF) 2α (also known as EPAS1), von Hippel-Lindau tumor suppressor (VHL), prolyl hydroxylase
domain (PHD), fumarate hydratase, and succinate dehydrogenase subunits (SDHx) are characterized
by an immature catecholamine phenotype and higher risk of metastasis particularly prevalent in
SDHx-mutated tumors [1–3]. In contrast, PPGLs with genetic alterations associated with activated
kinase signaling pathways (cluster 2) are mostly benign and show a mature catecholamine phenotype
with strong expression of phenylethanolamine N-methyltransferase (PNMT), the enzyme that converts
norepinephrine (NEpi) to epinephrine (Epi) [3,4]. Increased stabilization of HIFs and resulting
activation of hypoxia-related pathways seem to play a central role in the development and progression
of PPGLs [5]. Under normoxic conditions, the oxygen-sensitive HIFα subunit of the HIFα/HIFβ
complex is degraded by PHD- and VHL-mediated mechanisms. Insufficient oxygen (≤1% oxygen), also
known as hypoxia, leads to stabilization of the HIFα subunit resulting in the regulation of numerous
HIF-target genes, either by interaction with HIF1β followed by the transactivation of the hypoxia
responsive element (HRE) or by interactions with NOTCH, WNT, and MYC pathways [6].

There are two main HIFα isoforms, HIF1α and HIF2α, with partly overlapping functions,
regulating numerous processes including angiogenesis, cell survival, stem cell self-renewal and
pro-metastatic features of tumor cells. Gene expression profiling and immunohistochemical studies
have established enhanced expression of HIF2α, but no differences in expression of HIF1α, in cluster
1 compared to cluster 2 PPGLs [4,7–9]. In chromaffin cells, HIF2α seems to be responsible for
maintaining the balance between differentiation and stemness of the sympathoadrenal lineage, with both
HIFα subunits regulating biosynthesis, storage and secretion of catecholamines [10]. Expression of
tyrosine hydroxylase (TH), the rate-limiting enzyme in catecholamine biosynthesis and responsible for
conversion of tyrosine to L-dihydroxyphenylalanine (L-DOPA), is inducible by hypoxia. Both HIFα
subunits are able to bind at the HRE of the TH promoter, thereby increasing TH expression [11].
Besides altered expression, TH enzyme activity further depends on posttranslational phosphorylation
at serine 8, 19, 31, and 40 [12,13]. A specific knockdown of Hif2α by RNA interference had no effect
on Th mRNA expression in a rat adrenomedullary chromaffin cell line; in contrast, an influence on
DOPA decarboxylase (Ddc), the enzyme responsible for conversion of L-DOPA to dopamine (DA),
was established by changes in mRNA expression [14]. Park and coworkers investigated impacts of
HIF1α protein stabilization on catecholamine-induced expression of vascular endothelial growth factor
(VEGF) and showed that treatment with NEpi stimulated HIF1α protein stabilization associated with
increased angiogenesis [15]. Furthermore, PNMT expression seemed to be predominantly regulated
by HIF1α [16,17]. These findings suggest that HIF1α is the major player for the stress-induced
fight-or-flight response (short-term response) by regulating the biosynthesis of Epi. In contrast, HIF2α
seems to be more important for the regulation of developmental processes (long-term response), such as
those associated with immature chromaffin cell features including absence of PNMT expression with
missing production of Epi in cluster 1 PPGLs [18,19] and promotes an aggressive phenotype [20].
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Three-dimensional tumor cell spheroids provide an excellent in vitro model to study the influence
of hypoxia (intrinsic hypoxia) under conditions close to the in vivo situation within tumors. This is
because in contrast to monolayer culture, tumor cell spheroids mimic the tumor microenvironment and
the structure of the spheroid encourages the formation of an oxygen and nutrient gradient (Figure 1A).

 

Figure 1. Characterization of pheochromocytoma cell spheroids. (A) Tumor cell spheroids are
characterized by a necrotic core surrounded by hypoxic cell layers and an external zone of proliferating
cells. This structure encourages the formation of an oxygen, pH and nutrient gradient and leads to
accumulation of extracellular matrix proteins. Complexity and comparability with the structure of
a metastasis offers an important tool for drug screening. (B) Growth pattern of MPC and MTT cell
spheroids generated by using methylcellulose method. Four independent experiments (n = 15–20).
Mean ± SEM. (C) Impact of spheroid cultivation on the amount of protein produced by 500 cells over
a time-period of eight days in comparison to monolayer conditions. Four independent experiments
(n = 16). Mean ± SEM. ANOVA and Bonferroni post hoc test comparison vs. monolayer, * p < 0.05.
(D) Representative section of pheochromocytoma cell spheroids stained with Hematoxylin and Eosin
(nuclei: blue, cytosol: violet). (E) Covalent binding of pimonidazole confirmed the development of a
hypoxic region (red) surrounding the necrotic core of the spheroids (nuclei: blue). Scale bar: 200 μm.

Several studies have shown the excellent suitability of this model for drug screenings [21,22]
and investigations of the microenvironment [23] also on pheochromocytoma cell lines. The present
study investigates the hypothesis, that pheochromocytoma cell spheroids provide a suitable model
to examine chromaffin cell features such as catecholamine biosynthesis in vitro. Therefore, mouse
pheochromocytoma cells (MPC) generated from a neurofibromin 1 knockout mouse model [24] and its
more aggressive derivate, the MTT cell line [25], were used as models and cultivated under intrinsic
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or extrinsic (monolayer culture with 1% oxygen) hypoxia. Cellular catecholamine contents were
analyzed as a reflection of catecholamine biosynthesis, storage and turnover. We further addressed
the question, about whether HIF1α or HIF2α is the key regulator of TH biosynthesis under hypoxic
and pseudohypoxic conditions. Specific knockin or knockdown models were utilized to answer this
question and in vitro data were compared to gene expression in PPGL tumor tissue.

2. Results

2.1. Spheroid Growth Pattern and Characteristics

In accordance with growth in monolayer culture, MTT cells showed an enhanced growth pattern
in spheroid culture compared to MPC cells (Figure 1B). MPC cell spheroids reached a diameter of
approximately 550 μm after 18 days in culture, whereas the MTT cell spheroids already achieved a
diameter of 600 μm after 14 days. For both cell lines an optimized cell number (Figure S3) of 500
cells per well were used for spheroid generation to reach an exponential growth pattern over 18 days.
Cultivation under spheroid conditions diminished protein contents, an expected finding due to reduced
nutrient supply within spheroids (Figure 1C). In comparison to other methods (Figure S3–S5) the use
of methyl cellulose leads to uniform spheroids without verifiable outgrowth. Pheochromocytoma
spheroids were characterized by a necrotic core surrounded by a narrow hypoxic zone and an external
zone of proliferating cells as confirmed by the covalent binding of pimonidazole (Figure 1D,E). MALDI
mass spectrometry imaging (MALDI-MSI) was used to analyze the distribution of phosphatidylinositol
(PIP) within the spheroids. Higher contents in the proliferating cell layers indicated that the membrane
of the cells remained intact, while PIP contents in the necrotic core were reduced (Figure S7). Higher
levels of hexose monophosphate in the outer cell layers of the spheroid indicated an enhanced metabolic
activity in the hexose monophosphate shunt (Figure S7).

2.2. Impact of Extrinsic and Intrinsic Hypoxia on Catecholamine Biosynthesis

Hypoxia is an important contributor to intra- and inter-tumor cell diversity and is associated
with reduced differentiation, as shown in neuroblastoma and breast cancer cells [26,27]. Furthermore,
alterations in hypoxia-associated genes in pseudohypoxic cluster 1 PPGLs are associated with an
immature catecholamine phenotype [3,18]. The establishment of pheochromocytoma cell spheroids
allowed us for the first time to distinguish between short-term effects (extrinsic) and long-term effects
(intrinsic) of hypoxia on chromaffin cell characteristics. Long-term exposure to extrinsic hypoxia is
not suitable for the currently available pheochromocytoma cell lines, because of the complete loss
of cell growth characteristics [28]. We investigated the impact of extrinsic (O2 ≤ 1%) and intrinsic
hypoxia on catecholamine biosynthesis in several pheochromocytoma cell lines (Figure S6). In MTT
cells cultivated under extrinsic hypoxia or spheroid conditions TH protein levels (Figure 2A) were not
affected but instead showed increased phosphorylation at Ser40, an indicator of enhanced catalytic
activity (Figure 2B). Immunohistochemical staining showed increased expression of TH in the necrotic
core and the surrounding hypoxic area of the spheroid (Figure 2C). MPC cells contained lower amounts
of basal catecholamines compared to MTT cells. Extrinsic as well as intrinsic hypoxia led to a significant
increase of cellular DA in both cell lines (Figure 2D,E). Cultivation under spheroid conditions further
increased cellular NEpi. The hypoxic regions and necrotic core of the spheroid enlarged with increasing
cultivation time; this was also reflected by enhanced DA and NEpi contents comparing 11- and 18-days
old spheroids. Especially in MPC cell spheroids, DA and NEpi were much higher compared to
the monolayer culture under extrinsic hypoxia. This indicates an additional impact of necrosis on
catecholamine biosynthesis in spheroids.
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Figure 2. Impact of extrinsic and intrinsic hypoxia on catecholamine biosynthesis. (A) Section of
biosynthetic pathways of catecholamines. Squares highlighted the underlying enzymes (TH: tyrosine
hydroxylase; DDC: DOPA decarboxylase; DBH: dopamine β-hydroxylase; PNMT: phenylethanolamine
N-methyltransferase). (B) Effect of extrinsic and intrinsic hypoxia on the protein expression and
phosphorylation of TH at Ser40 in MTT cells. (C) Immunohistochemical staining showed an increased
expression of TH (red) in the necrotic and hypoxic core of the spheroid (DAPI, blue). Scale bar: 200 μm.
Catecholamine content of (D) MPC and (E) MTT cell spheroids in comparison to monolayer cultivation
under normoxic or hypoxic conditions. Three independent experiments (n = 3–6). Mean ± SEM.
ANOVA and Bonferroni post hoc test comparison vs. normoxia, ** p < 0.01, or vs. spheroid day 11,
# p < 0.05 or, ## p < 0.01.

2.3. HIF1α- and HIF2α-Mediated Effects on Catecholamine Biosynthesis

MPC and MTT cells naturally lack Hif2α. To clarify whether Hif1α or Hif2α drives the induction
of catecholamine biosynthesis under extrinsic hypoxia, we analyzed cellular catecholamines of the rat
PC12 cell line expressing both Hif1α and Hif2α. PC12 cells were unable to form spheroids using different
methods for spheroid generation (described in Supplementary Materials). Quantitative real-time
polymerase chain reaction (qRT-PCR) showed enhanced expression of Th under extrinsic hypoxic
conditions, whereas the expression of Ddc and Dbh remained unchanged (Figure 3B). Cultivation under
extrinsic hypoxia led to an increased phosphorylation of TH at Ser40 (Figure 3C) and accumulation
of DA in PC12 cells (Figure 3A). Presence of Hif2α in PC12 cells seemed not to have any effect on
hypoxia-induced catecholamine biosynthesis.
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Figure 3. Impact of extrinsic hypoxia in presence of Hif1α and Hif2α. (A) Cellular catecholamines in
PC12 cells in dependence of hypoxia. Presence of Hif1α and Hif2α led to an increase of dopamine within
the cells. Three independent experiments (n = 6–9). Mean ± SEM. ANOVA and Bonferroni post hoc test
comparison vs. normoxia, * p< 0.05. (B) Hypoxia resulted in a significant up-regulation of Th expression
in PC12 cells under extrinsic hypoxia, whereas expression of Ddc and Dbh remained unaffected. Four
independent experiments (n = 4). Mean ± SEM. ANOVA and Bonferroni post hoc test comparison vs.
normoxia, * p < 0.05. (C) Hypoxia further enhanced phosphorylation of TH at Ser40 investigated by
Western blot analysis. Shown is a representative section out of three independent experiments.

To mimic pseudohypoxic conditions, we expressed codon optimized Hif2α in MTT cells (MTT H2A)
naturally lacking Hif2α. The counterpart cell line, transfected with an empty vector (MTT control), was
used as a control (Table S1). The relative Th expression (Figure 4A) was not affected by the expression
of Hif2α (pseudohypoxia). No differences in cellular DA and NEpi content between MTT H2A cells and
MTT control cells were observed. Cultivation under extrinsic and intrinsic hypoxia increased cellular
DA contents in both cell lines (Figure 4B). Spheroid culture conditions furthermore increased NEpi
significantly. The relative expression of Ddc and Dbh was not affected by the incubation under extrinsic
hypoxic conditions (Figure 4C). Hif2α expression led to increased phosphorylation of TH while the
total amount of TH protein remained unaffected (Figure 4D). In the presence of Hif2α (pseudohypoxia),
the exposure to extrinsic hypoxia only had a negligible effect on the TH phosphorylation. To confirm
the previous results, we used MPC-mCherry cells (no Hif2α expression) with expression of Hif2α
(MPC-mCherry H2A) and their counterpart cell line (MPC-mCherry control) [22]. Similar to the MTT
H2A cells, expression of Hif2α in MPC-mCherry cells had no effect on Th gene expression and basal
DA and NEpi contents under normoxic conditions (Figure 4E,F). Independent of Hif2α expression,
cultivation under hypoxia resulted in increased DA and NEpi contents in both cell lines, indicating a
predominantly Hif1α-mediated effect under extrinsic hypoxia (Figure 4F). Under extrinsic hypoxia,
no effect on Th and Dbh expression was observed, but the expression of Ddc was significantly increased
in MPC-mCherry H2A cells (Figure 4G). The expression of Hif2α (pseudohypoxia) was accompanied
by an enhanced phosphorylation of TH that further increased in both cell lines under extrinsic hypoxia
(Figure 4H). The generation of a pseudohypoxic environment by expression of Hif2α in MPC and MTT
cells permitted comparison of catecholamine biosynthesis, gene expression and TH activation under
both extrinsic and intrinsic hypoxia in presence or absence of a pseudohypoxic cellular environment.
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Figure 4. Expression of Hif2α in mouse pheochromocytoma cells (pseudohypoxic conditions) enhanced
the basal phosphorylation (pseudohypoxic conditions) of TH, which was further increased by the
exposure to hypoxia. (A) Expression of Hif2α in MTT cells had no effect on the relative Th expression
determined by qRT-PCR. Three independent experiments (n = 3). Mean ± SEM. (B) In both cell lines
with different Hif2α expression, exposure to extrinsic or intrinsic hypoxia led to elevated DA and
NEpi, especially in spheroids generated with the methyl cellulose (MC) method. Three independent
experiments (n = 9). Mean ± SEM. ANOVA and Bonferroni post hoc test comparison vs. normoxia,
* p < 0.05, or ** p < 0.01. (C) In MTT cells, expression of Th, Ddc and Dbh increased by the exposure
to hypoxia independent of their Hif2α expression. Three independent experiments (n = 3). Mean ±
SEM. (D) Pseudohypoxia, simulated by the expression of Hif2α as well as extrinsic hypoxia led to an
enhance phosphorylation of TH at Ser40 in MTT cells. Representative sections of three independent
Western blot analysis were shown. To confirm these results MPC-mCherry cells expressing Hif2α and
their counterpart cell line were used. (E) Expression of Hif2α in MPC-mCherry cells had no impact on
the relative Th expression. Six independent experiments (n = 6). Mean ± SEM. (F) Similar to MTT cells
the exposure to hypoxia resulted in enhanced DA and NEpi in both MPC-mCherry cell lines. Three
independent experiments (n = 9). Mean ± SEM. ANOVA and Bonferroni post hoc test comparison vs.
normoxia, * p < 0.05, or ** p < 0.01. (G) Expression of Hif2αwas associated with increased expression
of Ddc under extrinsic hypoxia. Four independent experiments (n = 4). Mean ± SEM. ANOVA and
Bonferroni post hoc test comparison vs. normoxia, * p < 0.05. (H) Western blot analysis confirmed the
enhanced phosphorylation of TH at Ser40 under pseudohypoxic conditions in MPC-mCherry cells.
Extrinsic hypoxia further increased this effect. Three independent experiments.

Exposure to extrinsic hypoxia led to a time-dependent upregulation of Hif1α and Hif2α in PC12
(Figure 5A). In the next step, we reduced the expression of Hif1α in PC12 cells using RNA interference.
A stable knockdown efficiency of 42.1 ± 5.7% was achieved over at least 72 h, also under extrinsic
hypoxia (Figure 5B,C). The knockdown of Hif1α had no effect on expression of Hif2α (Figure 5B). Specific
knockdown of Hif1α reduced hypoxia-induced DA content of PC12 cells significantly (Figure 5C).
Moreover, specific knockdown of Hif1α led to reduced phosphorylation of TH at Ser40, while the total
TH protein amount remained unaffected (Figure 5D).
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Figure 5. Specific knockdown of Hif1α diminished phosphorylation of tyrosine hydroxylase and
thereby reduced cellular dopamine content in PC12 cells. (A) Extrinsic hypoxia led to a time-dependent
upregulation of Hif1α and Hif2α in PC12. (B) RNA interference using siRNA against Hif1α repressed the
expression of Hif1α also under extrinsic hypoxia while Hif2α remains unaffected. (C) Extrinsic hypoxia
increased cellular dopamine content in PC12 control cells (transfection without siRNA). This effect
was diminished by knockdown of Hif1α. (D) Furthermore, phosphorylation of TH was decreased by
knockdown of Hif1α. Three independent experiments (n = 3–6). Mean ± SEM. ANOVA and Bonferroni
post hoc test comparison vs. normoxia, * p < 0.05 or, ** p < 0.01, or vs. PC12 siRNA control 24 or 48 h
hypoxia, # p < 0.05.

2.4. TH Expression under Pseudohypoxic Conditions In Vitro and In Vivo

In contrast to extrinsic and intrinsic hypoxia, pseudohypoxic conditions are characterized by
the presence of oxygen with simultaneous activation of hypoxia-related pathways. We simulated
pseudohypoxic conditions in vitro by the expression of Hif2α in MPC-mCherry and MTT cells under
normoxic conditions (Figure 4). Expression of Hif2α had no effect on the expression of Th and cellular
DA and NEpi contents. To correlate these findings with the in vivo situation, the TH, HIF1α and HIF2α
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expression in tumors from PPGL patients with known genetic mutation (Figure 6A) were analyzed
using qRT-PCR (Figure 6C–E). Similar to other pseudohypoxic cluster 1 (5 VHL, 4 SDHB, 3 SDHD)
PPGLs, tumors with a somatic gain-of-function mutation in EPAS1/HIF2α (n = 3) showed an increased
expression of HIF2α compared to cluster 2 tumors (4 NF1, 6 MEN2), confirming previous results [4] in
the present cohort (Figure 6A,C). All three groups (EPAS1/HIF2α vs. cluster 1 vs. cluster 2) showed
a similar TH expression independent of HIF2α expression (Figure 6C), which is in accordance with
our in vitro findings using mouse pheochromocytoma cells expressing Hif2α (Figure 4A,E). The three
patients with EPAS1/HIF2αmutation consistently showed a doubling of NEpi in comparison to other
cluster 1 tumors (Figure 6B). In mature cluster 2 PPGLs Epi was significantly elevated in comparison to
immature cluster 1 tumors. Regression analysis demonstrated a significant correlation between the
expression of TH and both HIFα subunits (Figure 6D,E).

 
Figure 6. Expression pattern of EPAS1/HIF2α, HIF1α and TH in human tumor tissue. (A) Clinical
characteristics of the included patients with confirmed mutation in well-described cluster 1 or cluster
2 related genes. (B) Tumor tissue from patients carrying a somatic gain-of-function mutation in
EPAS1/HIF2α (n = 3) showed twice as much NEpi than other cluster 1 tumors that is also reflected by the
total amount of catecholamines (sum of DA, NEpi and Epi). An elevated content of Epi was observed
for mature cluster 2 tumors in comparison to the immature cluster 1 tumors. Mean ± SEM. ANOVA
and Bonferroni post hoc test comparison vs. cluster 1 and EPAS1/HIF2α, ** p < 0.01. (C) qRT-PCR
analysis showed an elevated EPAS1/HIF2α expression in cluster 1 PPGLs; whereas the TH expression
remains unaffected by the underlying mutations in the different cluster. Mean ± SEM. ANOVA and
Bonferroni post hoc test comparison vs. cluster 1 and EPAS1/HIF2α, * p < 0.05. (D) A significant
linear correlation between the expression of EPAS1/HIF2α and TH could be detected (f = 1.667 + 0.681x,
r = 0.490, R2 = 0.2399). (E) A similar correlation was also observed for the expression of HIF1α and TH
(f = 0.566 + 0.190x, r = 0.4252, R2 = 0.1808).

3. Discussion

Hypoxia and the associated activation of hypoxia-related pathways contribute to tumor aggressiveness
and therapy resistance [29,30]. As an alternative to extrinsic hypoxia, tumor cell spheroids provide a
useful model to investigate the impact of hypoxia in vitro. Our study shows for the first time that the
chromaffin cell features of pheochromocytoma cell lines remain unchanged during cultivation under
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spheroid conditions. This confirms the suitability of the model for investigations related to chromaffin
cell features such as catecholamine biosynthesis, storage and secretion. For the tested cell lines,
induction of spheroid formation via cultivation in the presence of methyl cellulose provided the most
reproducible spheroids (Figures S1 and S2). Beside the described methods (Supplementary Materials),
we also tested the agar-based liquid overlay technique [31–33] for all three pheochromocytoma cell
lines. This method, however, resulted in multiple, small spheroids that were not useful for our
purposes. The utilized methyl cellulose method is also suitable for the generation of endothelial
cell spheroids [34]. This provides an opportunity for a future generation of multicellular spheroids
consisting of pheochromocytoma cells, endothelial cells and/or fibroblasts providing a closer model to
the in vivo situation within the tumor microenvironment.

Extrinsic as well as intrinsic hypoxia led to an up-regulation of total catecholamine contents of
different pheochromocytoma cell lines with a cluster 2-like phenotype presumably reflecting increased
phosphorylation of TH (Figure 7).

 
Figure 7. In the present study, the impact of three different types of hypoxia on the catecholamine
biosynthesis of pheochromocytoma cells was investigated. Short-term exposure (24–48 h) to ≤
1% oxygen under extrinsic hypoxia in Hif2α-deficient cells (a) led to an up-regulation of tyrosine
phosphorylase (TH) phosphorylation and dopamine (DA). This effect was increased by long-term
exposure to intrinsic hypoxia along with elevated norepinephrine (NEpi). Under both conditions
similar effects could be observed after expression of Hif2α (b) in these cells. Expression of Hif2α further
resulted in enhanced Ddc expression after hypoxic stimulation. The impact of extrinsic hypoxia could be
reduced by a specific knockdown of Hif1α (c). Pseudohypoxia, characterized by permanent activation
of hypoxia-related pathways in presence of oxygen, also led to an enhanced phosphorylation of TH.

It is also possible that a reduced turnover of catecholamines due to influences on secretion or
intracellular metabolism could also contribute to the increased catecholamine content under hypoxic
conditions. Under spheroid conditions, an additional impact of necrosis on catecholamine turnover
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is conceivable. Different protein kinases and protein phosphatases mediate the phosphorylation
of TH at serine residues Ser8, Ser19, Ser31 and Ser40. TH activity is nevertheless predominantly
dependent on the phosphorylation at Ser40; phosphorylation at Ser31 also enhances TH activity
but to a much lesser extent than for Ser40, and phosphorylation at Ser19 or Ser8 has no effect on
the enzyme activity [13]. Protein kinase (PK) A, PKG, and PKC are primarily responsible for the
phosphorylation of Ser40, whereas dephosphorylation is regulated by protein phosphatase 2A and 2C.
Goldberg and coworkers showed that exposure to hypoxia led to an increased activation of different
PKC isoforms [35]. A reactive oxygen species (ROS)-mediated activation of PKC was postulated as
a mechanism for the increased secretory capacity of mouse adrenal chromaffin cells under chronic
intermittent hypoxia [36]. Lee et al. documented a PKA-dependent effect on TH phosphorylation
at Ser40, which seems to be responsible for elevated dopamine in PC12 cells under intermittent
hypoxia [37]. In human cervical adenocarcinoma cells, hypoxia activated PKC-δ led to both increased
HIF1α transcription and stability [38]. On the other hand, expression of PKA-α repressed the activity
of HIF1α in PC12 cells [39]. The data of the present study further indicate an impact of Hif2α on TH
phosphorylation. Expression of Hif2α in MTT and MPC-mCherry cells naturally lacking Hif2α led to an
increased phosphorylation of TH under normoxic conditions. In further studies, it should be addressed
if Hif2α-mediated phosphorylation of TH is directly or indirectly regulated by PKs independence
on various hypoxic conditions (extrinsic, intrinsic and pseudohypoxic). The three tumors bearing
a mutation in EPAS1/HIF2α consistently showed a doubling of NEpi in comparison to other cluster
1 PPGLs. For a final characterization of these tumors, the sample number needs to be increased.
Differences in TH expression could not be observed. This suggests an increased phosphorylation
of TH (Figure 6B) or reduced catecholamine turnover in vivo. Furthermore, expression of Hif2α in
MPC-mCherry cells enhanced hypoxia-stimulated expression of Ddc (Figure 4). Brown and coworkers
described two putative hypoxia response elements for HIF2α binding in the promoter region of Ddc [14].
This could be responsible for the enhanced Ddc expression in presence of Hif1α and Hif2α.

The present study allows for the first time a differentiation between HIF1α- and HIF2α-driven
effects on the catecholamine biosynthesis under hypoxic conditions (Figure 7). The regulation of the
catecholamine biosynthesis in pheochromocytoma cells seems to be primarily regulated by HIF1α
under extrinsic hypoxia. A specific knockdown of Hif1α reduced hypoxia-induced dopamine synthesis
and diminished TH phosphorylation significantly (Figure 5), while the expression of Hif2α had no
additional effect (Figure 4). This is in line with findings of other groups showing that HIF2α is
dispensable for the response to hypoxia [40,41]. Extrinsic hypoxia as performed in our study reflects
only the effect of a short-term exposure (24–48 h) to reduced oxygen mainly leading in a stabilization
of HIF1α. Tumor cell spheroids provide an excellent model to study long-term effects of hypoxia
in vitro, but with considerations that results reflect a mixture of (a) proliferating cells under normoxia,
(b) hypoxic cells, and (c) necrotic cells (Figure 1). In all cell lines cultivation under spheroid conditions
increased cellular DA and NEpi contents compared to monolayer culture (Figures 2 and 4), indicating
an additional impact of necrosis. Immunohistochemical staining for TH showed an elevated expression
in the necrotic core of the MTT and MPC spheroids (Figure 2). Little is known about the impact of
necrosis on catecholamine biosynthesis, storage and turnover. Our data provide the first indication
that necrosis enhances the biosynthesis of catecholamines in vitro.

The cellular catecholamine contents of pheochromocytoma cells in response to hypoxia seem to
be primarily regulated through an increased phosphorylation of TH at Ser40. In short-term response
(24–48 h), HIF1α regulates catecholamine biosynthesis, while HIF2α is dispensable for the direct
response to hypoxia. A permanent activation of HIF2α, as shown in pseudohypoxic cluster 1 PPGLs
for example, led to HIF2α-mediated phosphorylation of TH seen in MPC and MTT cells. Targeted
inhibition of HIF2α possibly provides an excellent therapeutic approach for advanced PPGLs [42] and
is moreover able to modulate catecholamine biosynthesis within the tumor cells.
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4. Materials and Methods

If not indicated otherwise, all solutions and reagents were of the highest purity available from
Sigma Aldrich GmbH (St. Louis, MO, USA). Cell culture medium and additives were obtained from
Gibco (Thermo Fisher Scientific, Waltham, MA, USA) with the exception of fetal calf serum (Biowest,
Riverside, MO, USA).

4.1. Cell Culture

Mouse pheochromocytoma cells (MPC 4/30/PRR) generated from heterozygous neurofibromatosis
knockout mice and its more aggressive derivate termed MTT were used as models [24,25]. MPC cells
were cultivated with RPMI-1640 containing 10% horse serum (HS), 5% fetal calf serum (FCS) and 2 mM
Glutamax. For MTT cells Dulbecco’s Modified Eagle Medium (DMEM) + Glutamax supplemented
with 10% HS, 5% FCS and 1 mM sodium pyruvate were used. For the cultivation of the PC12 rat
pheochromocytoma cell line RPMI-1640 containing 10% horse serum (HS) and 5% fetal calf serum (FCS)
were used [43]. All media were named complete medium in the following sections. All cell lines were
acquired from Arthur Tischler (Department of Pathology and Laboratory Medicine, Tufts University
School of Medicine, Boston, MA, USA and Karel Pacak. In general, cells were cultured at 37 ◦C, 5%
CO2 and 95% humidity. MycoAlert Mycoplasma Detection Kit (Lonza, Basel, Switzerland) was used
for testing cells to be mycoplasma free. After trypsinization (trypsin/EDTA; 0.05%/0.02%) cells were
diluted with complete medium and counted by using C-CHIPs (Neubauer improved). Cultivation and
all experiments were performed in absence of antibiotics. Cultivation and experiments in monolayer
culture were performed using collagen A coated cell culture dishes. To generate extrinsic hypoxia,
cells were cultivated under reduced oxygen partial pressure (≤1% oxygen) in an incubator furnished
with an oxygen sensor (Sanyo InCuSafe O2/CO2 Incubator, Model MCO-5M, Osaka, Japan).

4.2. Hif2a Gene Knockin in MPC-mCherry and MTT Cells

MPC-mCherry H2A, expressing Hif2α, and their counterpart cell line MPC-mCherry control,
transfected with an empty vector, were cultivated in collagen coated flask with antibiotic selection as
previously described [22,44,45]. For the generation of Hif2α expressing MTT cells we used cells with
stable expression of a non-targeting shRNA construct (SHC002V) [46]. These cells were transfected
with pcDNA3.1+ carrying a codon-optimized version of the murine Epas1 gene (MTT H2A; Genescript,
Piscataway, NJ, USA) via nucleofection (4D-Nucleofector™ System, Lonza). At the same time,
an empty-vector control cell line was generated (MTT control). Both cell lines were maintained after
geneticin (250 μg/mL; Thermo Fisher Scientific) selection (Table S1). All experiments were performed
in absence of antibiotics.

4.3. HIF1α Gene Knockdown in PC12 Cells

To achieve a specific HIF1α gene knockdown in PC12 cells rat HIF1α siRNA (sc-45919, Santa
Cruz Biotechnology, Dallas, TX, USA) was used. A transfection efficiency of 57.9 ± 5.7% was achieved
by using 12.5 nM siRNA per well in presence of lipofectamine RNAiMAX (Thermo Fisher Scientific).
As control, aqua was utilized for transfection instead of siRNA.

4.4. Spheroid Generation

Cells were trypsinized from monolayer culture and an optimized cell number of 500 cells per
spheroid were used for spheroid generation using the methyl cellulose (MC) method as previously
described by us [28]. Additionally, two other methods for the generation of the spheroids were tested.
A comparison of all three methods, (A) methyl cellulose method, (B) medium method, and (C) NunClon
method, is shown in the Supplementary Materials. In general, spheroids were grown under standard
culture conditions (5% CO2, 37 ◦C). Spheroid formation was considered as completed four days after
seeding (Figure S1); thereafter medium was replaced by fresh complete medium with or without
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addition of 0.24% methyl cellulose after three to four days of cultivation. Spheroids were harvested 11
or 18 days after generation.

4.5. Protein Measurement

For measurements of protein, 500 cells were seeded in a 24-well plate (monolayer) or spheroids
were generated as previously described. Spheroids and cells in monolayer culture were cultivated for
eight days without changing medium for comparable conditions. After cultivation, two spheroids
were combined in an Eppendorf tube. Spheroids and cells in monolayer culture were washed with
PBS. Cell lysis was performed by using CellLyticTM M with protease inhibitor. Protein amounts per
spheroid or per well of 24-well plates were analyzed using the Bradford assay (Bio-Rad Laboratories,
Hercules, CA, USA) according to manufacturer specifications.

4.6. Catecholamine Measurements

For measurements of catecholamines 12–24 spheroids were combined in an Eppendorf tube,
washed in PBS and homogenized with at least five volumes of 0.4 M perchloric acid containing 0.5 mM
ethylenediaminetetraacetic acid (50 μL) on ice. For cells in monolayer culture, 1 × 105 cells were plated
in a 24-well plate. After three days of cultivation, cells were washed and homogenized with 100 μL
perchloric acid as described. All samples were centrifuged (1500× g, 15 min, 4 ◦C), supernatants
were collected and catecholamines were analyzed by liquid chromatography with electrochemical
detection as described previously [47]. Concentrations of catecholamines calculated relative to total
protein. Therefore, a separate well of the 24-well plate or a separate Eppendorf tube containing the
same number of spheroids was lysed and analyzed using the Bradford assay outlined above.

4.7. Hematoxylin and Eosin Staining

Spheroids were transferred in a Eppendorf tube, washed twice with ice-cold PBS and fixed with
phosphate-buffered paraformaldehyde (4%) for 2 h. Fixed spheroids were stored in PBS containing 0.1%
sodium azide (pH 7.2) at 4 ◦C. Spheroids were dehydrated with a series of processed alcohol ending
with isopropanol and embedded in paraffin. For immunohistochemical or Hematoxylin and Eosin
(H&E) staining 4-μm-thick sections were fixed on SuperFrost Plus slides and air-dried. Sections were
deparaffinizedusing Neo-Clear and hydrated via descending ethanol series ending with 70% ethanol.
For the H&E staining, sections were dyed with hematoxylin (Gill III), rinsed with 0.1% hydrochloric
acid, differentiated with flowing water and stained with 0.5% aqueous eosin G solution. After rinsing
in water, sections were rehydrated with processed alcohol series ending with 100% ethanol. Sections
were mounted with Neo-Mount.

4.8. Immunohistochemistry

Paraffin sections were deparaffinized and hydrated as described above ending with distilled water.
Spheroid sections were demarcated, washed with PBS and blocked for 1 h at room temperature with 1%
bovine serum albumin in PBS containing 5% goat serum (blocking solution 1) followed by an overnight
incubation at 4 ◦C with polyclonal rabbit anti-tyrosine hydroxylase (NB300-109, Novus Biologicals,
Centennial, CO, USA, 1:100 in blocking solution 1). After incubation, sections were washed three times
with PBS and incubated for 1 h with the secondary antibody CyTM3 AffiniPure goat anti-rabbit IgG
(111-165-144, Jackson Immunoresearch, Cambridgeshire, UK, 1:500 in PBS). After three washing steps
with PBS, sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich,
1:1000 in PBS) for 1.5 min, washed again with PBS and mounted with fluorescence mounting medium.

4.9. Pimonidazole Staining

Hypoxic areas within the spheroids were stained using the Hypoxyprobe-Kit (Hypoxyprobe,
Burlington, MA, USA). Spheroids cultivated for 11 or 18 days were incubated with pimonidazole
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(20 μg/mL in phosphate-buffered saline, 30 min), fixed with formaldehyde, and embedded in paraffin.
After dewaxing with RotiClear (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) and rehydration in a
graded series of ethanol solutions (100, 80, 70, 60, 50%, H2O) spheroids were de-masked via incubation
in citric acid buffer (10 mmol/L, pH 6, 100 ◦C, 20 min). Thereafter endogenous peroxidase was
blocked using hydrogen peroxide (3% in Tris-buffered saline, 10 min). Nonspecific binding sites were
blocked for 1 h using blocking solution (10% fetal bovine serum (v/v) in Tris-buffered saline). Spheroid
sections were incubated for 1 h with primary anti-pimonidazole antibody (PAb2627, Hypoxyprobe,
1:200 in blocking solution) and secondary biotinylated donkey anti-rabbit antibody (RPN1004V1,
Amersham Biosciences, Little Chalfont, UK, 1:200 in blocking solution), respectively. For isotype
control, spheroids were incubated with IgG rabbit (ab37415, Abcam, Cambridge, UK) instead of
primary antibody. Specific binding was detected using extra-avidin-peroxidase (E2886, Sigma Aldrich,
1:50 in Tris-buffered saline, 30 min) followed by incubation with 3-Amino-9-ethylcarbazole (Thermo
Fisher Scientific) and counterstaining with hematoxylin.

4.10. SDS-PAGE and Western Blot Analysis

HIF-1α, HIF-2α, PNMT, TH, pTH, and actin were analyzed by Western blot. After incubation
under normoxic or hypoxic (≤1% O2) conditions, cells were washed with PBS, detached (typsin/EDTA)
and resuspended in cold medium. After centrifugation at 4 ◦C, pellets were washed twice with PBS and
stored at −80 ◦C. Sixty spheroids were transferred to each Eppendorf tube, washed three times with PBS
and stored at −80 ◦C. Lysates were prepared on ice using CellLyticTM M (Sigma-Aldrich, C2978) with
protease inhibitors (1:100, Sigma-Aldrich; P8340). After 30 min incubation on ice and thoroughly mixing,
cell lysates were centrifuged to remove cell debris. Protein concentration of all lysates were quantified
using the Bradford assay. Fifty μg protein were mixed with LDS sample buffer (C.B.S. Scientific, San
Diego, CA, USA; FB31010) and 5% mercaptoethanol. After denaturation at 99 ◦C for 5 min, proteins
were separated on a 10% SDS-polyacrylamide gel and transferred to a polyvinylidine difluoride
membrane (0.45 μm; Whatman, Buckinghamshire, UK) by semi-dry electroblotting. Non-specific
binding sites on the membrane were blocked (5% skimmed milk powder plus 2% bovine serum albumin
in TBS-T, blocking solution) at room temperature. Membranes were incubated with primary antibodies
anti-PNMT (1:500; ab90862; abcam plc., Cambridge, UK), anti-tyrosine hydroxylase (1:1000, NB300-109,
Novus Biologicals), anti-tyrosine hydroxylase phospho S40 (1:500, ab51206; abcam plc.), anti-HIF-1
alpha (1:200; NB10-479; Novus Biologicals), anti-HIF-2 alpha (1:200; NB10-479; Novus Biologicals), and
anti-actin (1:1000; MAB1501R, Millipore, Massachusetts, USA) for 2 h at room temperature followed by
an overnight incubation at 4 ◦C. After three washing steps in TBS-T, membranes were incubated for 1
h at room temperature with peroxidase-conjugated secondary antibody goat anti-rabbit IgG (1:5000;
sc-2004; Santa Cruz Biotechnology) or goat anti-mouse IgG (1:5000; sc-2005; Santa Cruz Biotechnology).
All antibodies were diluted in blocking solution. Protein visualization was performed as previously
described [28].

4.11. Tumor Procurement and Genetic Testing

Snap frozen tumor tissue was collected directly after surgery from 25 patients with PPGL. Patients
were enrolled in two different studies (Dresden/Germany, NIH/Bethesda/USA). All patients from
Dresden are part of the PMT study (https://pmt-study.pressor.org/), ethic code EK 189062010; all patients
from NIH were enrolled under the IRB Protocol 00-CH-0093. All patients have signed informed
consent. Patients or tumor tissue were tested for germline and/or somatic mutations in established
susceptibility by the CNIO institute in Madrid through a collaborative multi-center study (prospective
monoamine-producing tumor study, https://pmt-study.pressor.org/) as previously described [48].

4.12. RNA Isolation and qRT-PCR

RNA from cells, spheroid pellets, or human PPGL tissue was isolated using RNeasy Plus Mini kit
(Qiagen, Hilden, Germany) in accordance with manufacturer’s instructions. Reverse transcription of
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RNA and qRT-PCR was performed as described previously by us [28]. Sequence of each primer pair is
summarized in detail in the supporting material (Table S2).

4.13. Statistical Analysis

Descriptive data are expressed as means ± SEM with statistical analyses taking into considerations
numbers (n) of technical and biological replicates within independent experiments. Statistical analyses
were carried out by one-way analysis of variance with post hoc Bonferroni tests using SigmaPlot 12.5
(Systat Software GmbH, Erkrath, Germany).

5. Conclusions

Our present study showed for the first time the suitability of pheochromocytoma spheroids to
analyze the impact of hypoxia and necrosis on chromaffin cell features. Using either this model or
extrinsic hypoxia in presence or absence of Hif1α or Hif2α, we demonstrated that Hif1α predominantly
regulates catecholamines during short-term responses (24–48 h) to hypoxia, while Hif2α is dispensable
for the direct response. Continuous activation of hypoxia-related genes under pseudohypoxic
conditions leads to Hif2α-mediated activation of the catecholamine biosynthesis (permanent status).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/5/594/s1,
Figure S1: MPC cell spheroid formation, Figure S2: MTT cell spheroid formation, Figure S3: Determining the
optimal cell number to generate MTT cell spheroids, Figure S4: Growth curves and protein amount of MPC
and MTT cell spheroids generated by three different methods, Figure S5: Pheochromocytoma cell spheroids
stained with pimonidazole to visualize hypoxic regions, Figure S6: Impact of extrinsic and intrinsic hypoxia on
catecholamine biosynthesis, Figure S7: Distribution of hexose-monophosphate (HMP) and phosphatidylinositol
(PIP) in MTT cell spheroids, Table S1: Gene expression of MTT H2A cells compared to the MTT control cells was
analyzed by reverse transcriptase polymerase chain reaction, Table S2: Primer sequences and targeted genes.
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Abstract: Recently, genetic alterations in the genes encoding succinate dehydrogenase subunit B
and D (SDHB and SDHD) were identified in pet dogs that presented with spontaneously arising
pheochromocytomas (PCC) and paragangliomas (PGL; together PPGL), suggesting dogs might be an
interesting comparative model for the study of human PPGL. To study whether canine PPGL resembled
human PPGL, we investigated a series of 50 canine PPGLs by immunohistochemistry to determine the
expression of synaptophysin (SYP), tyrosine hydroxylase (TH) and succinate dehydrogenase subunit
A (SDHA) and B (SDHB). In parallel, 25 canine PPGLs were screened for mutations in SDHB and
SDHD by Sanger sequencing. To detect large chromosomal alterations, single nucleotide polymorphism
(SNP) arrays were performed for 11 PPGLs, including cases for which fresh frozen tissue was available.
The immunohistochemical markers stained positive in the majority of canine PPGLs. Genetic screening of
the canine tumors revealed the previously described variants in four cases; SDHB p.Arg38Gln (n = 1) and
SDHD p.Lys122Arg (n= 3). Furthermore, the SNP arrays revealed large chromosomal alterations of which
the loss of chromosome 5, partly homologous to human chromosome 1p and chromosome 11, was the most
frequent finding (100% of the six cases with chromosomal alterations). In conclusion, canine and human
PPGLs show similar genomic alterations, suggestive of common interspecies PPGL-related pathways.

Keywords: dog; pheochromocytoma; paraganglioma; SDHB; SDHD; mutation; chromosomal
alteration; comparative genomics

Cancers 2019, 11, 607; doi:10.3390/cancers11050607 www.mdpi.com/journal/cancers161



Cancers 2019, 11, 607

1. Introduction

Pheochromocytomas (PCCs) and paragangliomas (PGLs; together PPGLs) are tumors arising from
chromaffin tissue inside (PCC) and outside the adrenal glands (PGL). These tumors occur in the context
of several hereditary syndromes, such as Von Hippel Lindau (VHL), Multiple Endocrine Neoplasia type
2, Neurofibromatosis type 1, and the PCC-PGL syndrome, with underlying germline mutations in the
VHL, rearranged during transfection (RET), neurofibromin 1 (NF1), and the SDH-genes, respectively [1].
Both germline and somatic mutations can be found in more than 20 genes [2,3]. Although approximately
10% of PPGL patients, in general, will present with (distant) metastases, this frequency is much higher
in patients with succinate dehydrogenase subunit B (SDHB) germline mutations. During follow-up,
more than 35% of SDHB patients will present with PPGL metastases [4,5].

In an effort to unravel the mechanisms behind malignant behavior of PPGLs, and more specifically
the metastatic behavior of SDHB-related tumors, several attempts have been made to generate knock-out
mouse models. These models either proved lethal during embryogenesis or the mice did not develop
PPGL or other SDH-related tumors [6]. The only mouse models that presented with high frequencies
of PCCs were based on conditional homozygous inactivation of Pten and heterozygous conventional
inactivation of Nf1 [7]. However, human PPGLs have never been associated with phosphatase and
tensin homolog (PTEN) mutations [8]. In addition, NF1-related PPGLs are relatively benign with
metastatic behavior seen in fewer than 10% of cases [9]. So, although these PPGL mouse models are
interesting, there remains a need for an appropriate animal model to study SDH-related PPGL.

Recently, Holt et al. reported genetic screening of eight canine PPGLs and identified four genetic
variants that might be potentially pathogenic; one in SDHB (p.Arg38Gln) and three in succinate
dehydrogenase subunit D (SDHD; p.Lys122Arg), of which one was somatic [10]. Because these
alterations occurred in highly conserved amino acids, the authors assumed that the alterations were
likely pathogenic. In fact, the somatic event suggests that at least the SDHD p.Lys122Arg amino acid
change is likely pathogenic, while the SDHB alteration remains of unknown significance. Since this is
the first animal model that presents spontaneously with PPGL that might be related to SDHB and SDHD
mutations, we have investigated a relatively large series of canine PPGLs by Sanger sequencing for
mutations in these genes. In addition, immunohistochemistry was performed for tyrosine hydroxylase,
synaptophysin, SDHB, and succinate dehydrogenase subunit A (SDHA), and SNP arrays to identify
chromosomal alterations.

2. Results

2.1. Clinical Findings

The canine PPGL immunohistochemistry series included 32 PCCs and 18 PGLs. The average age of
the dogs at diagnosis was 11 years for PCCs (ranging from 4 to 16 years) and 9 years for PGLs (ranging
from 2 to 11 years). In the PCC group, the distribution of males and females was almost identical
(53% male), while the PGL group included more tumors from males (72%). Metastatic behavior was
reported in 3% of the dogs with PCCs (n = 1) and 11% of the dogs with PGL (n = 2).

2.2. Genetic Analyses

Sanger sequencing results are shown in Table 1. Twenty-one PPGLs (20 PCCs and one
PGL) with sufficient DNA quality and positive synaptophysin (SYP) or tyrosine hydroxylase (TH)
immunohistochemical labeling, were screened for mutations in the SDHB and SDHD genes. If a tumor
had a non-synonymous variant, the presence of this variant was also investigated in corresponding
germline DNA.

Three PCCs showed an SDHD (XM_536573) c.365A>G; p.Lys122Arg alteration. In PCC6 and
PCC46 the variant was homozygous, while in PCC23 the alteration was heterozygous. Germline DNA
was only available for PCC6 and showed the SDHD variant in a heterozygous fashion, indicating loss
of the wild type (WT) SDHD allele in the tumor (Figure 2), which was also confirmed by the loss of
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heterozygosity analyses for microsatellite markers flanking the SDHD gene (Figure 1B). PCC19 showed
the previously described SDHB (NM_001252217) c.113G>A; p.Arg38Gln alteration, which appeared
homozygous in the tumor and corresponding germline DNA of this dog. (Figure 1A)

In addition, genetic screening for SDHA mutations was only performed in SDHA
immunohistochemically-negative tumor PCC1 (see below Figure 2). Due to the relatively poor
quality of the sample it was not possible to obtain SDHA DNA sequences of sufficient quality
to analyze.

2.3. Immunohistochemistry

SYP was positive in 86% of PCCs and 71% of PGLs, while TH was positive in 74% of PCCs
and 35% of PGLs. Results of the immunohistochemistry of all tumors are listed in Supplemental
Table S1 and illustrated in Figure 1. SDHB immunohistochemistry was performed on all 50 canine
PPGLs. PCC1 and PCC6 showed heterogeneous labeling for SDHB, with foci of tumor cells that were
immunohistochemically negative for SDHB and areas that were weakly positive. The SDHA labeling
for PCC1 also appeared to be negative for the tumor cells in this PCC (Figure 2), while all other tumors
were positive. All other PPGLs, as well as the positive control tissues (normal dog adrenals), were
immunohistochemically positive, although they did not show the typical granular labeling pattern.

2.4. SNP Arrays

Chromosomal alterations were investigated for 11 dog PPGLs by SNP arrays. From those, analysis
was not possible for two samples due to high background noise. In addition, three tumors did not
show any chromosomal alterations. The chromosomal alterations of the six remaining tumors are
listed in Table 2. Furthermore, an illustrative single nucleotide polymorphism (SNP) array result of
case PCC20 (logR ratios and b-allele frequencies (BAF)) is depicted in Figure 1C, showing loss of
chromosomes 5, 17, 23, 26, 30, and 34. The most frequent genomic alteration was loss of chromosome 5,
which occurred in all six dog PPGLs (100%), followed by loss of chromosome 26 in 5/6 dog PPGLs
(83%). Chromosome 5 (CanFam3.1) is, for a large part, syntenic to two areas of human chromosome 1
(GRCh38.p3), and to a part of human chromosome 11, including the SDHD region, respectively (see
Figure 3, Supplemental Table S3). Genomic locations of SDHA, SDHB, SDHC, and SDHD are shown in
Supplemental Figure S2.
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Figure 1. (A) In the left panel, succinate dehydrogenase subunit B (SDHB) sequences are displayed from
healthy reference (upper), PCC19, and corresponding germline DNA. In the right panel, the succinate
dehydrogenase subunit D (SDHD) sequence is shown from healthy reference, PCC6, and corresponding
germline DNA. Note that PCC19 tumor and germline DNA both show the SDHB c.113G>A; p.Arg38Gln
variant. PCC6 shows SDHD c.365A>G; p.Lys38Arg in a homozygous fashion in the tumor DNA and
heterozygous in the germline DNA, indicating loss of the wild type allele in the tumor. (B) Shows loss
of heterozygosity of the larger allele in PCC6, confirming the Sanger sequencing results. (C) The SNP
array result of PCC 20 displays in the upper panel logR ratios, indicating loss of chromosomes 5, 17, 23,
26, 30, and 34. This is also seen in the lower panel by the B-allele frequencies.
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Figure 2. Hematoxylin Eosin staining and immunohistochemistry for synaptophysin (SYP), tyrosine
hydroxylase (TH), succinate dehydrogenase subunit A (SDHA) and subunit B (SDHB) of normal dog
adrenal, PCC1, and PCC6. Normal adrenal glands were used as positive controls and show strong
expression of SYP and tyrosine hydroxylase (TH). PCC1 and 6 label weakly positive for SYP, but for
TH only PCC1 shows positive labeling. The normal canine adrenal gland labels positive for SDHA
and SDHB, although there is lack of granular labeling, which is characteristic for SDHA and SDHB in
human tissues. PCC1 shows labeling of the stromal cells for SDHA and SDHB, which serve as positive
control cells, while the PCC cells appear to be heterogeneous weak/negative for SDHB and do not label
for SDHA. PCC 6 showed heterogeneous weak expression of SDHB, but there was no difference in
labeling intensity between the tumor cells and the normal stromal cells for SDHA. Pictures are at 20×
magnification, internal boxes at 40×magnification.

165



Cancers 2019, 11, 607

Figure 3. Homology between dog chromosome 5 and 26, and the human genome. It shows the
homology between dog chromosome 5 and 26 and several human chromosomes. Of note is that the
SDHD gene is located on dog chromosome 5 (see Supplemental Figure S2).

Table 1. Variants identified by Sanger Sequencing. SDH-variants that were previously described by
Holt et al. [10] as mutations are depicted in bold and italic. If a non-synonymous variation was detected
in the tumor, the corresponding germline was investigated for the presence of the variant.

PCC Number SDHB Synonymous
SDHB

Non-Syn
SDHD Syn

SDHD
Non-Syn

Comment

PCC1 p.Y50Y, p.Q164Q, p.A210A WT
PCC2 p.Y150Y, p.Q164Q, p.A210A WT
PCC3 WT WT
PCC4 p.A210A WT
PCC5 p.Y150Y, p.Q164Q, p.L188L, p.A210A WT
PCC6 p.Y150Y, p.Q164Q, p.A210A p.A97A p.K122RHO/HE LOH confirmed
PCC9 p.Y150Y, p.Q164Q, p.A210A WT
PCC10 p.Y150Y, p.Q164Q, p.A210A WT
PCC11 p.L188L WT
PCC13 p.L188L WT
PCC14 p.L188L WT
PCC15 p.Y150Y, p.Q164Q, p.L188L, p.A210A WT
PCC16 p.L188L WT
PCC17 WT WT
PCC18 p.L188L WT
PCC19 p.Y150Y, p.Q164Q, p.A210A p.R38QHO/HO WT loss Chr. 5
PCC20 p.L188L WT loss Chr. 5
PCC21 p.Y150Y, p.Q164Q, p.L188L, p.A210A WT
PCC22 p.Y150Y, p.Q164Q, p.L188L, p.A210A WT
PCC23 p.Y150Y, p.Q164Q, p.L188L, p.A210A p.A97A p.K122RHE

PCC46 NA WT p.K122RHO loss Chr.5

HO = homozygous in tumor (PCC46); HE = heterozygous in tumor (PCC23); HO/HE = homozygous in variant
in tumor, heterogeneous in germline; HO/HO = homozygous variant in both tumor and germline; LOH = loss
of heterozygosity in tumor, loss of chromosome 5 detected with the SNP array are indicated in the comments,
non-syn = non-synonymous, syn = synonymous.
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Table 2. Summary of single nucleotide polymorphism (SNP) array results.

Chromosome PCC19 PCC20 PCC36 * PCC37 * PCC43 * PCC46 *

2 LOSS
3 LOSS
5 LOSS LOSS LOSS LOSS LOSS LOSS
7 LOSS LOSS LOSS
8 LOSS
9 GAIN
12 LOSS
15 LOSS
16 LOSS LOSS
17 LOSS LOSS
18 LOSS
20 LOSS LOSS
21 LOSS
22 LOSS
23 LOSS
25 LOSS
26 LOSS LOSS LOSS LOSS LOSS
27
28
29 LOSS
30 LOSS LOSS
31 LOSS LOSS
32 LOSS LOSS LOSS
34 LOSS LOSS
35 LOSS LOSS

Overview of large chromosomal changes in the informative dog PPGL. * Noisy sample.

3. Discussion

Currently, there is still no curative therapy for patients with metastatic PPGL. In general, malignant
behavior occurs in 10% of patients with PPGL. However, patients with SDHB germline mutations have
a much higher chance of developing distant metastases [11]. Investigating animal models of PPGL
could lead to the development and testing of therapies for humans with metastatic PPGL. Thus far,
the only animal model that presents with metastatic PCC is a Pten KO mouse [12,13]. Since PTEN
mutations do not play a role in the pathogenesis of human (malignant) PPGL, such models are not the
most suitable for the study of human malignant PPGL [8]. A recent study reported that dogs presenting
spontaneously with PPGL had potential pathogenic genetic alterations in SDHB and SDHD [10].
To investigate these results in an independent and larger series we have screened 25 canine PPGLs for
mutations and identified one SDHB and three non-synonymous SDHD genetic alterations, both of
which have been described previously [10].

The SDHD p.Lys122Arg variant was identified in three canine PPGLs; once in a heterozygous
(PCC23) and twice in a homozygous fashion (PCC6 and PCC46). The corresponding germline DNA
from PCC6 showed the variant to be present in a heterozygous fashion, indicating loss of the wild
type SDHD allele in the tumor DNA. This finding was confirmed by the loss of heterozygosity (LOH)
analysis, using microsatellites flanking the SDHD gene. Although there was no germline DNA available
for PCC46, the homozygous expression of the SDHD p.Lys122Arg variant in the tumor could be
explained by the potential loss of the SDHD wild type, since the SNP array results showed loss of
chromosome 5, which includes the SDHD gene. However, this is only speculation, since we cannot
confirm the possibility that the SDHD variant was heterozygous in the germline DNA, and could also
be present as a homozygous SDHD p.Lys122Arg or homozygous wild type.

In addition, another previously described non-synonymous SDHB variant [10] was detected in
PCC19. This tumor showed the SDHB p.Arg38Gln variant in a homozygous fashion, which was also
homozygous in DNA isolated from normal tissue from the same dog. Although the SDHB p.Arg38 is a
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highly conserved amino acid throughout many species, the fruit fly has a Gln at position 38. Since the
variant was already present in a homozygous fashion in the germline, no loss of the SDHB locus was
seen in the SNP array results. As the p.Arg38Gln amino acid change is probably not deleterious to
the function of the protein, we regard this variant as likely benign. However, this should be further
investigated functionally.

Sanger sequencing screening of this tumor did not reveal any novel mutations in SDHB and SDHD.
However, mutations could have been missed due to the poor DNA quality, resulting in sequences that
could not be analyzed, and due to other driving mechanisms, such as promoter-methylation or large
(exon) deletions, which are not detectable by Sanger sequencing [14–16].

The SDHA and SDHB immunohistochemistry appeared to be positive in almost all investigated
tumors, with the exception of PCC1 and PCC6. PCC1 also was immunohistochemically negative for
SDHA. However, since the positive control tissues (normal dog adrenals) showed homogeneous and
not granular cytoplasmic labeling, we suspect that the antibody is not suitable for screening for SDH
mutations, as in human PPGL [17,18], and, therefore, no conclusions can be drawn from the SDHA
and SDHB immunohistochemistry. In addition, the negative/weak positive SDHA and SDHB labeling
could also be due to technical limitations, such as fixation artifacts.

The SNP array results showed large chromosomal alterations in six of the nine PPGLs with
informative SNP arrays. The fact that three tumors did not show chromosomal aberrations was most
likely due to the low neoplastic cell content of these frozen tissue samples, from which DNA was
isolated. From the six tumors that showed chromosomal alterations, loss of chromosome 5 was the
most frequent alteration (100%). Canine chromosome 5 shows homology with regions of human
chromosome 1p and 11q. Many studies have shown that loss of chromosome 1p and chromosome
11 are frequent events in the pathogenesis of human PPGL [3,19,20]. Our results suggest that there
are common genes, located in these homologous chromosomal areas, that might contribute to the
pathogenesis of both human and canine PPGL.

4. Materials and Methods

4.1. Patients and Sample Selection

In total, we collected 50 dog PPGLs from 45 dogs (including one case with bilateral tumors), which
comprised of 44 formalin-fixed paraffin wax-embedded (FFPE) blocks and six fresh frozen samples
(FF), from contributing Veterinary faculties from the University of Bristol, Bristol, United Kingdom (n
= 25), Utrecht University, Utrecht, the Netherlands (n = 12), University of Zurich, Zurich, Switzerland
(n = 8), and University of Bologna, Bologna, Italy (n = 5). In addition, we also collected three normal
canine adrenal glands provided by the Veterinary Faculty of Utrecht University, to be used as positive
controls for the immunohistochemistry. In addition, from two dogs, corresponding germline DNA
was available (PCC6 and PCC19). All tissue samples were collected during surgery or necropsy
examination from pet dogs suffering from PPGL. The owners of the dogs had given permission for the
tissues to be used for research purposes. All clinical characteristics including age, breed, and gender
are listed in Supplemental Table S1. PPGLs were only considered malignant if distant metastases were
present, as for human PPGL. A summary of the current study is shown in Supplemental Figure S1.

4.2. Immunohistochemistry

Immunohistochemistry was performed for all canine samples to confirm the diagnosis of PPGL
using markers for synaptophysin (SYP) and tyrosine hydroxylase (TH). SYP and TH were evaluated
by Esther Korpershoek and Daphne Dieduksman and scored as positive if there was a weak to
strong specific expression in the cytoplasm of all tumor cells. SYP was labeled using the Ventana
Benchmark ULTRA automated immunohistochemistry stainer (details available on request), while TH
immunohistochemistry was performed as previously described [13]. Since in human PPGL, negative
SDHB immunohistochemistry reliably identifies tumors with mutations in SDHA, SDHB, SDHC,
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or SDHD, we also investigated the immunohistochemical expression of SDHB in the canine PPGLs [21].
The peptide to which this SDHB antibody was generated is 99% homologous to the canine peptide;
only one of 108 amino acid residues is different. The series of canine PPGLs was also labeled for
SDHA, as described previously [17]. Normal dog adrenal glands were used as positive controls
for immunohistochemistry. The immunohistochemistry was performed on 5 μm sections using the
Ventana automated stainer as described previously [18]. SDHB and SDHA expression was scored as
positive if strong expression was observed in all cells, while a tumor was considered as negative if
the labeling of the tumor cells was negative or weakly positive compared with the positive granular
labeling present in the surrounding endothelial cells, which serve as internal positive controls [17,21].

4.3. Genetic Screening

In total, 24 PPGLs (Supplemental Table S1) that expressed SYP and/or TH immunohistochemically
were selected for the genetic screening and one TH/SYP negative PCC was also studied. For the FFPE
samples, DNA isolation was performed by manual microdissection, to ensure that the DNA was derived
from a high percentage of neoplastic cells. DNA isolation was performed with the DNaesy kit (#69504,
Qiagen, Venlo, the Netherlands) according to the manufacturer’s protocol. DNA concentrations
were measured with the Qubit®dsDNA HS BR assay kit (#Q32850, Thermo Fisher, Waltham, MA,
USA) according to the manufacturer’s instructions. For the generation of the primers, human SDHA
(NM_004168), SDHB (NM_003000), and SDHD (MN_003002) mRNA sequences were aligned with
the dog genome (CanFam3.1/canFam3) to identify the exact location and sequences of the genes and
exons, enabling the generation of dog-specific primers covering all of the coding sequences. PCR was
performed with KAPA2G Hotstart Readymix (#KK5004, Sopachem, Ochten, the Netherlands) for
which conditions were optimized per primer pair and are listed, together with the primer sequences,
in Supplemental Table S2. In total, 21 DNA samples were of sufficient quality to be screened for
mutations. Due to technical limitations, we were unable to investigate exon 1 and 8 of SDHB, and exon
1 and 2 of SDHD. Sanger sequencing was performed as previously described [17].

4.4. Loss of Heterozygosity

To confirm the loss of the wild type allele in SDHD-mutated samples, LOH analysis was
performed using two microsatellite markers located upstream and downstream from the dog SDHD
gene. Primer sequences and PCR conditions are indicated in Supplemental Table S2. Furthermore, PCR
was performed as previously described [17].

4.5. SNP Arrays:

To determine the chromosomal alterations present in dog PCC, we performed SNP arrays on
11 canine PPGLs (Table 2). Canine HD Beadchip SNP arrays (#WG-440-1001, Illumina, San Diego,
CA, USA) with a high resolution genome-wide coverage (170,000 SNPs; resolution of approximately
15 SNPs per Mb) were performed and analyzed according to standard procedures at the Human
Genomics Facility (HuGeF), Erasmus MC, University Medical Center Rotterdam (www.glimdna.org).

Final report output files, containing B-allele frequencies and logR ratios, were generated using
Illumina BeadStudio Software. The processed files were accordingly visualized using Nexus Copy
Number software package (V7.5; Biodiscovery, El Segundo, CA, USA). The SNP array results were
submitted to the Gene Expression Omnibus Database. Noisy samples that clearly showed a drop or
gain in B-allele frequencies and logR of entire chromosomes were still included in the analysis, taking
into account the risk of missing subtle chromosomal changes.

5. Conclusions

In conclusion, the results of the current study indicate that similar genomic alterations occur in
canine and human PPGLs. Although more functional proof is required to classify the pathogenicity for
the SDHD p.Lys122Arg variant, our data suggest that this variant could potentially be pathogenic.
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Since chromosomal alterations occurred in the dog PPGL at high frequency, affecting chromosomes
that are homologous to regions that are also repeatedly lost in human PPGLs, we propose that canine
PPGLs are an interesting model for the study of the pathogenesis of human PPGL [22]. More studies
are required to identify which common pathways are involved in the pathogenesis of PPGL in both
humans and dogs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/5/607/s1,
Figure S1: Summary of study design and results, Figure S2: Genomic locations SDH-related genes in the dog
genome according to NCBI Genome Data viewer. Table S1: Clinical data, immunohistochemistry results and
gene alterations in dog PPGL, Table S2: Primers, Table S3: Homology overview dog chromosome 5 and 26 with
human genome.
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Abstract: Data on short-term blood pressure variability (BPV), which is a well-established
cardiovascular prognostic tool, in pheochromocytoma and paraganglioma (PPGL) patients is still lack
and conflicting. We retrospectively evaluated 23 PPGL patients referred to our unit from 2010 to 2019
to analyze 24 h ambulatory blood pressure monitoring (24-h ABPM)-derived markers of short-term
BPV, before and after surgical treatment. PPGL diagnosis was assessed according to guidelines and
confirmed by histologic examination. The 24-h ABPM-derived markers of short-term BPV included:
circadian pressure rhythm; standard deviation (SD) and weighted SD (wSD) of 24-h, daytime, and
night-time systolic and diastolic blood pressure (BP); average real variability (ARV) of 24-h, daytime,
and night-time systolic and diastolic BP. 7 males and 16 females of 53 ± 18 years old were evaluated.
After surgical resection of PPGL we found a significant decrease in 24-h systolic BP ARV (8.8 ± 1.6 vs.
7.6 ± 1.3 mmHg, p < 0.001), in 24-h diastolic BP ARV (7.5 ± 1.6 vs. 6.9 ± 1.4 mmHg, p = 0.031), and in
wSD of 24-h diastolic BP (9.7 ± 2.0 vs 8.8 ± 2.1 mmHg, p = 0.050) comparing to baseline measurements.
Moreover, baseline 24-h urinary metanephrines significantly correlated with wSD of both 24-h systolic
and diastolic BP. Our study highlights as PPGL patients, after proper treatment, show a significant
decrease in some short-term BPV markers, which might represent a further cardiovascular risk factor.

Keywords: pheochromocytoma; paraganglioma; hypertension; blood pressure variability; average
real variability; weighted standard deviation

1. Introduction

Pheochromocytoma (PHEO) and paraganglioma (PGL), known together as PPGL, are rare
and mostly benign neuroendocrine tumors, arising from chromaffin-cells of adrenal medulla and
paraganglia of the sympathetic and parasympathetic nervous system, respectively [1]. At least
one-third of patients with PPGL have disease-causing germline mutations (i.e., NF1, RET, VHL, SDHD,
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SDHB, etc.) and subjects with hereditary forms typically show multifocal diseases at younger age than
those with sporadic neoplasms [1–4]. The clinical presentation is so variable that PPGLs have been
described as “the great masquerades” [5,6]. However, several signs and symptoms are attributed to
hemodynamic and metabolic effects of the catecholamines overproduction. One of the most typical
manifestations (up to 80% of cases), due to the catecholamine-excess state, is arterial hypertension,
either sustained or paroxysmal [5], even though its severity does not seem to depend on the level of
circulating catecholamines [6].

Although office blood pressure (BP) values remain the gold standard for the diagnosis of
hypertension, the measurement of BP variability (BPV) in addition to office BP, has been demonstrated
to have physiopathological and prognostic importance [7,8]. Short-term BPV refers to the BP changes
that occur within a day [24 hours (24-h)], and it is influenced by several mechanisms, such as
central neural factors, reflex autonomic modulation, changes in the elastic properties of arteries,
humoral systems (i.e., insulin, angiotensin II, endothelin-1, bradykinin, and nitric oxide), rheological
and mechanical factors [8]. Several studies have shown that higher 24-h BPV, assessed by 24-h
ambulatory blood pressure monitoring (24-h ABPM), independently of mean office BP values, is
clinically important, as this might increase cardiovascular events, mortality, and hypertension-mediated
organ damage [9–14]. Concerning the short-term BPV in PPGL, assessed by 24-h ABPM, only outdated
and small studies have been published [15–18] with contrasting results. As higher cardiovascular
mortality has been reported in PPGL subjects [19], increased BPV might be a contributor for enhanced
cardiovascular morbidity and mortality in this rare disease, besides the known risk factors, such as
hypertension, arrhythmias, and altered glucose metabolism [20].

The aim of our study was to analyze changes in the 24-h ABPM-derived short-term BPV
markers in patients affected by PPGL, before and after successful treatment by surgical removing of
catecholamine-producing tumors.

2. Results

Table 1 shows the baseline characteristics of enrolled patients affected by PPGL. 7 males (30.4%)
and 16 females (69.6%), with a median age at the diagnosis of 53 ± 18 years old, were evaluated
before and after surgical tumor excision. The main signs and symptoms reported at the first visit are
summarized in Table 1; the most frequent were represented by palpitation attacks, headache, sweating
crises, and sustained and/or paroxysmal arterial hypertension (in 14 cases), often associated with
each other. At the physical examination, we did not find cases of BP decreasing within 3 minutes of
standing compared with BP from the sitting or supine position [21]. The most common comorbidities
included a past history or current treatment for dyslipidemia (21.7%), coronary artery disease and/or
cerebrovascular accidents (17.4%), including transient ischemic attack and ischemic/hemorrhagic stroke.
One patient reported a diagnosis of diabetes mellitus type 2 and one patient history of paroxysmal
atrial fibrillation.

Most of the patients had an adrenal catecholamine-producing tumor, while two women (8.6%)
showed an extra-adrenal catecholamine-producing tumor in the left hypochondrium. One of these,
after two years of surgical removal of the pelvic mass, revealed a recurrent form of PPGL disease
with discovering a left common carotid tumor. Germline mutations were found in eight patients
(34.8%) (Table 1); the most common gene involved was VHL, mutated in three brothers affected by
von Hipple–Lindau syndrome. We also found two patients with a diagnosis of neurofibromatosis
type 1 and mutation of the NF1 gene. In two sisters we observed a RET gene mutation associated
with a diagnosis of multiple endocrine neoplasia syndrome (MEN) type 2A. In particular, both of
them presented thyroid medullary carcinoma and hyperparathyroidism, but in one patient we found
an adrenal PHEO, while in the younger sister the catecholamine-producing tumor was in the left
hypochondrium. In only one female, we discovered an SDHD gene mutation.
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Table 1. Baseline demographic and anthropometric data. Total (n = 23).

Age (Years) 53 ± 18

Males/Females (%) 30.4/69.6

Mean Follow-Up (months) 26 ± 25

Signs and Symptoms (%)

Hypertension (sustained and/or paroxysmal) 60.8
Palpitation attacks 87.5
Headache 87.5
Sweating 65.2
Syncope 13.0
Orthostatic hypotension 17.4
Chest pain 17.4
Others (i.e., abdominal pain, dizziness, etc.) 21.7

Type of PPGL (%)
adrenal catecholamine-producing tumor (PHEO) 91.4
extra-adrenal catecholamine-producing tumor (PGL) 8.6

Benign/Malignant form (%) 100/0

Site of Extra-Adrenal Masses (n)
Abdominal 2
Neck 1

Multifocal forms (n) 1

Germline Mutation

Total (n, %) 8 (34.8)
NF1 (n) 2
RET (n) 2
VHL (n) 3
SDHD (n) 1

Cigarettes Smoking (%)
yes 17.4
no 21.7
ex-smokers 13.0
n.a. 47.8

Comorbidities (%)
Coronary artery disease and/or cerebrovascular accidents 17.4
Atrial fibrillation (history or current) 4.3
Diabetes mellitus 4.3
Dyslipidemia 21.7

Data expressed as mean ± standard deviation unless otherwise specified. PHEO, pheochromocytoma; PGL,
paraganglioma; n.a., not available.

Surgical treatment was performed in all cases [22]. Patients with PHEO underwent laparoscopic
or laparotomic adrenalectomy and patients with PGL underwent surgical excision of the extra-adrenal
mass, leading to complete remission of catecholamines excess based on the normalization of biochemical
and clinical features at follow-up. The histologic examination confirmed the diagnosis of PPGL;
the specific features were represented by a neoplastic proliferation characterized by small nests
or alveolar patterns (Zellballen), in which well-circumscribed nests of round-oval or giant or
spindle-shaped nucleated neoplastic cells with eosinophil cytoplasm including catecholamine granules
(“salt-and-pepper” pattern). Neoplastic cells were evaluated for chromogranin, neuron-specific enolase
(NSE), and synaptophysin and CD56; the proliferation index was analyzed by Ki67 determination.
All tumors had benign histological and clinical features.

In Table 2 have been reported clinical and biochemical parameters at baseline compared to
follow-up from surgical treatment (mean follow-up: 26 ± 25 months). At the first visit, the levels
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of 24-h urinary metanephrines were 357.4 ± 190.3 μg/24-h vs. 64.1 ± 30.5 μg/24-h after surgical
treatment (p < 0.001). Notably, the office systolic BP values were significantly lower after treatment,
with a significant reduction of the number of antihypertensive drugs (2.2 ± 1.7 vs. 1.0 ± 1.0, p = 0.001).
Moreover, we observed a modest improvement in fast glucose levels (99± 21 vs. 88± 15 mg/dl, p = 0.05).
On the other hand, we did not find significant regression of hypertension-mediated sub-clinical vascular
damage; before treatment, the mean of common carotid intima-media thickness (cIMT) at the Doppler
ultrasonography was bilateral >9 mm, without plaques, and it improved only barely at the follow-up.
No changes were found in the arterial stiffness variable measured by ankle-brachial index (ABI).

Table 2. Anthropometric, biochemical, and instrumental data at baseline compared to follow-up.

Parameters
Total (n = 23)

Baseline Follow-Up p

Age (years) 52 ± 18 54 ± 18 0.001

BMI (kg/m2) 23.0 ± 3.4 23.1 ± 3.5 0.875

Waist circumference (cm) 86.7 ± 11.3 88.4 ± 9.0 0.321

Office SBP (mmHg) 147 ± 32 131 ± 16 0.021

Office DBP (mmHg) 85 ± 20 79 ± 10 0.146

Office HR (beats/min) 75 ± 14 70 ± 14 0.754

N. of antihypertensive drugs 2.2 ± 1.7 1.0 ± 1.1 0.001

24-h urinary metanephrines (μg/24-h) 357.4 ± 190.3 64.1 ± 30.5 <0.001

Serum creatinine (mg/dL) 0.83 ± 0.25 0.98 ± 0.43 0.050

Total cholesterol (mg/dL) 217 ± 40 185 ± 27 0.099

LDL cholesterol (mg/dL) 117 ± 37 100 ± 26 0.327

HDL cholesterol (mg/dL) 79 ± 40 63 ± 22 0.034

Triglycerides (mg/dL) 115 ± 52 111 ± 39 0.861

Glycaemia (mg/dL) 99 ± 21 88 ± 15 0.050

Uric acid (mg/dL) 7.5 ± 7.7 4.9 ± 1.4 0.374

Right cIMT (mm) 0.91 ± 0.15 0.88 ± 0.22 0.551

Left cIMT (mm) 0.91 ± 0.15 0.86 ± 0.21 0.086

ABI 1.01 ± 0.19 1.07 ± 0.19 0.786

Data expressed as mean ± standard deviation unless otherwise specified. BMI, body mass index; SBP, systolic
blood pressure; DBP, diastolic blood pressure; HR, heart rate; LDL, low-density lipoproteins; HDL, high-density
lipoproteins; cIMT, carotid intima-media thickness; ABI, ankle-brachial index.

In Table 3, we summarized data on 24-h ABPM and 24-h ABPM-derived short-term BPV indexes.
After surgical treatment, we observed a significant difference in terms of 24-h SBP values, although
they were into the normal range and well-controlled after optimization of antihypertensive therapy
with α-adrenergic receptor blockers. We did not find significant changes in the circadian BP rhythm,
with a systolic dipping of 7.5 ± 8.0 vs. 7.7 ± 6.9 % (p = 0.80) and diastolic dipping of 11.7 ± 9.3 vs. 12.3
± 7.8 % (p = 0.37). However, the average real variability (ARV) of both 24-h systolic and diastolic BP
components, after surgical treatment, was significantly decreased (8.8 ± 1.6 vs 7.6 ± 1.3 mmHg, p =
0.001 and 7.5 ± 1.6 vs 6.9 ± 1.4 mmHg, p = 0.031, respectively), as well as the 24-h diastolic weighted
SD (wSD) (Table 3). Finally, the 24-h, daytime, and night-time systolic and diastolic BP standard
deviation (SD), despite not significant, showed a lowering trend (Table 3). Circadian heart rate variation
remained unchanged.
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Table 3. 24-h ABPM-derived short-term blood pressure variability (BPV) markers at baseline compared
to follow-up after surgical treatment.

Short-Term BPV Markers
Total (n = 23)

Baseline Follow-Up p

24-h systolic BP (mmHg) 129 ± 13 115 ± 12 0.002
24-h diastolic BP (mmHg) 73 ± 15 72 ± 9 0.329
24-h heart rate (beats/min) 75 ± 12 78 ± (9) 0.073
Systolic BP dipping (%) 7.5 ± 8.0 7.7 ± 6.9 0.808
Diastolic BP dipping (%) 11.7 ± 9.3 12.3 ± 7.8 0.837
SD of 24-h systolic BP (mmHg) 13.2 ± 4.8 12.2 ± 2.7 0.670
SD of daytime systolic BP (mmHg) 12.4 ± 3.4 11.6 ± 2.7 0.328
SD of night-time systolic BP (mmHg) 10.1 ± 4.0 9.0 ± 3.3 0.348
SD of 24-h diastolic BP (mmHg) 11.3 ± 2.7 10.2 ± 2.3 0.152
SD of daytime diastolic BP (mmHg) 10.3 ± 2.9 9.4 ± 2.5 0.057
SD of night-time diastolic BP (mmHg) 8.4 ± 2.4 7.6 ± 2.9 0.370
SD of 24-h heart rate (beats/min) 10.9 ± 3.6 11.0 ± 4.5 0.852
SD of daytime heart rate (beats/min) 10.7 ± 3.7 10.9 ± 5.0 0.988
SD of night-time heart rate (beats/min) 7.0 ± 2.6 6.7 ± 2.9 0.399
wSD of 24-h systolic BP (mmHg) 11.6 ± 3.1 10.8 ± 2.4 0.173
wSD of 24-h diastolic BP (mmHg) 9.7 ± 2.0 8.8 ± 2.1 0.050
ARV of 24-h systolic BP (mmHg) 8.8 ± 1.6 7.6 ± 1.3 0.001
ARV of 24-h diastolic BP (mmHg) 7.5 ± 1.6 6.9 ± 1.4 0.031

Data expressed as mean ± standard deviation unless otherwise specified. BP, blood pressure; SD, standard deviation;
wSD, weighted standard deviation; ARV, average real variability.

A bivariate scatterplot with correlation analysis showed a direct correlation between the mean
values of 24-h urinary metanephrines and (i) SD of night-time systolic BP (r = 0.45, p = 0.022), (ii) wSD
of both 24-h systolic (r = 0.47, p = 0.009), and diastolic BP (r = 0.43, p = 0.019) performed at baseline.
At multivariate analysis, the strongest predictors of 24-h systolic BP wSD were age (β = 0.566, p = 0.002)
and baseline 24-h urinary metanephrines (β = 0.347, p = 0.042). For the 24-h diastolic component of
wSD the strongest predictor were the 24-h urinary metanephrines values (β = 0.554, p = 0.006).

Lastly, we analyzed the main anthropometric and demographic data of our patients, before and
after treatment, distinguishing by gender. We did not observe significant differences in terms of 24-h
ABPM-derived short-term BPV indexes.

3. Discussion

Despite their relatively rare incidence in the general population, PPGLs are characterized by
high cardiovascular morbidity and mortality [23,24]. The clinical picture associated with increased
catecholamines levels, in fact, may vary from asymptomatic tumors (discovered incidentally during
examinations performed due to other reasons) to life-threatening complications, such as myocardial
infarction, severe heart failure, cardiomyopathy, shock, arrhythmias, and stroke. In a retrospective study,
Zelinka et al. [24] observed a relatively high incidence of cardiovascular complications in PPGL subjects,
reaching almost 20%. The most prevalent were arrhythmic complications (in about 10% of cases)
followed by myocardial ischemia and atherosclerosis, and in about 5% of patients, cerebrovascular
accidents [24]. Catecholamines excess can also lead to severe left ventricular hypertrophy. Recently,
Olmati et al. presented a case of a young woman with hypertrophic cardiomyopathy secondary
to a catecholamine-producing tumor and confirmed by endomyocardial biopsy, in which has been
noted severe disarray of cardiomyocytes and ultrastructural evidence of contraction and necrosis of
myocytes [25].

Pathogenic mechanisms that link PPGL and cardiovascular complications are multiple but
mainly associated to catecholamines overproduction, which leads to increased oxygen consumption,
vasoconstriction, cardiac afterload, augmented production of reactive oxygen species, cell hypertrophy
through increased protein synthesis, and cardiac remodeling [23]. Arterial hypertension is a consequence
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of PPGL in up to 80–90% of patients [6] and it may contribute to the development and worsening of
the cardiovascular profile, as well as metabolic derangements (i.e. impaired glucose tolerance), which
has a reported prevalence of 25 to 75% in PHEO [26].

To evaluate cardiovascular risk in the hypertensive population, the assessment of BPV is a validated
screening tool [27,28]. In physiological conditions, the short-, mid-, and long-term BPV variations
have been shown to represent an adaptive mechanism to maintain homeostasis. However, sustained
increases in BPV over time may also reflect alterations in cardiovascular regulatory mechanisms, which
might have prognostic relevance. Clinical and population studies, using non-invasive, intermittent,
reading-to-reading over 24-h monitoring provided the evidence that BPV may contribute independently
to cardiovascular events prediction, over and beyond average BP [29–31]. Increased BPV has been
associated with a higher risk of cardiovascular events, with this prediction depending on the basal
risk. In low-to-moderate cardiovascular risk populations, the contribution of BPV to risk stratification
has been only marginal [32], whereas in higher-risk patients, as could be those affected by PPGL,
increased BPV appeared to have significant prognostic value, which might exceed that of the average
BP values. Furthermore, it has been highlighted that in patients with the most common secondary
forms of hypertension, such as primary aldosteronism [33], Cushing’s syndrome [34], obstructive
sleep apnea [35,36], and primary hyperparathyroidism [37], the short-term BPV markers increased
compared to essential hypertensive groups and decreased after specific treatments.

In our retrospective study, we evaluated data on 23 patients with a diagnosis of PHEO or PGL
underwent surgery. After successfully removing the cause of excessive production of catecholamines
the office systolic BP and the number of antihypertensive drugs significantly decreased. Even more
important, we found changes in some markers of short-term BPV assessed by 24-h ABPM. In particular,
we observed a reduction in ARV of 24-h systolic and diastolic BP. This index focuses on modifications
that have been registered over short-time intervals and, thus, corrects some of the limitations of SD,
which only reflects the dispersion of BP measurements around the mean [29]. The ARV has been
recently demonstrated (i) to be a better estimator of 24-h BPV than other measures of dispersion,
(ii) to be more useful for determining therapeutic measures aimed at controlling BPV, (iii) to have
greater predictive value than the SD, after adjustment for BP and other clinical factors, for the presence
and progression of subclinical organ damage [29], for total and cardiovascular mortality, and fatal
combined with nonfatal cerebrovascular events [38]. Therefore, ARV of 24-h systolic and diastolic BP
components is crucial to stratify the cardiovascular risk.

In our study, we also discovered a significant correlation between 24-h urinary metanephrines
values and wSD of 24-h systolic and diastolic BP at baseline. Moreover, at multivariate analysis, after
adjustment for sex and body mass index, the strongest predictors of 24-h systolic and diastolic wSD
were the 24-h urinary metanephrines, underlying the feasible role of catecholamines overproduction
in the BPV changes. The wSD represents the average of daytime and night-time BP that has been
adjusted for the duration of the day and night period to account for day-night BP changes [8] and it
allows to exclude the interference of night-time BP fall on overall BPV, and consents a more precise
assessment of the clinical value of 24-h BPV [39]. Therefore, together with ARV, the wSD is an index
unaffected by day-to-night BP changes and it should be preferred for the BPV evaluation.

According to previous research [40–42], we did not find changes in the systolic and diastolic BP
nocturnal fall. However, various causes for the absence of dipping profile are conceivable, including
sleep disturbance and psychiatric disorders, which have not been assessed by the anamnestic evaluation
in our group of patients. Moreover, despite PPGLs are considered to be a curable cause of hypertension,
in the long-term a substantial proportion of patients without recurrence could show higher than
suggested nocturnal BP values and/or continue taking antihypertensive agents for BP control. These
patients are usually (i) older, (ii) have a family history of hypertension, (iii) show higher BP values at
baseline before surgical treatment, (iv) report pre-existing and associated cardiovascular risk factors
(such as smoke, dyslipidemia, etc.), and (v) longer disease duration before diagnosis. In particular,
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referring to the last point, likewise for other forms of secondary hypertension, PPGL might lose the
ability to reverse the structural vascular changes associated with secondary hypertension [43].

Lastly, we would point out that, after successful surgical treatment, the metabolic assessment
significantly ameliorated with reduction of fasting glucose levels and a decreasing trend in lipid
panel variables. These findings are consistent with previously reported results [44,45] and might be
implicated in reducing cardiovascular risk in PPGL patients.

In summary, several studies refer to the importance of sympathetic activity and arterial baroreflexes
in regulating cardiovascular variability and report other factors, including the vascular response
to sympathetic stimuli, which play a role in determining the strength of BP oscillations [46,47].
Therefore, based on our results, we hypothesized that the excessive and pulsatile production of
plasma catecholamines and their metabolites might have a pathogenic key role in the BPV changes.
As it has been suggested by earlier researches [48,49], two types of mechanisms leading to higher
BPV in PPGL patients might be involved: first, the ability of circulating catecholamines to cause
rapid BP elevations; second, the high incidence of orthostatic hypotension with normally functioning
baroreflex probably related to the tendency to hypovolemia [50] or because of the suppressed central
sympathetic outflow [51] as a consequence of the hyperactivation of adrenergic receptors. To support
these assumptions, we showed significant changes in ARV of 24-h systolic and diastolic BP and 24-h
diastolic BP wSD in patients affected by PPGL after successful surgical tumor excision. These changes
might represent, besides well-established and independent risk factors (i.e., hypertension, arrhythmias,
and disturbances of glucose metabolism) [1,6], an additional issue for cardiovascular morbidity and
mortality in this rare condition. The correlation between 24-h urinary metanephrines and systolic and
diastolic wSD and the modifications mentioned above in the blood pressure variability markers at
follow-up suggest the potential reversibility of cardiovascular risk by surgery in PPGL.

Thus, we strongly propose considering, in the clinical management of PPGL, as well as in
normotensive PPGL subjects, the assessment of short-term 24-h ABPM-derived BPV, which, if increased,
might reflect a higher risk of cardiovascular complications.

Limitations and Strengths

Some limitations should be acknowledged. At first, the study used a retrospective design and a
small sample of patients, due to the rare occurrence of catecholamine-producing tumors. Secondly, we
measured only 24-h urinary metanephrines; we were able to collect plasma catecholamines and plasma
metanephrines only in few cases during documented paroxysmal clinical manifestations, and, then,
we could not differentiate norepinephrine- from epinephrine-secreting PPGL. Furthermore, in our
population, we did not evaluate the tumor size, and we did not have any case of malignant forms;
therefore, we did not understand whether the dimension of the mass and its malignant phenotype
could influence BPV. Lastly, not all patients were free from other cardiovascular risk factors that could
influence BPV indexes, such as smoke that was present in up to 15%, dyslipidemia (in more than 20%
of cases), and previous coronary and cerebrovascular accidents.

However, hypertension in PPGLs is very complex with various clinical presentations perhaps
due to the desensitization of catecholamine receptors often leading to normotension. In this context,
we retain that the assessment of BPV plays a crucial role because of: (i) it allows stratifying the
cardiovascular risk in this population; (ii) it could be used as a part of the screening tool of PPGL.
Our findings, although only preliminary, consent to speculate a possible role of BPV in the diagnostic
workup of PHEO and PGL. ARV and wSD represent better and more accurate estimators of short-term
BPV than other measures of dispersion. Their record and analysis might have interesting implications
in the complete evaluation and management of patients affected by PPGL, mostly in those with
paroxysmal hypertension and/or in those with false-negative laboratory tests, because it may allow
discovering an asymptomatic altered cardiovascular profile.
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Moreover, changes in BPV markers after specific treatment may contribute to understanding
better which mechanisms are implicated in the increase of cardiovascular risk in patients with
catecholamine-producing tumors.

4. Materials and Methods

From January 2011 to March 2019, we retrospectively evaluated 23 patients, both of sex and aged
≥18 years old, referred to our Secondary Hypertension Unit, University of Rome “Sapienza,” Italy
(Figure 1). This study was performed according to the Declaration of Helsinki II and all participants
gave informed consent.

after follow-up 

Figure 1. Flow-chart of the study. PPGL, pheochromocytoma and paraganglioma; CT, computed
tomography; MRI, magnetic resonance imaging; MIBG, metaiodobenzylguanidine; ABI, ankle-brachial
index; SBP, systolic blood pressure; DBP, diastolic blood pressure; SD, standard deviation.

The PPGL diagnosis was performed according to the Endocrine Society Guidelines [1], and the
BPV markers were measured agreeing with the most recent recommendations [27], as described below.

All patients underwent genetic testing for the most common familial forms. At baseline and
follow-up evaluations, for each patient, we collected data on anthropometric parameters and physical
examination (i.e., BMI and waist circumference), past medical history, current treatment, and detailed
information on cardiovascular risk (i.e., smoking, dyslipidemia, and previous cardiovascular events).
To determinate hypertension-related vascular remodeling we recorded:

(i) Ankle-brachial index (ABI): we measured ABI after a 5 minutes rest in the supine position. The
ABI was determined using an automated oscillometric measurement BOSO-ABI system neo
(Bosch+Sohn GmbH U. Co. KG, Jungingen, Germany), which allows simultaneous arm-leg
BP measurements.

(ii) Carotid Doppler ultrasonography: it determines the common carotid intima-media thickness
(calculated from three separate values 1 cm proximal to the common carotid artery bifurcation
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in the left and right common carotid arteries), the characteristics of plaques, and the degree of
stenosis [52].

4.1. PPGL Diagnosis

The PPGL diagnosis [1] was based on (i) clinical signs and symptoms, such as sustained or
paroxysmal arterial hypertension, orthostatic hypotension, tachycardia, diaphoresis, headaches,
chest pain, syncope, etc.; (ii) familial history of PPGL with specific involved genetic mutations
(e.g., VHL, NF1, RET, SDHD, etc.); (iii) 24-h urinary metanephrines (measured by the RIA method;
normal range: 20–345 μg/24-h), determined in two consecutive measurements; and/or (iv) abdominal
magnetic resonance imaging (MRI) or computed tomography (CT) scan, subsequently confirmed by
123I-metaiodobenzylguanidine (123I-MIBG) scintigraphy, which was performed also in patients with
normal values of 24-h urinary metanephrines and/or negative MRI and CT scan but high clinical
suspect of PPGL.

4.2. Genetic Analysis

After signing of informed consent, for each patient a blood sample was obtained for the extraction of
DNA according to the standardized protocol in the molecular genetics laboratory of our department [5].
DNA was extracted from the peripheral blood leukocytes of each patient with the Nucleospin
blood L kit (Macherey-Nagel, Duren, Germany) and analyzed for germline mutations of RET (exons
10,11,13,14,15,16), VHL (all exons), SDHD (all exons), and SDHB (all exons). For each gene, coding
regions and exon-intron boundaries, polymerase chain reaction (PCR) fragments purified with a
commercial kit (PCR purification kit, Qiagen, Milan, Italy) were subject to 2% agarose gel electrophoresis
with ethidium bromide staining and subsequently sequenced with a genetic analyzer (ABI PRISM 310,
Applied Biosystems, Milan, Italy). For the NF1 gene was performed a mutation analysis of the 57 exons
and flanking intronic regions as well as the untranslated 50 and 30 regions of the NF1 gene required
a redesign of PCR primer pairs in order to exclude amplification of any of the 36 pseudogenes [53].
A germline intragenic mutation scanning was carried out on each of the amplicons using denaturing
high-performance liquid chromatography analysis (WAVE analysis system, Transgenomics, Paris,
France). Samples displaying abnormal chromatographic patterns were subjected to bidirectional
direct sequencing using a MegaBACE500 DNA sequencing machine (Amersham Biosciences, Freiburg,
Germany) [5].

4.3. Blood Pressure Variability Assessment

Short-term BPV was assessed by 24-h ABPM using Spacelabs®90207 (SpaceLabs, Snoqualmie,
WA, USA), which was carried out as a part of the procedures before diagnosis and after follow-up, in a
day separate from the first office visit and after optimization of medical therapy to control BP values.

All data were acquired and analyzed according to the current recommendations [54]. Devices
were calibrated periodically with a mercury sphygmomanometer and the arm cuff was positioned on
the non-dominant upper limb. The between measurement intervals were 15 minutes (daytime) and
30 minutes (night-time). During each recording, subjects were required to attend at their usual daily
activities, only refraining from unusual physical exercise or behavioral challenges. Only recordings
rated of sufficient quality, i.e., including at least 70% of valid readings over the 24-h and at least two
valid readings per hour during daytime and one valid reading per hour during night-time, were
considered for the final analysis. Day and night periods were defined and corrected according to what
was reported by the patient in the diary. The average daytime period was finally identified as the
interval from 06:00 h to 22:00 h and the night period as the interval from 22:00 h to 06:00 h. For each
recording, the mean 24-h, and day- and night-time systolic and diastolic BP have been collected.
Moreover, as suggested by previous validation studies [27,55], we identified markers of short-term
BPV derived by 24-h ABPM, which included:
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(i) Degree of nocturnal BP fall (dipping pattern), calculated as [(daytime SBP − night-time
SBP)/daytime SBP × 100%] for SBP and [(daytime DBP − night-time DBP)/daytime DBP ×
100%] for DBP. Patients were classified as dippers if BP falls ≥10% and <20% of daytime average
BP or non-dippers (fall <10%). Nocturnal BP falls ≥20% and <0% identified “extreme” dipper and

“reverse” dipper subjects.
(ii) Standard deviation (SD) of 24-h, daytime, and night-time SBP and DBP;
(iii) Average of daytime and night-time SD, each weighted for the duration of the day and night periods

[24-h “weighted” SD of BP (wSD)], which allows for removing the mathematical interference
from night-time BP fall;

(iv) ARV for 24-h SBP and DBP, i.e., the average of the absolute differences between consecutive BP
measurements over 24-h, according to a mathematical algorithm: ARV= 1N−1∑N−1

k=1 (BPk+1 − BPk),
where N denotes the number of valid BP measurements, and k is the order of measurements.

To prevent perioperative cardiovascular complications, during 2–3 weeks before surgery, patients
have been treated withα-adrenergic receptor blockers (e.g., doxazosin 2 up to 16 mg daily). Preoperative
co-administration of β-adrenergic receptor blockers was performed in patients with uncontrolled
BP values and/or tachycardia (e.g., atenolol 50 up to 100 mg daily), only after administration of
α-adrenergic receptor blockers [1]. The drugs were well tolerated and no orthostatic hypotension was
observed. Moreover, all patients received preoperative volume therapy with intravenously sodium
intake. The surgical intervention was performed at the Department of Surgery “Pietro Valdoni.”

4.4. Statistical Analysis

Data were expressed as mean and standard deviation (SD). Before statistical analysis, variables
that showed a non-Gaussian distribution at Kolmogorov–Smirnov test were transformed to achieve
a normal distribution and they were analyzed by non-parametric tests. Categorical variables were
compared with Fisher and chi-square tests. Continuous and categorical variables were compared at
baseline and follow-up by the Mann–Whitney test. ANOVA with Fisher’s Least Significant Difference
post-hoc tests was used when needed. Relationships between continuous variables were assessed
calculating the Pearson’s correlation coefficient. Linear regression models and multivariate analysis
were performed to determine the combined effect of several variables on BPV markers. Statistical
analysis was performed using SPSS software (version 24 for Mac; IBM®, SPSS®Statistics, Italy) and
GraphPad Prism software (version 7.0, GraphPad® Software Inc, San Diego, CA, USA). Significance
was set at p < 0.05.

5. Conclusions

Our pilot study with its preliminary results demonstrates that (i) successful surgical treatment
in patients affected by PPGL is associated with decreasing of two of the most accurate indexes of
short-term blood pressure variability, (ii) there is a significant relationship between the weighted
standard deviation of 24-h systolic and diastolic BP and 24-h urinary metanephrines. Therefore, it is
supposable that the excessive and pulsatile production of plasma catecholamines and their metabolites
in PPGLs has a role in the increased BPV markers, which is involved in the increasing of cardiovascular
risk. The clinical relevance of our findings relies on the fact that these patients might take particular
benefit from surgical removal of the catecholamine-secreting tumor. Moreover, short-term blood
pressure variability may be used as a screening tool in the work-up of PPGLs, especially in those
cases with high suspicion for which the diagnosis is challenging. Further prospective studies with a
larger number of patients free from cardiovascular events and risk factors are necessary to confirm
our findings.
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Abstract: Metastatic pheochromocytoma and paraganglioma (PPGL) are incurable neuroendocrine
tumors. The goals of treatment include palliating symptoms and reducing tumor burden. Little
is known about the use of radiofrequency ablation (RFA), cryoablation (CRYO), and percutaneous
ethanol injection (PEI) to treat metastatic PPGL. We performed a retrospective study of patients age
17 years and older with metastatic PPGL who were treated with ablative therapy at Mayo Clinic, USA,
between June 14, 1999 and November 14, 2017. Our outcomes measures were radiographic response,
procedure-related complications, and symptomatic improvement. Thirty-one patients with metastatic
PPGL had 123 lesions treated during 42 RFA, 23 CRYO, and 4 PEI procedures. The median duration
of follow-up was 60 months (range, 0–163 months) for non-deceased patients. Radiographic local
control was achieved in 69/80 (86%) lesions. Improvement in metastasis-related pain or symptoms of
catecholamine excess was achieved in 12/13 (92%) procedures. Thirty-three (67%) procedures had
no known complications. Clavien-Dindo Grade I, II, IV, and V complications occurred after 7 (14%),
7 (14%), 1 (2%), and 1 (2%) of the procedures, respectively. In patients with metastatic PPGL, ablative
therapy can effectively achieve local control and palliate symptoms.

Keywords: radiofrequency ablation; cryoablation; percutaneous ethanol injection; neuroendocrine
tumor; minimally invasive procedure; percutaneous ablation

1. Introduction

Pheochromocytoma (PHEO) and paraganglioma (PGL) are rare neuroendocrine tumors that arise
from the adrenal medulla and autonomic paraganglia, respectively. The incidence in the United States
is 500 to 1600 cases per year [1]. While the majority of PHEO and PGL (PPGL) do not metastasize,
2–13% of PHEO and 2.4–50% of PGL are metastatic [2–4]. PPGL are considered metastatic when nodal
or distant metastases are identified [5].

Patients with metastatic PPGL most frequently present with manifestations of catecholamine
excess [6]. However, patients also present with symptoms from tumor-related mass effect or
incidentally following imaging performed for an unrelated indication [6]. The natural history of
metastatic PPGL is highly variable: for some patients it progresses rapidly, but others have prolonged
survival [6]. Patients with metastatic PPGL have a median overall survival of 24.6 years and a 5-year
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mortality rate of 37% [6,7]. There are no differences in disease-specific mortality between metastatic
PHEO and PGL [6].

A number of localized and systemic therapies are currently used to treat patients with metastatic
PPGL; however, none of the options is curative. The goals of treatment are to reduce manifestations
of catecholamine excess, palliate metastasis-related pain, and improve prognosis by treating lesions
likely to progress and become symptomatic.

Given the rarity of metastatic PPGL, many of its treatment options have not been extensively
studied. In particular, little is known regarding the use of thermal and chemical ablation to treat
metastatic PPGL. Therefore, the objectives of this study were to investigate the efficacy and safety
of radiofrequency ablation (RFA), cryoablation (CRYO), and percutaneous ethanol injection (PEI) in
the treatment of patients with metastatic PPGL. In this study, we found that ablative therapy can
be successfully used in patients with metastatic PPGL to achieve radiographic local control, palliate
metastasis-related pain, and reduce symptoms of catecholamine excess. We also found that the majority
of patients treated with ablation did not experience any procedure-related adverse effects.

2. Results

2.1. Patient Demographics and Clinical Presentation

All ablations were performed between June 14, 1999 and November 14, 2017. Thirty-one patients
(n = 22, 71% women) with metastatic PPGL (n = 24, 77% with PGL, and n = 7, 23% with PHEO)
underwent treatment of metastatic lesions with RFA, CRYO, or PEI (Table 1).

Table 1. Baseline clinical characteristics of patients with metastatic pheochromocytoma and
paraganglioma treated with ablative therapy. Categorical data presented as absolute and relative
frequencies (percentages). Continuous data presented as median (minimum–maximum range). * B
symptoms include fevers, chills, night sweats, weight loss, and anorexia. Abbreviations: mm,
millimeter; NF1, neurofibromatosis type 1; PGL, paraganglioma; PHEO, pheochromocytoma; SDHB,
succinate dehydrogenase subunit B; and SDHD, succinate dehydrogenase subunit D.

Characteristics Data, Number (Percent or Range)

N 31

Female sex, n (%) 22 (71%)

Primary tumor, n (%)
PGL
PHEO

24 (77%)
7 (23%)

Genetic status, n (%)
SDHB positive
SDHD positive
NF1 positive
Sporadic
No genetic testing performed

17 (74%)
1 (4%)
1 (4%)
4 (17%)
8

Age at primary tumor diagnosis, years (range) 27 (8–72)

Mode of primary tumor discovery, n (%)
Symptoms of catecholamine excess
Symptoms of tumor-related mass effect
Incidental discovery on imaging
Symptoms of catecholamine excess + tumor mass effect
Hypervascular right tonsillar mass
Syncope with neck rotation
B symptoms *
Unknown

12 (39%)
9 (29%)
5 (16%)
2 (6%)
1 (3%)
1 (3%)
1 (3%)
1

Primary tumor location, n (%)
Abdomen/pelvis
Skull base and neck
Thorax

31 (76%)
7 (17%)
3 (7%)
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Table 1. Cont.

Characteristics Data, Number (Percent or Range)

Primary tumor hormonal status, n (%)
Functional
Non-functional
Unknown

19 (83%)
4 (17%)
8

Primary tumor size, mm (range) 55.5 (10–190)

Surgical resection of the primary tumor, n (%) 32 (94%)

Age at diagnosis of metastatic disease, years (range) 38 (12–77)

Time to diagnosis of metastatic disease, years (range) 4 (0–53)

Metachronous metastases, n (%) 23 (74%)

Location of metastases, n (%)
Osseous
Abdomen
Thorax
Pelvis
Neck
Brain

27 (90%)
23 (74%)
13 (42%)
10 (33%)
3 (10%)
1 (3%)

Metastases per patient, n (range) >5 (1–>5)

Treatment with systemic therapy, n (%) 14 (45%)

2.2. Ablation Sessions

Thirty-one patients underwent a total of 69 ablation sessions to treat 123 metastatic lesions. Of the
123 metastatic lesions, 114 were treated with percutaneous ablation and 9 were ablated intra-operatively.
A total of 42 RFA, 23 CRYO, and 4 PEI were performed. Seven patients underwent more than one
type of ablation during the same session (e.g., RFA of one lesion immediately followed by CRYO of a
separate lesion) for a total of 57 procedural sessions (Table 2).

Table 2. Therapeutic approaches and outcomes in patients with metastatic pheochromocytoma
and paraganglioma. Categorical data presented as absolute and relative frequencies (percentages).
Continuous data presented as median (minimum–maximum range). Abbreviations: mm, millimeter.

Variable Data

Total lesions ablated, n 123

Total procedural sessions, n 57

Ablation sessions per patient, n (range) 1 (1–8)

Total ablation sessions, n (%)
Radiofrequency ablation
Cryoablation
Percutaneous ethanol injection

69
42 (61%)
23 (33%)
4 (6%)

Location of ablated lesions, n (%)
Osseous
Hepatic
Abdominal/pelvic, non-hepatic

63 (51%)
54 (44%)
6 (5%)

Lesions ablated per patient, n 3 (1–15)

Size of ablated lesions, mm (range)
Osseous
Hepatic
Abdominal/pelvic, non-hepatic

15.5 (3–65)
15 (4–47)
21.5 (16–36)

Metastases treated at the time of ablation, n (%)
Not all present metastases treated
All present metastases treated
Unknown

35 (76%)
11 (24%)
11

Technical success for each ablated lesion, n (%)
Achieved
Not achieved
Unknown

94 (94%)
6 (6%)
19
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2.3. Ablation Session Indications

Manifestations of catecholamine excess were present prior to 18 (37.5%) procedural sessions
and absent prior to 30 (62.5%) procedural sessions (Figure 1). Eleven (22%) procedural sessions
were performed to treat 17 painful lesions (Figure 2). Five of the ablated lesions were in high-risk
anatomic locations, for example an osseous lesion in close proximity to the spinal cord. In general,
ablation was performed to achieve local oncologic control and to mitigate the risks associated with
local tumor progression.

 

Figure 1. Outcomes of ablations performed to treat manifestations of catecholamine excess in patients
with metastatic pheochromocytoma and paraganglioma. Eighteen procedures were performed to treat
patients with manifestations of catecholamine excess. Technical success was achieved in 16 of those
procedures, after which five patients had known symptom outcomes. Of those five, four patients had
improvement in symptoms of catecholamine excess following ablation. Abbreviations: s/sx, signs
and symptoms.

 

Figure 2. Outcomes of ablations performed to treat pain in patients with metastatic pheochromocytoma
and paraganglioma. Eleven procedures were performed to treat a total of 17 painful metastases.
Technical success was achieved for 16 of the ablated metastases. Of those lesions, all eight patients with
symptom follow-up post procedure had improvement in pain.
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2.4. Pre-Ablation Adrenergic Blockade

Functioning metastases were targeted in 31 (63%) of the 49 procedural sessions that had a known
pre-ablation biochemical status. Of these, 5 (16%) had an adrenergic biochemical phenotype, 25 (81%)
had a noradrenergic biochemical phenotype, and 1 (3%) was dopaminergic only.

Of the 31 procedural sessions performed to treat functioning metastases, α-adrenergic blockade
was given prior to 29 (97%), β-adrenergic blockade was given prior to 27 (87%), and the tyrosine
hydroxylase inhibitor—metyrosine—was given prior to 23 (74%). Of the 26 procedural sessions
performed to treat metastases with a non-functioning or unknown hormonal status, α-adrenergic
blockade was given prior to 10 (50%), β-adrenergic blockade was given prior to 4 (20%), and metyrosine
was given prior to 1 (5%). The purpose of pre-ablation adrenergic blockade was to reduce hemodynamic
variability due to catecholamine release during the procedure.

We initiated α-adrenergic blockade generally 7–14 days pre-ablation, with phenoxybenzamine
the most frequent medication prescribed. For patients with heart rates persistently greater than
80 beats/minute, we administered β-adrenergic blockade 2–5 days before ablation. Adrenergic
blockade was titrated to effect and if patients remained hypertensive, a calcium channel blocker
was added. Metyrosine therapy was used in patients with anticipated significant catecholamine
release who were not controlled with α-adrenergic blockade. The initiation of metyrosine was
based on clinical judgment and was often prescribed for patients undergoing ablation of multiple
lesions during the same procedural session, patients with significantly elevated catecholamines and
metanephrines, and patients who had significant hemodynamic variability during previous ablation
sessions. Metyrosine was administered orally in the form of 250 milligram (mg) capsules. The Mayo
Clinic protocol for short-term metyrosine preparation for patients already taking α-adrenergic blockade
is to start metyrosine 4 days pre-ablation at a dose of 250 mg 4 times daily (QID) and up-titrate as
tolerated to 500 mg QID 3 days pre-ablation, 750 mg QID 2 days pre-ablation, and 1000 mg QID the
day prior to ablation, with the last dose (1000 mg) given on the morning of the ablation.

2.5. Ablated Lesions

A total of 123 lesions were ablated, with a median of 3 ablated lesions per patient (range, 1–15).
Of the 123, 63 (51%) were osseous and 54 (44%) were hepatic. Six (5%) were abdominal/pelvic
non-hepatic lesions including 4 retroperitoneal lesions, 1 abdominal lymph node, and 1 peri-urethral
soft tissue metastasis (Table 2).

2.6. Technical Success

Technical success was achieved in 94 (94%) of the ablated lesions. For 19 lesions, the status of
technical success was unknown due to lack of post-ablation imaging. Four lesions were not assessed
for technical success because the patient died during the ablation (Table 2).

2.7. Radiographic Outcomes

Of the 123 ablated lesions, 80 (65%) were included in radiographic outcomes analysis. Of the
43 excluded lesions, 37 lacked post-procedural imaging (many patients were referred solely for therapy
and received post-ablation care elsewhere) and technical success was not achieved for 6. Overall, local
control was accomplished in 69 (86%) of the ablated lesions (Table 3).

Fourteen (45%) of the 31 patients were treated with systemic therapy, including cytotoxic
chemotherapy, molecularly targeted therapy, and radiolabeled somatostatin analogs. Several of
these patients had ablations performed while receiving systemic therapy (Table 1). Overall, local
control was achieved in 36 (78%) lesions that were ablated in patients who had received systemic
therapy at any time during the disease course.
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For lesions with local control, the median total duration of follow-up was 26 months (range,
2–163 months) after ablation. With the exception of 1 peri-urethral soft tissue lesion, all metastases
treated with CRYO were osseous lesions.

Table 3. Radiographic outcomes of ablated metastases in patients with metastatic pheochromocytoma
and paraganglioma. Categorical data presented as absolute and relative frequencies (percentages).
Continuous data presented as median (minimum–maximum range). * One patient underwent
cryoablation (CRYO) and percutaneous ethanol injection (PEI) of a single osseous lesion (right humerus)
during the same procedural session. Since this lesion was treated with two ablative modalities during
the same procedural session, it was excluded from analysis.

All Ablated Metastases

Variable Data

Local control, n (%)
Radiofrequency ablation
Cryoablation
Percutaneous ethanol injection

69/80 (86%)
44/51 (86%)
24/28 (86%)
1/2 (50%)

Local control, n (%)
Patients treated with systemic therapy
Patients not treated with systemic therapy

69/80 (86%)
36/46 (78%)
33/34 (97%)

Duration of follow-up for ablated lesions with local control, months (range) 26 (2–163)

Progression for ablated lesions, n (%)
Radiofrequency ablation
Cryoablation
Percutaneous ethanol injection

11/80 (14%)
7/51 (14%)
4/28 (14%)
1/2 (50%)

Time to progression, months (range) 16 (6–69)

Osseous and hepatic metastases treated with radiofrequency ablation and cryoablation

Osseous Hepatic p value

N 45 32

Local control, n (%)
Radiofrequency ablation
Cryoablation

37/45 (82%)
14/19 (74%)
23/26 (88%)*

30/32 (94%)
30/32 (94%)
0/0 (0%)

0.14
0.04

Progression, n (%)
Radiofrequency ablation
Cryoablation

8/45 (18%)
5/19 (26%)
3/26 (12%)*

2/32 (6%)
2/32 (6%)
0/0 (0%)

0.14
0.04

Of 80 ablated lesions, 11 (14%) progressed at a median of 16 months (range, 6–69 months) (Table 3).
All 11 lesions that progressed occurred in only 5 patients. Of the patients who underwent technically
successful hepatic ablations, additional hepatic metastases developed outside the area of ablation in
10 (67%) instances at a median of 16 months (range, 2–24 months) following ablation.

2.8. Symptom Outcomes

Technical success was achieved for 16 of the 17 painful metastases that were ablated. Symptom
response to ablation was documented for 8 (50%) of the 16 lesions with technical success. Of those 8,
all (100%) had improvement in pain following ablation (Figure 2).

Of the 18 procedural sessions performed to treat manifestations of catecholamine excess, 13 were
excluded from symptom outcome analysis due to either lack of technical success, simultaneous
resection of the primary tumor, intra-ablation death, or unknown post-procedural symptoms. Of the
remaining 5 procedural sessions, symptoms of catecholamine excess improved following 4 (80%)
(Figures 1 and 3).
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Figure 3. A 17 year old female with widely metastatic paraganglioma underwent CRYO and
radiofrequency ablation (RFA) of multiple osseous lesions to palliate symptoms of catecholamine
excess and achieve local control. Pre-ablation PET/MRI demonstrated a fluorodeoxyglucose (FDG)
avid lesion involving the supraacetabular left ilium (A). Two cryoablation needles were placed into
the lesion and the iceball encompassed the metastasis (B). At 20 months post procedure, PET/CT
demonstrated no evidence of residual hypermetabolic paraganglioma in the supraacetabular left ilium
(C). Additionally, following ablation her symptoms of catecholamine excess improved and she reduced
the dose of her chronic adrenergic blockade.

2.9. Ablation Session Complications

No complications occurred following 33 (67%) procedural sessions. Clavien–Dindo Grade I minor
complications occurred following 7 (14%) procedural sessions and included transient fever, persistent
ablation site pain, and minor bleeding not requiring intervention. Grade II complications developed
following 7 (14%) procedural sessions and the most common intervention for these patients was
intravenous blood pressure medications. Overall, overnight continuous hemodynamic monitoring
for labile hemodynamics was required following 6 procedural sessions. One patient had a Grade IV
complication following RFA of four metastatic lesions within the retroperitoneum. He initially did
well post-ablation but approximately one week later developed gastrointestinal bleeding and required
surgery although the sites of gastrointestinal bleeding were not suspected to be directly related to
his ablation procedure. One patient had a Grade V complication and died from a likely argon gas
embolism during CRYO of 4 osseous lesions (Table 4).

Table 4. Procedure-related complications and long-term mortality data of patients with metastatic
pheochromocytoma and paraganglioma treated with ablative therapy. Procedural session complications
were graded according to the revised Clavien–Dindo classification system. Categorical data
presented as absolute and relative frequencies (percentages). Continuous data presented as median
(minimum–maximum range). Abbreviations: PPGL, pheochromocytoma and paraganglioma.

Complication and Mortality Rates
Data, Number
(Percent or Range)

Procedural session complication rate, n (%)
No complication
Grade I
Grade II
Grade III
Grade IV
Grade V

33 (67%)
7 (14%)
7 (14%)
0
1 (2%)
1 (2%)

Long-term patient outcomes

Deceased secondary to metastatic PPGL, n (%) 10 (32%)

Time from ablation session to death, months (range)
Session 1 (n = 10)
Session 2 (n = 4)
Session 3 (n = 3)
Session 4 (n = 2)
Session 5 (n = 2)
Session 6 (n = 1)

63.5 (2–133)
68.5 (8–113)
52 (51–89)
21 (0–42)
17.5 (0–35)
26

Alive at time of last follow-up, n (%)
Time from ablation session 1 to most recent follow-up, months (range)

21 (68%)
60 (0–163)
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2.10. Long-Term Outcomes

Of the 31 patients, 10 (32%) died secondary to metastatic PPGL (median age at death, 53.5 years;
range, 31–75 years) and 21 (68%) were alive at the time of last follow-up (median 60 months; range,
0–163 months) (Table 4). Of the 14 patients treated with systemic therapy, 7 (50%) died secondary to
metastatic PPGL.

3. Discussion

In this study, we described the indications, efficacy, and safety of thermal and chemical ablation in
the treatment of patients with metastatic PPGL. We found that the main indications for ablation
therapy were to palliate metastasis-related pain, reduce manifestations of catecholamine excess,
stabilize metastases in high-risk anatomic locations, and achieve local oncologic control to prevent risks
associated with local tumor progression. We found that 94% of ablations were technically successful,
and radiographic local control was achieved following 86% of those ablations. Ablative therapy was
also successful in reducing metastasis-related pain and treating manifestations of catecholamine excess.
Overall, ablative therapy was safe for the majority of patients. However, complications were noted
after one third of procedures. Most of these complications were minor with no long-term sequelae.
However, there was 1 ablation-related death.

In our study, the most common indication for ablation therapy was to achieve local control.
Overall, radiographic outcomes were similar for type of ablation (CRYO versus RFA) and location of
metastases (osseous versus hepatic). Of the lesions treated with thermal ablation, osseous metastases
were treated with both RFA and CRYO, while hepatic metastases were treated only with RFA. We found
that for metastases treated with RFA, radiographic local control was achieved more frequently for
hepatic lesions (94%) than osseous lesions (74%). In contrast to hepatic lesions, osseous lesions can be
more challenging to ablate because of their location and the propagation of thermal energy in the bony
matrix. Further, it is easier to visualize and confirm complete treatment of hepatic metastases than
osseous metastases because of the inherent differences between the two environments.

Local control was achieved in 78% of ablated lesions in patients who received systemic therapy at
any time during the disease course. In contrast, local control was achieved in 97% of ablated lesions in
patients who never received systemic therapy. This suggests that patients requiring systemic therapy
have more aggressive disease that is more likely to ultimately progress. However, ablative therapy can
still be an effective means to achieve local control in lesions in high risk anatomic locations in patients
who require systemic therapy.

The previously published literature on ablative therapy for the treatment of metastatic PPGL is
limited to single patient reports and small case series, which makes it challenging to compare our
findings [8–11]. However, there is suggestion that interventional radiology techniques may delay the
development of serious skeletal-related events in patients with metastatic PPGL [12].

Regarding radiographic response to ablation, prior studies used different definitions of local
control than our study. For example, in a case series of 6 patients with metastatic PHEO treated with
RFA, complete ablation was achieved in six of the seven ablated metastatic lesions at a mean follow-up
of 12.3 months [10]. In this report, complete ablation was defined as a lack of enhancement within the
ablation zone on follow-up CT [10]. Moreover, in a previous report from our institution, local control
was defined as the absence of metastases in the treated region and was observed in 15 of 27 (56%)
ablated lesions.

However, in our current study of 31 patients who had 123 lesions ablated, we defined local
control as either no evidence of disease in the area of ablation or decreased tumor burden in the area
of ablation when compared to pre-ablation imaging. Our definition of local control was chosen for
several reasons—most significantly to provide a clinically meaningful classification. PPGL are known
to have a slow response to therapy: following successful treatment, a residual mass is often present
on imaging [13]. However, this alone does not represent treatment failure because imaging findings
that indicate local control of PPGL following treatment include decreased tumor enhancement and
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decreased tumor size [13]. Additionally, since metastatic PPGL is incurable, the goal of therapy is to
reduce tumor burden to palliate symptoms and intervene early when a patient has lesions expected to
progress and become symptomatic.

Only 14% of the 80 technically successful ablated lesions had radiographic progression at a median
of 16 months (range, 6–69 months) after ablation. Due to the limited number of technically successful
ablations with subsequent radiographic progression, we were not able to identify predictors of lesion
progression following ablation.

Our results suggest that ablative therapy can be a successful treatment modality to improve
metastasis-related pain and symptoms of catecholamine excess, although the sample size is limited.
Of the 8 painful lesions that had technically successful ablations and available follow-up, ablation
led to improvement in metastasis-related pain in all cases. Of the 5 technically successful procedural
sessions with available follow-up that were performed to treat manifestations of catecholamine excess,
improvement in symptoms of catecholamine excess occurred in four (80%). Given the limited number
of patients with available follow-up data who had ablations performed to treat manifestations of
catecholamine excess, we did not analyze biochemical response following ablation. Excluding the
prior case series from our institution, other published studies did not report on symptom outcome for
patients with metastatic PPGL who were treated with ablative therapy [8–11].

With regard to procedure-related complications, we found that for the majority of patients,
treatment of metastatic PPGL with ablative therapy was safe. No complications were noted following
33 (67%) procedural sessions with available follow-up, and 7 (14%) procedural sessions had only
Clavien–Dindo Grade 1 complications. One patient did have a Grade IV complication; however the
gastrointestinal bleeding was noted at multiple sites so it is unclear if this complication was directly
caused by the RFA. Additionally, one patient died due to a rare complication of a suspected argon gas
embolism during CRYO of 4 osseous lesions.

Unsurprisingly, cardiovascular monitoring for labile post-ablation hemodynamics was required
following 6 (12%) procedural sessions. However, there were no long-term sequelae for these patients.
Even with pre-ablation adrenergic blockade and metyrosine, significant release of catecholamines can
occur during ablation. Therefore, it is essential for patients with functioning metastases to be treated
carefully with pre-ablation adrenergic blockade and/or metyrosine and to have appropriate anesthesia
care intra- and post-ablation.

Our study has several strengths and limitations. Some of the patients in our study were referred
only for ablation and had post-ablation follow-up elsewhere, and therefore unknown long-term
outcomes. However, the retrospective study design allowed us to have a relatively large sample
size of patients, given the rarity of metastatic PPGL. The retrospective study design also allowed us
to follow patients for many years post-ablation, which was particularly valuable for determining
long-term radiographic response to treatment. A potential bias in our cohort was the treatment of
patients within a single tertiary-care setting. In general, there is a number of local and systemic
treatment combinations available to treat metastatic PPGL and selection of therapy is often based
on the experience of the individual clinician and the practice at a specific institution. Ultimately,
our cohort of patients was heterogeneous in regard to the aggressiveness and extent of disease,
functional classification, and treatment with therapies in addition to ablation. The heterogeneity of our
cohort reflects the population of patients with metastatic PPGL and the radiographic, symptom, and
safety outcomes of our study are generalizable to patients with metastatic PPGL.

4. Materials and Methods

4.1. Patient Demographics and Clinical Presentation

To study the efficacy and safety of RFA, CRYO, and PEI in the treatment of patients with metastatic
PPGL, we retrospectively reviewed medical records of a consecutive cohort of patients with metastatic
PPGL. We only included patients who provided authorization to use their health records for research
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purposes. These patients were evaluated in the Mayo Clinic System, USA, between June 14, 1999
and November 14, 2017. The study was approved by the Institutional Review Board of Mayo Clinic,
Rochester, MN (the IRB number for this project: 13-004137).

4.2. Subjects

The Mayo Clinic PPGL database was reviewed to identify patients with metastatic PPGL who were
treated with RFA, CRYO, or PEI. Of the 273 patients identified with metastatic disease, 31 (11%) were
treated with at least one thermal or chemical ablation. All of these patients treated with ablation were
17 years or older at the time of ablation. The medical records were reviewed to assess each patient’s
clinical presentation, biochemical data, imaging results, procedural reports, pathology, and response
to ablation. Of note, a Mayo Clinic case series published in 2011 examined 10 patients who had
47 metastatic lesions ablated with RFA, CRYO, or PEI [8]. Our study included patients from this
original Mayo Clinic case series [8].

4.3. Disease-Related Definitions

For the purposes of this study, metastatic disease was defined according to the 2017 World
Health Organization criteria [5]. A patient was considered to have synchronous metastatic disease
if metastases were diagnosed within three months of the primary tumor’s discovery. Metachronous
metastatic disease was defined as the development of metastases at least 3 months after the primary
tumor was diagnosed. PPGL tumors were defined as functional when plasma or urine total or
fractioned catecholamines or metanephrines were above the upper limit of normal for each value’s
reference range. Tumors producing excess epinephrine or metanephrine were defined as adrenergic.
Tumors producing excess norepinephrine or normetanephrine were defined as noradrenergic. Tumors
with excess dopamine production were defined as dopaminergic. Biochemical evaluation was only
included in data analysis if it was completed within three months prior to each ablation session.

4.4. Thermal and Chemical Ablation Overview

Our ablation procedural technique and protocol have been previously described [14–16].
All procedures were performed with patients under general anesthesia. Hepatic ablations at Mayo
Clinic were performed with RFA or PEI. PEI was only utilized for hepatic lesions when a lesion was not
amenable to thermal treatment due to close proximity to central bile ducts (<1 cm). All extra-osseous
RFA treatments were performed with an impedance-based internally cooled RFA device (Cool-tipTM,
Medtronic/Covidien, Dublin, Ireland). The STAR tumor ablation system (DFINE, San Jose, CA, USA)
was used for all RFAs in the spine and bone. All CRYO treatments were performed using the Precise
Cryoablation System (Galil Medical, Yokneam, Israel) or Endocare Cryotherapy System (Healthtronics,
Irvine, CA, USA). The decision to use CRYO or RFA for osseous lesions was based on operator
preference and consideration of patient safety.

Protective maneuvers to mitigate the risk of injury to adjacent structures were employed based
on operator preference and tumor location. Hydrodissection using normal saline or sterile water was
used when the bowel or skin necessitated movement for complete ablation. Computed tomography
(CT) myelography was performed during spinal ablation when precise visualization of the spinal cord
and adjacent nerve roots were needed. Neurophysiologic monitoring via motor or somatosensory
evoked potentials by the Department of Neurology was utilized on a case-by-case basis when a tumor
was closely associated with the spine or major peripheral nerves. CT and/or ultrasound guidance was
utilized for probe placement: the number of probes and duration of treatment was based on tumor
size, tumor location, and operator preference. CT utilizing a Siemens Somatom Sensation open 40-slice
system (Siemens AG, Munich, Germany) was used for peri-procedural monitoring of treatment.
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4.5. Radiographic Outcomes Definitions

For the purpose of this study, RFA, CRYO, and PEI were considered technically successful if the
ablation defect encompassed the index tumor with no intra- or peri-tumoral enhancement on imaging
performed within three months after the ablation, typically CT or MRI. Additionally, for lesions treated
with CRYO, the ablation was considered technically successful if the ice ball completely encompassed
the metastatic lesion during the ablation.

Post-ablation imaging was compared to pre-ablation imaging to determine each tumor’s
radiographic response to therapy. Radiographic local control was assessed using the most recent
post-ablation follow-up imaging study. Radiographic local control was defined as no evidence
of disease in the area of ablation or decreased tumor burden in the area of ablation compared to
pre-ablation imaging. A lesion was considered to have radiographic progression if tumor burden in
the area of ablation increased or was stable compared to pre-ablation imaging. The same radiologist
assessed the imaging studies to determine if there was local control or progression.

4.6. Symptom Outcomes

The two symptom outcomes studied were (1) post-ablation improvement in manifestations of
catecholamine excess and (2) metastasis-related pain. A patient was considered to have manifestations
of catecholamine excess if a provider attributed any number of symptoms (hypertension, headaches,
anxiety, palpitations, paroxysmal spells, etc.) to the patient’s metastatic PPGL. Clinical notes
were reviewed following ablation to determine if manifestations of catecholamine excess and
metastasis-related pain improved following treatment. Symptom improvement was considered a
categorical variable (improved/not improved).

4.7. Procedural Complications

Procedural complications were graded using the revised Clavien–Dindo classification system.
This system defines a complication as any deviation from the normal postoperative course [17].
A Grade I complication does not require intervention outside of basic therapeutic regimens such
as analgesics or anti-emetics [17]. A Grade II complication requires pharmacologic treatment with
medications other than those allowed for a Grade I complication [17]. A Grade III complication requires
a procedural intervention [17]. A Grade IV complication is a life-threatening event, and a Grade V
complication is death [17].

4.8. Statistical Analysis

The data were summarized using descriptive statistics. Continuous data were presented as
median and minimum–maximum range. Categorical data were presented as absolute and relative
frequencies (percentages). For categorical variables, the reported frequencies (percentages) only
included known outcomes unless otherwise stated. Associations between categorical variables were
assessed using the chi-square test. p values less than 0.05 were considered significant. Data were
analyzed using JMP software, version 10 (SAS, Cary, NC, USA).

5. Conclusions

For patients with metastatic PPGL, ablation therapy with RFA, CRYO, or PEI should be considered
in the following circumstances: (1) to palliate painful abdominal/pelvic or osseous metastases when
there are a limited number of culprit lesions; (2) to reduce symptoms of catecholamine excess secondary
to functioning abdominal/pelvic or osseous metastases when the bulk of the disease burden can
be targeted with ablation; and, (3) to achieve radiographic local control and halt progression of
abdominal/pelvic or osseous metastases that are likely to cause morbidity with continued growth.
Due to the rarity of metastatic PPGL and the multi-disciplinary approach required to treat patients
with this disease, the patient’s best interest is served by having ablative procedures performed in
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high volume centers. Given the potential for serious procedure-related complications, shared decision
making between clinicians and patients regarding the risks and benefits of ablative therapy is essential.
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Abstract: Adrenocortical carcinoma (ACC) and pheochromocytoma and paraganglioma (PPGL)
are defined by clinicopathological criteria and can be further sub-divided based on different
molecular features. Whether differences between these molecular subgroups are significant enough
to re-challenge their current clinicopathological classification is currently unknown. It is also
not fully understood to which other cancers ACC and PPGL show similarity to. To address
these questions, we included recent RNA-Seq data from the Cancer Genome Atlas (TCGA) and
Therapeutically Applicable Research to Generate Effective Treatments (TARGET) datasets. Two
bioinformatics pipelines were used for unsupervised clustering and principal components analysis.
Results were validated using consensus clustering model and interpreted according to previous
pan-cancer experiments. Two datasets consisting of 3319 tumors from 35 disease categories were
studied. Consistent with the current classification, ACCs clustered as a homogenous group in
a pan-cancer context. It also clustered close to neural crest derived tumors, including gliomas,
neuroblastomas, pancreatic neuroendocrine tumors, and PPGLs. Contrary, some PPGLs mixed with
pancreatic neuroendocrine tumors or neuroblastomas. Thus, our unbiased gene-expression analysis
of PPGL did not overlap with their current clinicopathological classification. These results emphasize
some importances of the shared embryological origin of these tumors, all either related or close
to neural crest tumors, and opens for investigation of a complementary categorization based on
gene-expression features.

Keywords: pheochromocytoma; paraganglioma; adrenocortical carcinoma; adrenal tumor;
pan-cancer analysis; neural crest; neuroendocrine

1. Introduction

The adrenal gland is derived from two components that are developmentally and physiologically
distinct: Cells of the adrenal cortex are derived from mesoderm and are characterized by steroid
metabolism. Neuroectodermally derived adrenal medulla is encircled by the adrenal cortex and
contains neuroendocrine (chromaffin) cells synthesizing catecholamines [1]. These characteristics are
retained in adrenal neoplasms that are classified accordingly by the World Health Organization into
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tumors of the adrenal cortex and tumors of chromaffin cells of the adrenal medulla and extra-adrenal
paraganglia (PPGL) [2]. Molecular techniques further stratifies these tumors into distinct categories [3,4].
The adrenal cortex derived adrenocortical carcinoma (ACC) is separated into three subgroups; cluster
of clusters 1–3 with differences in steroid differentiation, cell proliferation, DNA methylation and
spectrum of genetic driver events [5,6]. Similarly, PPGLs are separated into 4 groups named after
their molecular characteristics: pseudohypoxia related to succinate dehydrogenase or VHL/EPAS1
disturbances, wnt-altered and kinase-signaling pathways [7–9].

New approaches and methods for analysis of molecular pan-cancer datasets may obtain novel
insights into the characteristics of a wide range of neoplasms in a single experiment. Their results can
be used to test whether the current clinicopathological classification of a particular tumor remains
relevant on a molecular level [10,11]. Current state of the art and views suggest that a majority of tumor
types categorize accordingly to their established clinicopathological classifications in such pan-cancer
analyses [11]. However, an alternative scenario where new molecular analyses proposed a new
disease categorization has been shown for some cancers [12]. One example is esophageal carcinoma
where the squamous cell subtype resembled squamous cell carcinomas of other organs, whereas
the esophageal adenocarcinoma clustered with gastric adenocarcinoma [12]. Thus, we hypothesized
that the differences between subgroups of ACC and PPGL could be significant enough to support
an updated classification of these tumors. One example could be the pronounced pseudohypoxia
phenotype that is shared among some PPGLs and other neural crest tumors. We used a pan-cancer
analysis, that allowed for an unbiased clustering of tumors based on gene expression data, to test
this hypothesis.

2. Results

2.1. Aim 1: To Determine if ACC and PPGL Show Integrity in a Transcriptomic Pan-Cancer Context

To address whether the current clinicopathological classification of ACC and PPGL remains
relevant in a transcriptomic pan-cancer context, we performed unsupervised clustering and principal
component analyses. RNA-seq data from 3319 tumor samples of 35 different categories from the Cancer
Genome Atlas (TCGA) and Therapeutically Applicable Research to Generate Effective Treatments
(TARGET) (Figure 1A, Table 1) were included.

Cases were grouped by TCGA tumor category and genes with high variability between tumor
categories were extracted. Dendrograms of unsupervised clustering showed integrity of both ACC
and PPGL which formed two separate clusters (Supplementary Figures S1A–C and S2). In the second
series of experiments we analyzed the dataset on a per sample basis. Genes with a variable expression
in-between 3319 cases were selected and analyzed with unsupervised clustering. The pan-cancer
dendrogram recapitulated previous findings described by Hoadley et al. including clustering
accordingly to organ (e.g., kidney, gastrointestinal tract) and cell of origin (e.g., squamous cell cluster)
(Supplementary Figure S3A–C) [10,11]. Except for a few outliers, ACC remained a homogenous group
whereas PPGL mixed with pancreatic neuroendocrine tumors (PNETs) in 2 out of 3 unsupervised
clustering experiments (Figure 1B, Supplementary Figure S3A–C). In order to investigate the robustness
of these results, we designed a second bioinformatics pipeline that used different software for sample
selection, identification of genes with variable expression and unsupervised clustering. These results
validated that ACC formed one homogenous cluster whereas a group of kinase signaling PPGL mixed
with a group of neuroblastoma (NBL) (Supplementary Figure S4A,B). Inspection of the clustering
dendrogram revealed sub-separation of ACC Cluster of Clusters 1 (COC1) from COC2 and 3. In PPGL,
kinase signaling tumors separated either gradually (bioinformatics pipeline 1) and distinctively
(bioinformatics pipeline 2) from pseudohypoxic and wnt-altered tumors (Figure 1, Supplementary
Figure S4A).
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Table 1. Samples included from the Cancer Genome Atlas (TCGA) and Therapeutically Applicable
Research To Generate Effective Treatments (TARGET). TCGA official nomenclature is shown in
parentheses. n, number of cases included; ref, reference.

Cohort Cohort, Full Name n Reference

ACC Adrenocortical carcinoma 78 [5]
BLCA Bladder urothelial carcinoma 100 [13,14]
BRCA Breast invasive carcinoma 100 [15]

CESC Cervical squamous cell carcinoma and Endocervical
adenocarcinoma 100 [16]

CHOL Cholangiocarcinoma 44 [17]
COAD Colon adenocarcinoma 100 [18]
DLBC Lymphoid neoplasm diffuse large B-cell lymphoma 47
ESCA Esophageal carcinoma 100 [12]
GBM Glioblastoma multiforme 100 [19,20]

HNSC Head and neck squamous cell carcinoma 100 [21]
KICH Kidney chromophobe 88 [22]
KIRC Kidney renal clear cell carcinoma 100 [23]
KIRP Kidney renal papillary cell carcinoma 100 [24]

LAML Acute myeloid leukemia 100 [25]
LGG Brain Lower Grade Glioma 100 [19,26]
LIHC Liver hepatocellular carcinoma 100 [27]
LUAD Lung adenocarcinoma 100 [28]
LUSC Lung squamous cell carcinoma 100 [29]
MESO Mesothelioma 85

OV Ovarian serous cystadenocarcinoma 100 [30]
PAAD Pancreatic adenocarcinoma 100 [31]

PNET (PAAD) Pancreatic neuroendocrine tumor 8 [31]
PPGL (PCPG) Pheochromocytoma and paraganglioma 179 [9]

PRAD Prostate adenocarcinoma 100 [32]
READ Rectum adenocarcinoma 100 [18]
SARC Sarcoma 100 [33]
SKCM Skin cutaneous melanoma 100 [34]
STAD Stomach adenocarcinoma 100 [35]
TGCT Testicular germ cell tumors 100 [36]
THCA Thyroid carcinoma 100 [37]
THYM Thymoma 100 [38]
UCEC Uterine corpus endometrial Carcinoma 100 [39]
UCS Uterine carcinosarcoma 55 [40]
UVM Uveal melanoma 79 [41]
NBL Neuroblastoma 156 [42]
Total 3319
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Detailed Analysis of ACC and PPGL Outliers

ACC and PPGL samples that clustered outside their disease group in both bioinformatics pipelines
were carefully examined. There was one ACC, OR-A5J8, of sarcomatoid type with 100% purity that
clustered among sarcomas (SARC). It showed a cortical differentiation score of 7.9, 4th lowest among
ACCs (Figure 2). Analysis of all ACCs and all SARCs available in TCGA that showed that OR-A5J8
clustered to the SARC group (Supplementary Figure S5A–C). The second sarcomatoid ACC available
in the TCGA dataset clustered among ACCs.

 

Figure 2. Chromaffin and cortical cell differentiation. Cortical and chromaffin cell differentiation
of adrenocortical carcinoma (ACC), pheochromocytoma and paraganglioma (PPGL) and adrenal
gland samples. Each column represents a unique sample that was ordered according to cortical cell
differentiation. From above: differentiation scores for adrenal cortex (black) and adrenal medulla
(grey). Middle; heatmap with expression values of genes representing chromaffin cells (upper half) and
cortical cells (bottom half). Bottom: annotation of sample type accordingly to PPGL and ACC molecular
subtypes. COC, Cluster of Clusters; Cortical, Cortical Admixture PPGL; Hypoxia, Pseudohypoxic
PPGL; Kinase; Kinase signaling PPGL and Wnt, wnt-altered PPGL.

One PPGL mixed into the ACC cluster: TT-A6YO of the cortical admixture subgroup with 66%
purity. It had a cortical differentiation score of 12 (higher than all ACCs) and a chromaffin differentiation
score of −12 (lower than all PPGLs). In TCGA, this sample was noted to have cortical cells through
histopathological analysis [9]. Two additional PPGLs clustered outside the main group, both were
pheochromocytomas of the cortical admixture subgroup (one had admixture of adrenocortical cells
by histopathology) and their tumor purity was 54 and 100%, respectively. Cortical differentiation
score was 6.1 and −3.5, respectively (2nd and 8th highest among PPGL). Chromaffin differentiation
score was −5.9 and 2.9, respectively (2nd and 8th lowest among PPGL). Thus, we have concluded that
sample misclassification and infiltration of non-tumor cells are two likely explanations for samples
that consistently clustered outside ACC or PPGL main groups (Figure 2).

PNETs (bioinformatics pipeline 1, Section 4.1) and NBL (bioinformatics pipeline 2, Section 4.2)
infiltrated the PPGL group (Figure 2, Supplementary Figures S3A–C and S4A,B). Inspection of samples
that clustered outside PPGL main group in one of two bioinformatics pipelines revealed a pattern
with enrichment of either dopamine secreting thoracic PPGL with metastatic disease (bioinformatics
pipeline 1) or kinase signaling PPGL (bioinformatics pipeline 2).
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2.2. Aim 2: To Identify with Which Cancers ACC and PPGL Show Similarities

Adrenocortical carcinoma, glioblastoma multiforme (GBM), low grade glioma (LGG), NBL,
PNET, and PPGL clustered together in the 6 of the 8 experiments performed in the bioinformatics
pipelines (Supplementary Figures S1A–C, S2, S3A–C and S4A,B). The relative associations within
this group of tumors varied between the different experiments. To exclude that the inclusion of
ACC and PPGL molecular subtypes skewed the results of the per-TCGA tumor category analysis,
unsupervised clustering was repeated without separation of ACC and PPGL into molecular subgroups.
This experiment showed similar results (Supplementary Figures S6A–C and S7). We also investigated
whether a signal of adrenocortical cells in PPGL could influence the outcome and thus, we removed
all pheochromocytomas. Unsupervised clustering showed that ACC remained among neural crest
tumors (Supplementary Figure S8). Consensus clustering experiments validated an ACC, GBM,
LGG, NBL, PNET, and PPGL cluster that also included skin cutaneous melanoma (SKCM) and uveal
melanoma (UVM) (Figure 3A,B, Supplementary Figure S9A–C). As the number of permitted clusters
was increased, this cluster was partitioned into: (1) GBM, LGG, NBL, PNET, and PPGL as well as (2)
ACC, SKCM and UVM (Figure 3B). These results overlapped previous pan-cancer findings where
PPGL grouped together with either GBM and LGG or NBL [11].

Figure 3. Pan-cancer consensus clustering. Unsupervised consensus clustering of 3319 TCGA and
TARGET samples annotated for their specific cancer type. (A), Delta CDF plot with information on
the additional explanatory power provided through increasing the number of clusters. Y-axis, relative
change in the area under CDF curve and y-axis; k, the number of consensus clusters. (B), Proportion of
cases assigned to the different clusters ranging from 0% (white) to 100% (red) in both 10 and 13 clusters.
X-axis, consensus cluster numbers and y-axis, a cancer type.

The clustering of ACCs to neural crest tumors was an unexpected finding lacking an obvious
explanation [11,43]. In order to identify the gene expression profile that drove these results, we have
identified transcripts that were able to discriminate ACC, GBM, LGG, NBL, PNET, and PPGL from
the remaining tumors. A total of 78 transcripts showed an AUC of >0.9. Fifteen of these fulfilled the
following criteria: 2-fold higher expression in ACC compared to remaining tumors (pan-cancer minus
GBM, LGG, NBL, PNET and PPGL) and no less than 0.1-fold difference in expression compared to
GBM, LGG, NBL, PNET, and PPGL. Of these 15 genes, 14 had lower expression in ACC compared to
neural crest tumors (Supplementary Table S1a). There were no shared molecular hallmarks between
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ACC to the group of GBM, LGG, PNET, and PPGL detectable through annotation with gene-ontology
information (Supplementary Table S1b).

A Separate Pan-Glioma-Neuroendocrine Tumor Cluster Analysis

In the previous analyses we found that GBM, LGG, NBL, PNET, and PPGL form a group of
tumors with overlapping transcriptomic profiles. We further analyzed this neural crest group using
unsupervised clustering and principal component analysis after removal cortical admixture PPGLs
(total n = 152) to reduce signal from non-chromaffin cells. To balance the size of the different groups,
GBM and LGG were restricted to 150 samples each. Results showed a separation into two clusters, one
consisting of low and high grade gliomas and a second including NBL, PNET, and PPGL (Figure 4,
Supplementary Figures S10A–C and S11A–C).

 

Figure 4. Pan-glioma-neuroendocrine tumors cluster. Unsupervised clustering of RNA-seq data of
GBM (n = 150), LGG (n = 150), NBL (n = 156), PNET (n = 8) and PPGL (cortical admixture excluded,
n = 152) processed by bioinformatics pipeline 1.

3. Discussion

In this study we used a pan-cancer model to investigate the degree of overlap between unbiased
gene-expression clustering to the current clinicopathological classifications of ACC and PPGL. A second
aim was to investigate which other cancer types these two diseases show similarity to. We found
that ACC was a homogenous transcriptomic group that showed a surprising association with neural
crest derived tumors. PPGLs mixed with either pancreatic NETs or NBL. In addition, it also clustered
together with GBM and LGG as well as ACC.

The unique aspect of this study is the combination of two datasets that together has a high number
of samples from many different tumor types. The included data provides a very comprehensive
characterization of gene expression that has the highest standard for quality control. Specifically,
we used the publically available TCGA and TARGET resources to include 3319 tumor samples
originating from 35 different tumor types. The most important and novel aspect came from merging a
large number of NBLs (TARGET cohort) with other neural crest tumors, including GBM, LGG, PNET,
and PPGL (TCGA cohort).

Our first aim was to determine whether findings from an unsupervised clustering of a pan-cancer
gene expression dataset overlapped current clinocopathological classifications of ACC and PPGL.
Through eight different unsupervised clustering experiments as well as principal component analysis
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and consensus clustering, we found that both ACCs and PPGLs were relatively homogenous groups
of diseases, but that PPGLs mixed with either NBLs or PNETs. As such, our unbiased clustering based
on gene expression features did not fully overlap with the current clinicopathological classification
of PPGL. This was similar to previous findings related to pancreatic and small intestinal NETs,
where clustering by gene expression data revealed mixing of a minority of tumors independently of
their primary location [44]. Future studies aggregating NETs from many different primary sites
could be used to test whether this group of diseases could use gene-expression data to form a
complementary classification.

Our second aim was to identify with which tumor types either ACC or PPGL transcriptomes
show similarities to. Our findings corroborate previous pan-cancer studies that identified similarities
between PPGLs to both NBLs as well as to low and high grade gliomas (GBMs and LGGs) on the
transcriptomic level [11,43]. However the associations of ACC to these cancers differed from a recent
pan-cancer study where ACC clustered together with chromophobe renal cancer [11]. We failed to
identify a distinct gene expression signature that drove clustering of ACCs to the neural crest group in
our experiments. Our conclusion from these observations is that ACC, in relative terms, is more similar
to neural crest tumors than other entities included in this pan-cancer study. However, in absolute terms,
the similarities between ACC and neural crest tumors are likely not strong. We must note that although
the cortical cell has its unique features related to steroid synthesis and metabolism, certain aspects
of the ACC genetic landscape overlaps with that of neural crest tumors. This includes presence of
both telomerase activation and alternative lengthening of telomeres due to ATRX or DAXX truncation
as well as somatic or germline driver mutations in MEN1 [5,6,45,46]. Another interesting conclusion
from this study is that ACC did not cluster with tumors originating from gonadal cells (ovarian
serous cystadenocarcinoma and testicular germ cell tumors) with which it shares its developmental
origin. This improved knowledge of disease relationships may ultimately be used to motivate cautious
extrapolation of results from more extensively studied diseases such as GBM, LGG, and NBL to a
rare tumor type such as PPGL that lacks both representative disease models and curative systemic
treatment options.

Our analysis validated previous findings in pan-cancer studies including separation tumors
accordingly to organ (kidney, gastrointestinal adenocarcinomas etc.) and cell of origin (squamous
cell cancers, including separation of esophageal carcinoma). But when interpreting our results some
weaknesses should be acknowledged: only one group of neoplasms derived from adrenal cortex
(ACC) was included compared to four different diagnoses and 5-fold higher number of samples of
GBM, LGG, NBL, PNET and PPGL. Another weakness is that the transcriptomic data was generated
from tissue homogenates that do not allow for separation of tumor and non-tumoral cells. Third,
our method for transcript selection is likely to select gene expression patterns that are specific to
cell-of-origin. As show by Creighton et al., cell-of-origin specific transcripts can be filtered out using an
alternative bioinformatics strategy, resulting in a separation according to disease driving mechanisms
and a very different clustering of tumors [47]. Finally, our study used only one class of molecular data.
As already demonstrated in a pan-cancer analysis of >10000 tumors included in the TCGA consortium,
a pan-molecular analysis have the potential to provide additional insights [11].

4. Methods

TCGA and TARGET datasets are well suited for comparative studies due to (1) the high number
of samples across different disease categories, and (2) the extraordinary standardization in data
generation including tissue collection, genome analysis as well as bioinformatics processing. All cases
were annotated accordingly to established clinicopathological classifications used in the TCGA and
TARGET cohorts (Table 1). ACCs and PPGLs were further annotated accordingly to the molecular
classifications proposed in the respective TCGA projects [5,9]. We selected mRNA expression as a
proxy of tissue biology due to the gene-specific correlation between mRNA and protein levels [48].
This study falls under an approval from the regional Ethics Committee in Uppsala (544/2015).
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4.1. Bioinformatics Pipeline 1

4.1.1. Sample Selection and Annotation

Publicly available level 3 data; RNA-seq V2 and clinical annotations available through
TCGA and TARGET consortiums were downloaded 2017-08-23 from Genomics Data Commons
https://gdc.cancer.gov (Table 1). In the pan-cancer experiments each cohort was restricted to a
maximum of 100 samples in order to limit the size for the dataset and to balance the relative weight
in-between subgroups. All samples were included for two cohorts; PPGLs (n = 179) and NBL (n = 156).
A total of 8 samples with histopathology of neuroendocrine tumors were included from the pancreatic
ductal adenocarcinoma project and annotated as PNET [31]. Samples from primary tumors (01A)
were prioritized. For RNA-seq analysis FPKM normalized files were selected and annotated on a per
transcript basis for further analysis. Cases were annotated by (1) TCGA tumor type, and (2) sample
type (primary tumor, metastasis or normal tissue). Molecular clusters defined by primary TCGA
publications were used; ACC, cluster of clusters 1–3; and PPGL, pseudohypoxia, wnt-altered, kinase
signaling, and cortical admixture [5,9]. ACC samples without any molecular subtype had a COC value
randomly assigned; PPGL samples without a molecular subtype were assigned identical value of
tumor samples available from the same patient. Tumor purity values were extracted from the primary
publications for PPGL and ACC [5,9]. Three samples from normal adrenal was available through the
PPGL cohort and annotated as “Adrenal” [9].

4.1.2. Unsupervised Clustering

Files were imported into the Subio Platform version v1.21.5074 (Subio Inc, Kagoshima, Japan,
https://www.subioplatform.com). FPKM transcript counts were subjected to Log2 normalization
and genes with low expression values (mean FPKM < 1) were discarded. Genes with high standard
deviation of expression in-between (1) TCGA categories, or (2) individual samples were selected for
further analysis, three different datasets with different standard deviation thresholds was used for
each unsupervised clustering experiment. Unsupervised clustering was performed using a Spearman
test as the distance metric. Subio Platform raw data figures were imported into Microsoft PowerPoint
(Microsoft Inc, Redmond, WA, USA) and edited for improved readability.

4.2. Bioinformatics Pipeline 2

4.2.1. Sample Selection and Annotation

FPKM and raw count files release 10.0 were downloaded between 2018-02-05 and 2018-02-08 from
https://gdc.cancer.gov. Cohort size and annotation was performed identical to previous experiments:
all NBL, PNET and PPGL samples were included. ACC that were not assigned to a COC in the original
publication were assigned as N/A. For other cohorts, a maximum of 100 samples were selected through
a random process that was independent to previous experiments.

4.2.2. Unsupervised Clustering

Sample based clustering: All genes with an index of dispersion (variance/mean) with at least 60
were included. This cutoff was arbitrarily selected to obtain an appropriate number of genes. Values
were log2-transformed, using an offset of 1 in order to avoid errors for any samples with FPKM-values
of 0 for any of the included genes. A heatmap was generated and clustering based on the Euclidean
distance was performed using the heatmap.2 function in the gplots R package [49–51].

TCGA category-based clustering: The mean expression of each of the included genes in each
tumor type was calculated on the basis of the selected samples and heatmap generation and clustering
was performed as described.
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4.3. Consensus Clustering

The dataset comprising 2262 genes identified through extraction of mRNAs with a high variance in
expression in-between samples through bioinformatics pipeline 1 was used. Consensus clustering was
performed using the ConsensusClusterPlus R package [52]. One thousand iterations were performed
with a sample inclusion probability of 0.8 and an item inclusion probability of 1. The number of
clusters was selected based on inspection of the Delta CDF plot.

4.4. Interpretation of Results

Supported by the findings of Hoadley et al. [10] we considered two principle outcomes of the
experiments: (1) Concordance between the clinicopathological/anatomic and molecular classification
if ACC and PPGL cluster into two homogenous groups, or (2) discordance if ACC or PPGL cluster
with other tumor types into intermixed groups or if ACC or PPGL are separated across multiple
different clusters.

4.5. Multidimensional Scaling Plots

The raw count files of the included samples were processed with the voom function in the limma R
package. Multidimensional scaling-plots were generated using the plotMDS function and the ggplot2
R package.

4.6. Adrenal Medulla and Cortex Differentiation Scores

A dataset of 2262 genes identified through extraction of mRNAs with a high deviance in expression
through bioinformatics pipeline 1 was used to select transcripts that were previously identified as
preferentially expressed in either adrenal cortex or medulla from the proteinatlas.org [53]. Twenty-two
transcripts were selected, 11 from adrenal medulla and 11 from adrenal cortex. The dataset was
analyzed using Gene Set Enrichment Analysis version 9.09 on the gene pattern platform (https:
//genepattern.broadinstitute.org) [54,55]. Samples were normalized to log-scale and analyzed with
default settings.

4.7. Identification of Transcripts Shared between Cancer Types

The dataset comprising 2262 genes identified through extraction of mRNAs with a high deviance
in expression through bioinformatics pipeline 1 was used. Genes with area under the Receiver
Operating Characteristic (ROC) curve (Harrell’s C-statistic) of >0.9 for ACC, GBM, LGG, PPGL, NBL,
and PNET versus remaining tumor types were selected. Difference between median gene expression
value in ACC compared to (1) GBM, LGG, NBL, PNET and PPGL, and (2) remaining tumors were
determined. Genes with fold change in ACC of <0.1 (compared to GBM, LGG, NBL, PNET and PPGL)
and <2 (compared to remaining tumor types) were excluded. Remaining genes were annotated for
overlapping gene ontology annotations version 2018-05-07 (https://www.ebi.ac.uk/QuickGO/).

5. Conclusions

ACC was a homogenous molecular group that showed a surprising association with neural crest
derived tumors. PPGL mixed with both pancreatic NETs and NBL. Thus, the unbiased gene-expression
analysis did not fully overlap with current clinicopathological classification of these tumors. In line
with previous results, PPGL clustered together with other neural crest derived neoplasms.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/10/12/
518/s1, Figure S1: Bioinformatics pipeline 1. Unsupervised hierarchal clustering based on transcriptome data
from 35 TCGA tumor categories with adrenal tumors annotated accordingly to molecular subtype, Figure S2:
Bioinformatics pipeline 2. 1975 transcripts selected. Unsupervised clustering of 35 TCGA tumor categories with
adrenal tumors annotated accordingly to molecular subtype, Figure S3: Bioinformatics pipeline 1. Unsupervised
hierarchal clustering of 3319 samples annotated for TCGA tumor category with selected tumors annotated
accordingly to molecular subtype, Figure S4: (A) Bioinformatics pipeline 2. 1975 transcripts selected. Unsupervised
hierarchal clustering of 3319 samples annotated for TCGA tumor category with selected tumors annotated
accordingly to molecular subtype. (B) Bioinformatics pipeline 2. Principal component analysis of 3319 samples
with selected tumors annotated for TCGA or TARGET tumor category, Figure S5: Bioinformatics pipeline 1.
Unsupervised hierarchal clustering of all ACC and SARC samples available in the TCGA database, Figure
S6: Bioinformatics pipeline 1. Unsupervised clustering of 35 TCGA tumor categories as well as 8 PAAD
samples annotated as PNET, Figure S7: Bioinformatics pipeline 2. 1975 transcripts selected. Unsupervised
clustering of 35 TCGA tumor categories as well as 8 PAAD samples annotated as PNET, Figure S8: Bioinformatics
pipeline 1. Unsupervised hierarchal clustering based on transcriptome data from 35 TCGA tumor categories
with adrenal tumors annotated accordingly to molecular subtype. All samples in the PPGL cohort labeled as
pheochromocytoma were removed, Figure S9: Consensus matrices of unsupervised cluster of cluster classification
of 3319 TCGA and TARGET samples, Figure S10: Bioinformatics pipeline 1. Unsupervised hierarchal clustering of
all PPGL as well as 8 PAAD samples annotated as PNET, Figure S11: Unsupervised hierarchal clustering of GBM,
LGG, NBL, PNET and PPGL (minus cortical admixture subgroup), Table S1a: Genes preferentially expressed in
Adrenocortical carcinoma (ACC) as well in as neural crest tumors (glioblastoma, low grade glioma, neuroblastoma,
pancreatic neuroendocrine tumor and pheochromocytoma and paraganglioma), Table S1b: Go-enrichment analysis
of genes co-expressed in Adrenocortical carcinoma (ACC) and glioma (glioblastoma and low grade glioma)
and neuroendocrine tumors (neuroblastoma, pancreatic neuroendocrine tumor and pheochromocytoma and
paraganglioma).
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Abbreviations

Abbrev. Defination
TCGA the Cancer Genome Atlas
TARGET Therapeutically Applicable Research to Generate Effective Treatments
ACC Adrenocortical carcinoma
PPGL pheochromocytoma and paraganglioma
PNET pancreatic neuroendocrine tumor
NBL Neuroblastoma
COC Cluster of Clusters
BRCA Breast invasive carcinoma
BLCA Bladder urothelial carcinoma
CESC Cervical squamous cell carcinoma and Endocervical adenocarcinoma
CHOL Cholangiocarcinoma
COAD Colon adenocarcinoma
DLBC Lymphoid neoplasm diffuse large B-cell lymphoma
ESCA Esophageal carcinoma
GBM Glioblastoma multiforme
KICH Kidney chromophobe
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KIRC Kidney renal clear cell carcinoma
KIRP Kidney renal papillary cell carcinoma
LAML Acute myeloid leukemia
LGG Brain Lower Grade Glioma
LIHC Liver hepatocellular carcinoma
LUAD Lung adenocarcinoma
LUSC Lung squamous cell carcinoma
MESO Mesothelioma
OV Ovarian serous cystadenocarcinoma
PAAD Pancreatic adenocarcinoma
PRAD Prostate adenocarcinoma
READ Rectum adenocarcinoma
SARC Sarcoma
SKCM Skin cutaneous melanoma
STAD Stomach adenocarcinoma
HNSC Head and neck squamous cell carcinoma
TGCT Testicular germ cell tumors
THCA Thyroid carcinoma
THYM Thymoma
UCEC Uterine corpus endometrial Carcinoma
UCS Uterine carcinosarcoma
UVM Uveal melanoma

References

1. Kölliker, R.V. Handbuch der Braunschweig Gewebelehre der Menschen; Druck und Verlag von Freidrich Vieweg
und Sohn: Braunschweig, Germany, 1855.

2. Lloyd, R.V.; Osamura, R.Y.; Kloppel, G.; Rosai, J. WHO Classification of Tumours: Pathology and Genetics of
Tumours of Endocrine Organs; IARC: Lyon, France, 2017.

3. Akerstrom, T.; Carling, T.; Beuschlein, F.; Hellman, P. Genetics of adrenocortical tumours. J. Intern. Med.
2016, 280, 540–550. [CrossRef] [PubMed]

4. Crona, J.; Taieb, D.; Pacak, K. New Perspectives on Pheochromocytoma and Paraganglioma: Toward a
Molecular Classification. Endocr. Rev. 2017, 38, 489–515. [CrossRef] [PubMed]

5. Zheng, S.; Cherniack, A.D.; Dewal, N.; Moffitt, R.A.; Danilova, L.; Murray, B.A.; Lerario, A.M.; Else, T.;
Knijnenburg, T.A.; Ciriello, G.; et al. Comprehensive Pan-Genomic Characterization of Adrenocortical
Carcinoma. Cancer Cell 2016, 29, 723–736. [CrossRef] [PubMed]

6. Assie, G.; Letouze, E.; Fassnacht, M.; Jouinot, A.; Luscap, W.; Barreau, O.; Omeiri, H.; Rodriguez, S.;
Perlemoine, K.; Rene-Corail, F.; et al. Integrated genomic characterization of adrenocortical carcinoma.
Nat. Genet. 2014, 46, 607–612. [CrossRef] [PubMed]

7. Flynn, A.; Benn, D.; Clifton-Bligh, R.; Robinson, B.; Trainer, A.H.; James, P.; Hogg, A.; Waldeck, K.; George, J.;
Li, J.; et al. The genomic landscape of phaeochromocytoma. J. Pathol. 2014, 236, 78–89. [CrossRef] [PubMed]

8. Castro-Vega, L.J.; Letouze, E.; Burnichon, N.; Buffet, A.; Disderot, P.H.; Khalifa, E.; Loriot, C.; Elarouci, N.;
Morin, A.; Menara, M.; et al. Multi-omics analysis defines core genomic alterations in pheochromocytomas
and paragangliomas. Nat. Commun. 2015, 6, 6044. [CrossRef] [PubMed]

9. Fishbein, L.; Leshchiner, I.; Walter, V.; Danilova, L.; Robertson, G.; Johnson, A.R.; Lichtenberg, T.M.;
Murray, B.A.; Ghayee, H.K.; Else, T.; et al. Comprehensive Molecular Characterization of Pheochromocytoma
and Paraganglioma. Cancer Cell 2017, 31, 1–13. [CrossRef]

10. Hoadley, K.A.; Yau, C.; Wolf, D.M.; Cherniack, A.D.; Tamborero, D.; Ng, S.; Leiserson, M.D.; Niu, B.;
McLellan, M.D.; Uzunangelov, V.; et al. Multiplatform analysis of 12 cancer types reveals molecular
classification within and across tissues of origin. Cell 2014, 158, 929–944. [CrossRef] [PubMed]

11. Hoadley, K.A.; Yau, C.; Hinoue, T.; Wolf, D.M.; Lazar, A.J.; Drill, E.; Shen, R.; Taylor, A.M.; Cherniack, A.D.;
Thorsson, V.; et al. Cell-of-Origin Patterns Dominate the Molecular Classification of 10,000 Tumors from 33
Types of Cancer. Cell 2018, 173, 291–304. [CrossRef]

210



Cancers 2018, 10, 518

12. Cancer Genome Atlas Research Network. Integrated genomic characterization of oesophageal carcinoma.
Nature 2017, 541, 169–175. [CrossRef] [PubMed]

13. Robertson, A.G.; Kim, J.; Al-Ahmadie, H.; Bellmunt, J.; Guo, G.; Cherniack, A.D.; Hinoue, T.; Laird, P.W.;
Hoadley, K.A.; Akbani, R.; et al. Comprehensive Molecular Characterization of Muscle-Invasive Bladder
Cancer. Cell 2017, 171, 540–556. [CrossRef] [PubMed]

14. Cancer Genome Atlas Research Network. Comprehensive molecular characterization of urothelial bladder
carcinoma. Nature 2014, 507, 315–322. [CrossRef] [PubMed]

15. Ciriello, G.; Gatza, M.L.; Beck, A.H.; Wilkerson, M.D.; Rhie, S.K.; Pastore, A.; Zhang, H.; McLellan, M.;
Yau, C.; Kandoth, C.; et al. Comprehensive Molecular Portraits of Invasive Lobular Breast Cancer. Cell 2015,
163, 506–519. [CrossRef] [PubMed]

16. Cancer Genome Atlas Research Network. Integrated genomic and molecular characterization of cervical
cancer. Nature 2017, 543, 378–384. [CrossRef] [PubMed]

17. Farshidfar, F.; Zheng, S.; Gingras, M.C.; Newton, Y.; Shih, J.; Robertson, A.G.; Hinoue, T.; Hoadley, K.A.;
Gibb, E.A.; Roszik, J.; et al. Integrative Genomic Analysis of Cholangiocarcinoma Identifies Distinct
IDH-Mutant Molecular Profiles. Cell Rep. 2017, 18, 2780–2794. [CrossRef] [PubMed]

18. Cancer Genome Atlas Network. Comprehensive molecular characterization of human colon and rectal
cancer. Nature 2012, 487, 330–337. [CrossRef] [PubMed]

19. Ceccarelli, M.; Barthel, F.P.; Malta, T.M.; Sabedot, T.S.; Salama, S.R.; Murray, B.A.; Morozova, O.; Newton, Y.;
Radenbaugh, A.; Pagnotta, S.M.; et al. Molecular Profiling Reveals Biologically Discrete Subsets and
Pathways of Progression in Diffuse Glioma. Cell 2016, 164, 550–563. [CrossRef]

20. Brennan, C.W.; Verhaak, R.G.; McKenna, A.; Campos, B.; Noushmehr, H.; Salama, S.R.; Zheng, S.;
Chakravarty, D.; Sanborn, J.Z.; Berman, S.H.; et al. The somatic genomic landscape of glioblastoma. Cell
2013, 155, 462–477. [CrossRef]

21. Cancer Genome Atlas Network. Comprehensive genomic characterization of head and neck squamous cell
carcinomas. Nature 2015, 517, 576–582. [CrossRef]

22. Davis, C.F.; Ricketts, C.J.; Wang, M.; Yang, L.; Cherniack, A.D.; Shen, H.; Buhay, C.; Kang, H.; Kim, S.C.;
Fahey, C.C.; et al. The somatic genomic landscape of chromophobe renal cell carcinoma. Cancer Cell 2014, 26,
319–330. [CrossRef]

23. Cancer Genome Atlas Network. Comprehensive molecular characterization of clear cell renal cell carcinoma.
Nature 2013, 499, 43–49. [CrossRef] [PubMed]

24. Linehan, W.M.; Spellman, P.T.; Ricketts, C.J.; Creighton, C.J.; Fei, S.S.; Davis, C.; Wheeler, D.A.; Murray, B.A.;
Schmidt, L.; Vocke, C.D.; et al. Comprehensive Molecular Characterization of Papillary Renal-Cell Carcinoma.
N. Engl. J. Med. 2016, 374, 135–145. [CrossRef] [PubMed]

25. Ley, T.J.; Miller, C.; Ding, L.; Raphael, B.J.; Mungall, A.J.; Robertson, A.; Hoadley, K.; Triche, T.J., Jr.;
Laird, P.W.; Baty, J.D.; et al. Genomic and epigenomic landscapes of adult de novo acute myeloid leukemia.
N. Engl. J. Med. 2013, 368, 2059–2074. [CrossRef] [PubMed]

26. Brat, D.J.; Verhaak, R.G.; Aldape, K.D.; Yung, W.K.; Salama, S.R.; Cooper, L.A.; Rheinbay, E.; Miller, C.R.;
Vitucci, M.; Morozova, O.; et al. Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade
Gliomas. N. Engl. J. Med. 2015, 372, 2481–2498. [CrossRef] [PubMed]

27. Ally, A.; Balasundaram, M.; Carlsen, R.; Chuah, E.; Clarke, A.; Dhalla, N.; Holt, R.A.; Jones, S.J.; Lee, D.;
Ma, Y.; et al. Comprehensive and Integrative Genomic Characterization of Hepatocellular Carcinoma. Cell
2017, 169, 1327–1341. [CrossRef] [PubMed]

28. Cancer Genome Atlas Research Network. Comprehensive molecular profiling of lung adenocarcinoma.
Nature 2014, 511, 543–550. [CrossRef] [PubMed]

29. Cancer Genome Atlas Research Network. Comprehensive genomic characterization of squamous cell lung
cancers. Nature 2012, 489, 519–525. [CrossRef]

30. Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. Nature 2011,
474, 609–615. [CrossRef]

31. Raphael, B.J.; Hruban, R.H.; Aguirre, A.J.; Moffitt, R.A.; Yeh, J.J.; Stewart, C.; Robertson, A.G.; Cherniack, A.D.;
Gupta, M.; Getz, G.; et al. Integrated Genomic Characterization of Pancreatic Ductal Adenocarcinoma. Cancer
Cell 2017, 32, 185–203. [CrossRef]

32. Abeshouse, A.; Ahn, J.; Akbani, R.; Ally, A.; Amin, S.; Andry, C.D.; Annala, M.; Aprikian, A.; Armenia, J.;
Arora, A.; et al. The Molecular Taxonomy of Primary Prostate Cancer. Cell 2015, 163, 1011–1025. [CrossRef]

211



Cancers 2018, 10, 518

33. Cancer Genome Atlas Research Network. Comprehensive and Integrated Genomic Characterization of
Adult Soft Tissue Sarcomas. Cell 2017, 171, 950–965. [CrossRef]

34. Akbani, R.; Akdemir, K.C.; Aksoy, B.A.; Albert, M.; Ally, A.; Amin, S.B.; Arachchi, H.; Arora, A.; Auman, J.T.;
Ayala, B.; et al. Genomic Classification of Cutaneous Melanoma. Cell 2015, 161, 1681–1696. [CrossRef] [PubMed]

35. Cancer Genome Atlas Research Network. Comprehensive molecular characterization of gastric
adenocarcinoma. Nature 2014, 513, 202–209. [CrossRef] [PubMed]

36. Shen, H.; Shih, J.; Hollern, D.P.; Wang, L.; Bowlby, R.; Tickoo, S.K.; Thorsson, V.; Mungall, A.J.; Newton, Y.;
Hegde, A.M.; et al. Integrated Molecular Characterization of Testicular Germ Cell Tumors. Cell Rep. 2018, 23,
3392–3406. [CrossRef] [PubMed]

37. Agrawal, N.; Akbani, R.; Aksoy, B.A.; Ally, A.; Arachchi, H.; Asa, S.L.; Auman, J.T.; Balasundaram, M.;
Balu, S.; Baylin, S.B.; et al. Integrated genomic characterization of papillary thyroid carcinoma. Cell 2014,
159, 676–690. [CrossRef]

38. Radovich, M.; Pickering, C.R.; Felau, I.; Ha, G.; Zhang, H.; Jo, H.; Hoadley, K.A.; Anur, P.; Zhang, J.;
McLellan, M.; et al. The Integrated Genomic Landscape of Thymic Epithelial Tumors. Cancer Cell 2018, 33,
244–258. [CrossRef] [PubMed]

39. Kandoth, C.; Schultz, N.; Cherniack, A.D.; Akbani, R.; Liu, Y.; Shen, H.; Robertson, A.G.; Pashtan, I.; Shen, R.;
Benz, C.C.; et al. Integrated genomic characterization of endometrial carcinoma. Nature 2013, 497, 67–73.
[CrossRef] [PubMed]

40. Cherniack, A.D.; Shen, H.; Walter, V.; Stewart, C.; Murray, B.A.; Bowlby, R.; Hu, X.; Ling, S.; Soslow, R.A.;
Broaddus, R.R.; et al. Integrated Molecular Characterization of Uterine Carcinosarcoma. Cancer Cell 2017, 31,
411–423. [CrossRef]

41. Robertson, A.G.; Shih, J.; Yau, C.; Gibb, E.A.; Oba, J.; Mungall, K.L.; Hess, J.M.; Uzunangelov, V.; Walter, V.;
Danilova, L.; et al. Integrative Analysis Identifies Four Molecular and Clinical Subsets in Uveal Melanoma.
Cancer Cell 2017, 32, 204–220. [CrossRef] [PubMed]

42. Wei, J.S.; Kuznetsov, I.B.; Zhang, S.; Song, Y.K.; Asgharzadeh, S.; Sindiri, S.; Wen, X.; Patidar, R.; Nagaraj, S.;
Walton, A.; et al. Clinically Relevant Cytotoxic Immune Cell Signatures and Clonal Expansion of T Cell Receptors
in High-risk MYCN-not-amplified Human Neuroblastoma. Clin. Cancer Res. 2018. [CrossRef] [PubMed]

43. Szabo, P.M.; Pinter, M.; Szabo, D.R.; Zsippai, A.; Patocs, A.; Falus, A.; Racz, K.; Igaz, P. Integrative analysis of
neuroblastoma and pheochromocytoma genomics data. BMC Med. Genomics 2012, 5, 48. [CrossRef] [PubMed]

44. Alvarez, M.J.; Subramaniam, P.S.; Tang, L.H.; Grunn, A.; Aburi, M.; Rieckhof, G.; Komissarova, E.V.;
Hagan, E.A.; Bodei, L.; Clemons, P.A.; et al. A precision oncology approach to the pharmacological targeting
of mechanistic dependencies in neuroendocrine tumors. Nat. Genet. 2018, 50, 979–989. [CrossRef] [PubMed]

45. Scarpa, A.; Chang, D.K.; Nones, K.; Corbo, V.; Patch, A.M.; Bailey, P.; Lawlor, R.T.; Johns, A.L.; Miller, D.K.;
Mafficini, A.; et al. Whole-genome landscape of pancreatic neuroendocrine tumours. Nature 2017, 543, 65–71.
[CrossRef] [PubMed]

46. Job, S.; Draskovic, I.; Burnichon, N.; Buffet, A.; Cros, J.; Lepine, C.; Venisse, A.; Robidel, E.; Verkarre, V.;
Meatchi, T.; et al. Telomerase activation and ATRX mutations are independent risk factors for metastatic
pheochromocytoma and paraganglioma. Clin. Cancer Res. 2018. [CrossRef] [PubMed]

47. Chen, F.; Zhang, Y.; Gibbons, D.L.; Deneen, B.; Kwiatkowski, D.J.; Ittmann, M.; Creighton, C.J. Pan-Cancer
Molecular Classes Transcending Tumor Lineage Across 32 Cancer Types, Multiple Data Platforms, and over
10,000 Cases. Clin. Cancer Res. 2018, 24, 2182–2193. [CrossRef] [PubMed]

48. Edfors, F.; Danielsson, F.; Hallstrom, B.M.; Kall, L.; Lundberg, E.; Ponten, F.; Forsstrom, B.; Uhlen, M.
Gene-specific correlation of RNA and protein levels in human cells and tissues. Mol. Syst. Biol. 2016, 12, 883.
[CrossRef] [PubMed]

49. Warnes, G.R.; Bolker, B.; Bonebakker, L.; Gentleman, R.; Huber, W.; Liaw, A.; Lumley, T.; Maechler, M.;
Magnusson, A.; Moeller, S.; et al. gplots: Various R Programming Tools for Plotting Data. R package version
3.0.1. Available online: https://CRAN.R-project.org/package=gplots (accessed on 26 March 2018).

50. R Core Team. R: A Language and Environment for Statistical Computing. Available online: https://www.R-
project.org/ (accessed on 26 March 2018).

51. RStudio Team. RStudio: Integrated Development for R. Available online: http://www.rstudio.com/
(accessed on 26 March 2018).

52. Wilkerson, M.D.; Hayes, D.N. ConsensusClusterPlus: A class discovery tool with confidence assessments
and item tracking. Bioinformatics 2010, 26, 1572–1573. [CrossRef]

212



Cancers 2018, 10, 518

53. Bergman, J.; Botling, J.; Fagerberg, L.; Hallstrom, B.M.; Djureinovic, D.; Uhlen, M.; Ponten, F. The Human
Adrenal Gland Proteome Defined by Transcriptomics and Antibody-Based Profiling. Endocrinology 2017, 158,
239–251. [CrossRef]

54. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.;
Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

55. Barbie, D.A.; Tamayo, P.; Boehm, J.S.; Kim, S.Y.; Moody, S.E.; Dunn, I.F.; Schinzel, A.C.; Sandy, P.; Meylan, E.;
Scholl, C.; et al. Systematic RNA interference reveals that oncogenic KRAS-driven cancers require TBK1.
Nature 2009, 462, 108–112. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

213



cancers

Review

Malignant Pheochromocytomas/Paragangliomas and
Ectopic Hormonal Secretion: A Case Series and
Review of the Literature

Anna Angelousi 1,*, Melpomeni Peppa 2, Alexandra Chrisoulidou 3, Krystallenia Alexandraki 4,

Annabel Berthon 5, Fabio Rueda Faucz 5, Eva Kassi 1,6 and Gregory Kaltsas 4

1 Department of Internal Medicine, Unit of Endocrinology, National and Kapodistrian University of Athens,
Laiko hospital, Goudi, 11527 Athens, Greece; evakassis@gmail.com

2 Endocrine Unit, 2nd Department of Internal Medicine Propaedeutic, Research Institute and Diabetes Center,
National and Kapodistrian University of Athens, Attikon University Hospital, 12462 Haidari, Greece;
moly6592@yahoo.com

3 Unit of Endocrinology, Theagenio Cancer Hospital, 2 Al Simeonidi Str., 54007 Thessaloniki, Greece;
a.chrisoulidou@gmail.com

4 1st Department of Propaedeutic Internal Medicine, National and Kapodistrian University of Athens, Laiko
hospital, Goudi, 11527 Athens, Greece; alexandrakik@gmail.com (K.A.); gkaltsas@endo.gr (G.K.)

5 Section on Endocrinology and Genetics, Eunice Kennedy Shriver National Institute of Child Health and
Human Development, National Institutes of Health, Bethesda, MD 20892, USA;
annabel.berthon@nih.gov (A.B.); fabio.faucz@pucpr.br (F.R.F.)

6 Department of Biological Chemistry, Medical School, National and Kapodistrian University of Athens,
Goudi, 11527 Athens, Greece

* Correspondence: a.angelousi@gmail.com; Tel.: +30-6978167876

Received: 3 April 2019; Accepted: 17 May 2019; Published: 24 May 2019

Abstract: Malignant pheochromocytomas (PCs) and paragangliomas (PGLs) are rare neuroendocrine
neoplasms defined by the presence of distant metastases. There is currently a relatively paucity
of data regarding the natural history of PCs/PGLs and the optimal approach to their treatment.
We retrospectively analyzed the clinical, biochemical, imaging, genetic and histopathological
characteristics of fourteen patients with metastatic PCs/PGLs diagnosed over 15 years, along with
their response to treatment. Patients were followed-up for a median of six years (range: 1–14 years).
Six patients had synchronous metastases and the remaining developed metastases after a median of
four years (range 2–10 years). Genetic analysis of seven patients revealed that three harbored succinate
dehydrogenase subunit B/D gene (SDHB/D) mutations. Hormonal hypersecretion occurred in 70% of
patients; normetanephrine, either alone or with other concomitant hormones, was the most frequent
secretory component. Patients were administered multiple first and subsequent treatments including
surgery (n = 12), chemotherapy (n = 7), radionuclide therapy (n = 2) and radiopeptides (n = 5). Seven
patients had stable disease, four had progressive disease and three died. Ectopic hormonal secretion
is rare and commonly encountered in benign PCs. Ectopic secretion of interleukin-6 in one of our
patients, prompted a literature review of ectopic hormonal secretion, particularly from metastatic
PCs/PGLs. Only four cases of metastatic PC/PGLs with confirmed ectopic secretion of hormones or
peptides have been described so far.

Keywords: metastatic OR malignant pheochromocytoma; paraganglioma; ectopic secretion;
lL-6; normetanephrines

1. Introduction

Malignant pheochromocytomas (PCs) and paragangliomas (PGLs) are rare neuroendocrine
tumors with an incidence of less than 1/1,000,000, defined by the presence of metastatic disease in
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non-chromaffin tissues without considering recurrent or locally invasive tumors [1–3]. The WHO
Endocrine Tumor Classification 4th Edition (2017) [4] prompted the new concept that all PGLs have
some metastatic potential and assigned an International Classification of Diseases for Oncology
(ICD-O)-3 (malignant tumors) for all PGLs, surpassing the previous categories of benign and malignant
tumors in favor of an approach based on risk stratification [4].

Long-term follow-up has shown that PCs/PGLs exhibit a 15–20% 10-year probability of recurrence
and up to 20% malignancy rate [5]. In the presence of metastatic disease, a wide 5-year survival rate
range, from 40 to 77%, has been described, as well as a heterogeneous progression free survival (PFS)
ranging from 4 to 36 months following various therapeutic modalities [6–8]. Synchronous metastases
at initial diagnosis are encountered in 10% in PCs and 34% in PGLs but can occur up to 20 years after
initial diagnosis with the most common metastatic sites being regional lymph nodes, bone (50%), liver
(50%) and lung (30%) [9,10].

Although surgical removal is the mainstay of treatment of PCs/PGLs, further risk stratification
regarding their malignant potential is required to define the follow-up protocols after complete
resection [9]. A number of histopathological scores have been developed to denote the malignant
potential of these neoplasms such as the Adrenal Pheochromocytoma and Paraganglioma (GAPP) Score
used to evaluate the malignant potential of both PCs and sympathetic PGLs, and the Pheochromocytoma
of the Adrenal Gland Scaled Score (PASS) used to evaluate the malignant potential of PCs only, although
it exhibits a relatively low predictive value (sensitivity 50% and specificity 45%) [11,12]. Besides
these scores, a number of clinical characteristics and biomarkers have also been proposed to predict
the metastatic potential of PCs/PGLs including younger age at presentation [5,13,14], larger sized
(>5 cm) tumors [5,15], extra-adrenal location of the neoplasm [5], and higher circulating norepinephrine
levels [5,15,16]. However, the majority of these markers exhibit a relatively low positive predictive
value. Currently the presence of inactivating mutations of the succinate dehydrogenase subunit B
(SDHB) gene is strongly associated with the development of metastatic PCs and PGLs [17].

The natural history of patients with malignant PCs/PGLs is divergent as approximately half
of the patients with metastatic PCs/PGLs have stable disease (SD) one year after diagnosis without
any therapeutic intervention [18,19]. Although the timing of further therapeutic interventions for
metastatic PCs/PGLs has not been clearly defined, further therapeutic options for symptomatic patients
in the presence of progressive disease include cytoreductive surgery, systemic chemotherapy (using
either the combination of cyclophosphamide, vincristine, and dacarbazine (CVD) or temozolomide)
and/or 131I- metaiodobenzylguanidine (131I-MIBG) [20]. Recently, some data have also emerged for
the activity of peptide receptor radionuclide therapies (PRRTs) that bind to somatostatin receptors
expressed by such neoplasms [19]. Percutaneous ablation has also been used as a minimally invasive
local treatment option [20].

Ectopic secretion of bioactive compounds (hormones or peptides) from PCs or PGLs is rare;
approximately 1.3% of all PCs may produce ectopic adrenocorticotropic hormone (ACTH) secretion;
in rare cases, ectopically secreted corticotropin releasing hormone (CRH) may also occur [21].
Case reports have also described the production of parathyroid hormone related-peptide (PTHrP),
vasoactive intestinal peptide (VIP), vasopressin, growth hormone releasing hormone (GHRH), insulin,
somatostatin, aldosterone, renin, interleukin-6 (IL-6), and neuropeptide Y. However, the majority of
ectopic secretion is encountered in non-metastatic PCs/PGLs, whereas there is paucity of data regarding
its prevalence in metastatic PCs/PGLs.

In this study, we retrospectively analyzed the clinical, biochemical, radiological and genetic
features of patients with metastatic PCs/PGs, along with the therapeutic modalities employed and
their response to various treatments. These data were compared with the currently existing data
on metastatic PCs/PGLs, focusing on the ectopic secretion of biologically active compounds from
metastatic PCs/PGLs.
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2. Results

2.1. Epidemiological and Clinicopathological Data

Fourteen patients with a median age of 45 years (interquartile range (IQR): 30) were included in
the present study; seven patients with metastatic PCs, six with metastatic PGLs and one with both PC
and PGL. The median follow-up period was six years (range: 1–14, IQR: 10 years) (Table 1). Half of the
patients (50%) presented with synchronous metastases (5 PGLs, 2 PCs); 69% of all cases developed
metastases in the distal lymph nodes (cervical and abdominal); 46% in the liver, 23% in the bones and
15% in the lung. In one patient with a bladder PGL, metastases were found in the aortopulmonary
window and the heart (substantiated by dedicated cardiac magnetic resonance imaging (MRI)). The
remainder of the patients developed metastases after a median time of four years from diagnosis (range
0.8–10 years, IQR = 8) in the liver, lung, distal lymph nodes and vertebrae.

Table 1. Epidemiological and clinicopathological characteristics of the studied population.

Characteristics

Number (PC) 14 (7)
Female sex, n (%) 8 (57%)
Median age (IQR), years 45 (30)
Size primary tumor (cm) 4.25 (4)
Sychronous/Metachronous metastases 7/7
Functionality n, (%) 10 (71%)
-normetanephrines 3
-metanephrine 0
-normetanephrines and metanephrines 4
-dopamine 1
-normetanephrine and dopamine 1
-normetanephrines. metanephrnes, dopamine 1
Functional imaging

-Octreoscan (positive, %) 4/7 (57%)
-68Gallium labelled octreotide (positive, %) 3/3 (100%)
-18F-FGD-PET (positive, %) 9/11 (82%)
-131I-MIBG (positive, %) 8/10 (80%)
Follow-up, median (IQR, range), years 6 (10, 1–14)
Treatment (any line)

-Surgery 12 (86%)
-PRTTs (131I-MIBG or 17Lu-Dotate) 5 (35%)
-Chemotherapy 7 (50%)
-Radiotherapy 2 (14%)
Genetic status (n) 7
-SDHB+ 2/7
-SDHD+ 1/7
Mortality 3 (21%)

Abbreviations: PC: pheochromocytoma, IQR: interquartile range, PRRTs: peptide receptor radionuclide therapy,
SDHB/D: succinate dehydrogenase subunit B/D.

Ten patients (71%) had functional tumors; three had normetanephrine hypersecretion, four had
concomitant normetanephrine and metanephrine secretion, one had only dopamine secretion, one had
normetanephrine and dopamine secretion, and one had normetanephrine, metanephrine and dopamine
secretion. All patients presented with relevant symptoms attributed to hormonal hypersecretion, or
symptoms due to compression of nearby tissues, except two cases in whom the diagnosis was made
incidentally (Table 1).

In nine patients, the diagnosis of malignant PC/PGL and radiological follow-up was performed
with MRI, which showed increased signal intensity in the T2-weighted sequence, whereas in the
remaining five patients, initial diagnosis as well as radiological follow-up were performed with
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computed tomography (CT). 131I-MIBG was performed and found to be positive in eight out of ten
patients. Octreoscan was performed in seven patients showing increased uptake in the primary tumor
and metastases in four, 68Gallium-Labeled (1,4,7,10-tetraazacyclododecane-N,N’,N”,N”’-tetraacetic
acid)-1-NaI3-octreotide(68Ga-DOTANOC) was performed in three patients and showed increased
uptake in all, whereas 18F-fluorodeoxyglucose positron emission tomography (18F-FDG PET) was
positive in nine out of eleven patients (Table 1).

The median size of the neoplasms was 4.25 cm (IQR: 4). Histological confirmation was performed
in 12 patients and all patients with PCs had a PASS > 6 (Table 2). All tumors were positive for
chromogranin and synaptophysin immunostaining. The mean Ki-67% proliferative indices of the
primary and metastatic sites were 11 ± 3.8% and 44 ± 7%, respectively. Three tumors out of five
showed intense immunochemical staining for somatostatin receptor 2, with two of them also staining
for somatostatin receptor 5 (Table 2).

Table 2. Tumors’ (PCs and PGLs) characteristics.

Characteristics N (%)

Primary tumor location, n (%)

-PC 7 (50%)
-PGL 6 (46%)
bladder PGL 1
para-aortic PGL 2
paravertebral PGL 1
abdominal PGL 2
-PCs + PGLs 1

Primary tumor size, mm (median, IQR) 4.25, 4
Location of metastases

-lymph nodes (abdominal/cervical) 9 (69%)
-liver 6 (46%)
-lung 2 (15%)
-bones 3 (23%)

Metastases per patient >2 (1–4)
Histopathological data

-Ki-67 (mean ± SD) 11 ± 3.8%
-PASS 7.75
-SSTR2,5(positive/total (n)) (3/5)

Abbreviations: PC: pheochromocytoma, PGL: paraganglioma, SD: standard variation, PASS: Pheochromocytoma of
the Adrenal Gland Scaled Score, SSTR 2,5: somatostatin receptor (2, 5).

Out of seven patients tested for germline mutations, two had SDHB mutations and one had a
SDHD mutation (Table 1). One patient with a SDHB mutation had a functional left PC, secreting
normetanephrine and dopamine. It was treated initially by surgery but developed metastases in
the vertebrae after six years. The second was a female patient with concomitant presence of PC
and multiple abdominal PGLs that were non-secretory. The patient with the SDHD mutation was a
female with a functional bladder PGL secreting dopamine and multiple PGLs in the cervical spine, the
aorto-pulmonary window and the carotid.

2.2. Treatment and Outcome

As first line treatment, nine patients underwent radical surgical resection of the primary tumor (all
R0), four patients were treated with chemotherapy (cisplatin/etoposide or capecitabin/temozolomide)
and one with 131I-MIBG. Three patients exhibited SD until the last follow-up and no further treatment
was needed: the first was treated with 131I-MIBG and the two others with surgical resection of the
primary and metastases. One patient who was treated with chemotherapy died from the disease and
the remaining ten developed progressive disease (PD) and received second line treatment. Two patients
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were treated with chemotherapy (cisplatin/etoposide), one of whom died, three with radionuclides
(131I-MIBG (n = 1), 177Lu-DOTATE (n = 2)), three with repeated surgical resection and two with local
radiotherapy. Four patients developed SD after second line treatment (two had been treated with
PRRT, the third with surgical debulking and the fourth with radiotherapy), whereas the remaining five
developed PD; two had no further treatment and were followed-up. Three patients received third
line treatment; two with temozolomide (one died after three cycles) and the third with chemotherapy
(cisplatin/etoposide) and subsequently with 131I-MIBG (4th line treatment). Overall, at the end of
the follow-up period, seven patients exhibited SD (50%), three (2 PGLs, 1PCs) died (21%) and four
developed PD (29%). Patients with PCs developed PD after a median time of 4.14 years (IQR: 3.38)
following initial treatment, whereas patients with PGL developed PD after a median time of 1.6 years
(IQR: 1.03) (p = 0.8). Median overall survival (OS) for PGLs was 14 years (IQR: 11.7) (Figure 1a,b).

  
(a) (b) 

Figure 1. (a). Overall survival (OS) of malignant pheochromocytomas (PCs) and paragangliomas (PGL)
(median OS for PGLs = 14 years, IQR: 11.7) (b) Median progression free survival (PFS) until the presence
of the first or new metastases: malignant PCs: 4.14 years (IQR: 3.38) and PGLs: 1.6 years (IQR: 1.03)
(p = 0.8). Abbreviations: MPCs: metastatic pheochromocytoma, MPGLs: metastatic paragangliomas,
IQR: interquartile range.

2.3. Ectopic Secretion and Review of the Literature

One patient with non-functional PGLs and synchronous metastases to the vertebrae and muscles
developed pyrexia not attributed to an infectious state and that was resistant to anti-inflammatory
drugs. IL-6 levels were measured and were found to be elevated at 236 pg/mL (normal values < 7).
Besides blood analysis, immunohistochemical staining confirmed the higher cytoplasmic expression of
IL-6 in the paraffin-embedded tissue of the patient’s PGL compared to PC tissue of a patient without
fever (control tissue), which showed weaker staining. Following surgical debulking, the pyrexia
improved but recurred due to PD and the patient was treated with chemotherapy (cisplatin and
etoposide) and temozolomide, but died one year after the initial diagnosis. A systematic review of
the literature revealed seventy-six relevant English language articles, mainly case reports, addressing
ectopic secretion of bioactive compounds of PC/PGLs over the last 30 years (Figure 2).
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Figure 2. Flow diagram.

A total of 150 cases (Table 3) with ectopic secretion from PCs/PGLs have been reported (data
presented in Table 3). ACTH secretion accounted for 33% of all cases (n = 49), whereas CRH, VIP,
vasopressin, PTH, renin, aldosterone, insulin or somatostatin, GHRH, and neuropeptide Y secretion
have also been described [16,21–98]. IL-6 secretion has already been reported in 40 cases with PCs/PGLs
(Table 3). Only four case reports with confirmed ectopic secretion from metastatic PCs/PGLs have been
described (data presented in Table 4). In particular, regarding metastatic PCs, one secreted ACTH and
another one secreted PTHrP. For metastatic PGLs, one secreted ACTH and another secreted ACTH
and IL-6. There was one case of PC with suspicion of IL-6 secretion without laboratory confirmation
and a PGL with suspicion of IL-b and tumor necrosis factor (TNF) secretion without biochemical
confirmation. In all cases, patients with IL-6 ectopic secretion presented with pyrexia resistant to any
treatment, which resolved after surgical debulking of the tumor (Table 4).

Table 3. Ectopically secreted bioactive compounds from PCs/PGLs based on the literature.

Hormone No of Cases PCs PGLs Malignant (n) References

Total 150 137 13 5
-ACTH 49 43 6 2 (1PC, 1PGLs) [21–51]
-CRH 8 6 2 0 [52–59]
-VIP 6 6 0 0 [33,60–62]
-Vasopressin 1 1 0 0 [57]
-Calcium 1 1 0 0 [63]
-IL-6 40 39 1 1 [64–77]
-PTH/PTHrp 17 17 0 1 [78–82]
-Calcitonin 5 5 0 0 [33,83–85]
-GH/GHRH 7 6 1 0 [86–90]
-Insuline/IGF-1 1 0 1 0 [91]
-Somatostatin 1 1 0 0 [92]
-Aldosterone 1 1 0 0 [33]
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Table 3. Cont.

Hormone No of Cases PCs PGLs Malignant (n) References

-Renin 2 2 0 0 [33,93]
-CRH and ACTH 2 1 1 0 [59,94]
-CRH or ACTH and
vasopressin 2 2 0 0 [57,58]

-IL b 1 1 0 [95]
-ACTH and IL-6 1 0 1 1 [76]
-Calcitonin and VIP 3 3 0 0 [33,63,83]
-PTH and aldosterone 1 1 0 0 [96]
-Neuropeptide Y 1 1 0 0 [16]

Abbreviations: PCs: pheochromocytomas, PGLs: paragangliomas, ACTH: adrenocorticotropic hormone, CRH:
corticotropin-releasing hormone, VIP: vasoactive intestinal peptide, IL-6: interleukin-6, PTH: parathormone,
PTHrp: parathyroid hormone related-peptide, GH: growth hormone, GHRH: growth hormone releasing hormone,
IGF-1:insulin growth factor-1. IL-b: interleukin b.

Table 4. Ectopic secretion of bioactive compounds from malignant PCs/PGLs based on the literature.

References Number PCs/PGLs Metastases Ectopic Secretion Treatment

Kakudo K, et al.
1984 [25] Case report (n = 1) PC

Liver, lungs,
bones, lymph

nodes

ACTH (blood and
tissue) Surgery

Teno et al. 1996 [97] Case report (n = 1) PC Bones Suspicion of IL-6
but not measured

External
Radiation

Tutal E et al. 2017
[30] Case report (n = 1) Renal PGL Lymph nodes ACTH (blood and

tissues) Surgery

Omura M et al.
1994 [75] Case report (n = 1) Cervical PGL Bones ACTH, IL-6 (blood

and tumor)
Surgery and

chemotherapy

Mutabagani KH
et al. 1999 [98] Case report (n = 1) Mediastinal

PGL Liver

Anemia (probably
Il-1 and anti-TNF

secretion but never
measured)

Surgery and
hepatic arterial
chemoembolization

Bridgewater JA
et al. 1993 [80] Case report (n = 1) PC Left para-aortic

lymph node
PTHrp (blood and

tissue)
Surgical
resection

Abbreviations: PCs: pheochromocytomas, PGLs: paragangliomas, ACTH: adrenocorticotropic hormone, IL-6:
interleukin-6, PTHrp: parathyroid hormone related-peptide, anti-TNF A: anti-tumor necrosis factor A.

3. Discussion

In the present study we present our experience from a series of 14 malignant PCs/PGLs treated
with multiple therapeutic modalities. Three patients (2 PGLs, 1PC) died as result of the disease after a
median follow-up of six years. Despite multiple therapeutic modalities, seven out of eleven patients
(63%) exhibited PD; patients with PGLs appear to have more rapid PD (1.16 years) compared to
patients with PCs (4 years), although due to the relatively small number of patients included, this
was not statistically significant. One of the patients with a metastatic PGL presented with refractory
pyrexia due to ectopic secretion of IL-6, confirmed by elevated IL-6 levels in the serum and histological
confirmation of IL-6 protein expression in the tissue. Systematic review of the literature showed that
although ectopic secretion of IL-6 is relatively common in benign PCs/PGLs, only one further case of
metastatic PGL with confirmed IL-6 and ACTH secretion has been reported [75].

In a recent large study including 330 PCs/PGLs, the incidence of metastatic PCs/PGLs was 6.9% [99].
The risk of metastases was associated with an age at diagnosis ≤35 years (hazard ratio [HR] 2.74, [95%
Confidence Interval (CI) 1.19–6.35), tumor size ≥6.0 cm (HR 2.43, 95% CI 1.06–5.56), extra-adrenal
location (HR 2.73, 95% CI 1.10–7.40), and tumor producing only normetamephrine (HR 2.96, 95% CI
(1.30–6.76)) [100]. In our series the median age of 45 years was higher, yet similar, to the mean age (41 ±
17 years old) of the metastatic group of the previous study. The median size of the primary tumor was
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smaller (4.25 cm), whereas the hormonal profile was similar, showing that secretion of norepinephrine
was the predominant secretory component.

Epinephrine-secreting tumors, either alone or with norepinephrine, originate exclusively from
the adrenal gland [10]. Norepinephrine-secreting PGLs are tumors in which norepinephrine only or
norepinephrine plus dopamine are produced; 50% of PCs and 100% of PGLs are of this type [10]. In our
series 64% of the patients with malignant PCs/PGLs (3 with PGLs, 5 with PCs, 1 with a PC and PGL)
had either norepinephrine secreting PCs/PGLS or norepinephrine in combination with epinephrine or
dopamine. Previous studies are in line with these data, reporting that the metastatic ratio is twice as high
in norepinephrine-secreting PCs compared to epinephrine-secreting PCs [10]. Norepinephrine-secreting
PGLs lack phenylethanolamine N-methyltransferase, the enzyme that converts ormetanephrine to
metanephrine and are considered less differentiated than adrenaline-producing (metanephrine)
tumors [10]. In addition, dopamine hypersecretion is considered a feature of immaturity and a marker
for metastatic PGLs [15]. Dopamine-secreting PGLs are typically non-symptomatic; it has been reported
that the plasma level of methoxytyramine, the O-methylated metabolite of dopamine, is 4.7-fold higher
in patients with metastases than in those without, suggesting its use as a potential biomarker [100].

Only half of our patients showed uptake in octreoscan, whereas 82% exhibited increased uptake
in 18F-FDG-PET and 80% in 131I-MIBG. Data in the literature have shown that 131I-MIBG and
18F-FDG-PET exhibit higher sensitivity than octreoscan [101]. However, it subsequently became
apparent that the sensitivity of 68Ga- 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
tyrosine-3-octreotate (DOTATATE)-PET/CT imaging in patients with PCs/PGLs seems to be higher
than that of 131I-MIBG scintigraphy and 18F-FDG-PET in mapping metastatic PCs/PGLs [101–104]. In
our series, three cases out of five (one PC and two PGLs) showed immunochemical expression of
somatostatin receptor 2, and in two of them this was concomitant with receptor 5.

Currently, there are no systemic therapies approved by the European Medicines Agency or the
US Food and Drug Administration (FDA) for patients with metastatic PCs/PGLs [17,18]. Surgical
resection or debulking is the gold standard of treatment. Other treatment options for non-operable
tumors are limited to chemotherapy (CVD) with relatively low response rates (complete response in
4%, partial response in 37% and SD in 14%) and inappropriately high toxicity [105–107]. Nevertheless,
chemotherapy is considered part of the initial management in patients with metastatic SDHB-related
PGLs (median of 20.5 cycles) [107]. Lately there is increased interest in the use of PRRT in malignant
PCs/PGLs [108,109]. Recent studies including patients with metastatic PCs/PGLs treated with
90Y-DOTATATE or 177Lu-DOTATATE have shown a mean progression free survival (PFS) (36%
had PD and 50% SD) and OS of 39 and 61 months, respectively, compared to conventional 131I-MIBG
treatment (mean PFS: 14 months and OS: 23 months) [110,111]. In our series, three patients with
metastatic PCs/PGLs were treated with 131I-MIBG and two with 177Lu-DOTATATE either as first,
second, third or fourth line treatment; two of them developed PD and three SD during the last follow-up,
whereas the median PFS was 3.5 years (range: 0.05–11.8, IQR = 7.3), which is the longest compared
to the other therapeutic modalities employed. These data appear encouraging although larger series
are required.

One of our patients with a non-functional malignant PGL presented with pyrexia resistant to any
treatment due to IL-6 ectopic secretion. Ectopic secretion of hormones or peptides, from PCs/PGLs
is rare (approximately 1% of all PCs), encountered mostly in non-malignant and non-genetic cases.
It is probable that ectopic secretion of bioactive compounds from these tumors is often overloooked
or clinical manifestations are masked by the hypersecretion of catecholamines. The most frequent
ectopically-secreted hormone is ACTH, mostly reported in benign PCs [21–51]. Ectopic secretion of
hormones or peptides from malignant PCs/PGLs has been reported even more scarcely. In particular,
only four cases of metastatic PCs/PGLs with biochemically or immunohistochemically confirmed ectopic
secretion of hormones or peptides have been described in the English literature so far [25,30,75,80].
In two other cases of malignant PCs/PGLs, ectopic secretion has been suspected but not confirmed
biologically or immunohistochemically [97,98].
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IL-6 ectopic secretion has already been reported in 40 cases of PCs/PGLs, however only one of
them, a case of cervical PGL, was metastatic [64–77]. The reason for the high level of IL-6 expression in
PCs/PGLs is unclear. It has been suggested that IL-6 over-production can be either ascribed directly to
the tumor or indirectly accounted for by tumoral production of the high circulating norepinephrine
levels [74]. However, the presence of IHC expression of IL-6 protein in the PGL tissue of our patient
with ectopic IL-6 secretion is more in favor of IL-6 synthesis and secretion by the PGL neoplastic cells.

4. Methods

4.1. Patients

In this retrospective study, data were obtained from three Greek Endocrine Units; the Endocrine
Unit of Laiko Hospital (n = 11) and the Endocrine Unit of Attiko Hospital (n = 2) of the National and
Kapodistrian University of Athens and the Theagenio Hospital in Thessaloniki (n = 1). The medical
records of patients with metastatic PCs/PGLs over a period of 20 years (1998–2018) were reviewed by
two independent researchers (Anna Angelousi and Krystallenia Alexandraki) in order to collect the
clinico-pathological characteristics of these patients along with imaging and biochemical findings. In
addition, the therapeutic response to the various utilized treatments was also recorded.

The study protocol was approved by the Ethics or Audit Committees of all participating centers.
All patients gave informed consent according to the Declaration of Helsinki and Good Clinical Practice
guidelines. Informed consent was obtained from patients’ relatives in the case of death. The ethical
code number is AP 450 and the date of decision of approval from the ethical committee of the “General
Laiko” hospital of Athens is 8 April 2019.

Patients with the following criteria were included in our study: (i) histopathological and/or
biochemical and/or imaging confirmation of the diagnosis of primary PCs/PGLs and distant metastases;
(ii) available data during the follow-up period. Exclusion criteria included: (i) benign PCs/PGLs; (ii)
patients with documented venous or loco-regional or proximal lymph node spread only. For the
systematic review of the literature, ectopic secretion was defined as ectopic production, involving the
synthesis and secretion of bioactive compounds (peptides or hormones) from benign or malignant
tumors that do not normally synthesize and secrete these particular compounds.

4.2. Review of the Literature on Ectopic Hormonal Secretion

To identify studies and determine their eligibility, a systematic review was conducted in the
PubMed and Cochrane Databases. Search terms included the following: “pheochromocytoma OR
metastatic pheochromocytoma”, “paraganglioma OR metastatic paraganglioma”, “paraneoplastic
syndrome”, “ectopic secretion”, “IL-6”. The above keywords were also combined with the Boolean
operators AND and OR. Two of the authors (Anna Angelousi and Eva Kassi) independently examined
all potentially eligible titles and abstracts. Full manuscripts were obtained as necessary to finalize
eligibility. Reference lists of eligibility studies were also searched through to identify additional studies.
Only English language papers were selected. Studies with hormonal ectopic secretion from tumors
other than PCs/PGLs were also excluded as well as in vitro studies. Seventy-six articles were finally
included (Figure 2).

4.3. Hormonal Secretion

All patients had 24 h urinary metanephrine and normetanephrine levels measured by
high-performance liquid chromatography. IL-6 levels were measured with High–Performance Liquid
Chromatography (HPLC) (Bio-Rad, Athens, Greece).

4.4. Imaging

All patients underwent conventional imaging with either CT or MRI along with functional
imaging including 131I-MIBG, 111In-pentetreotide (Octreoscan) and 68Gallium labelled octreotide, or
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18F-fluorodeoxyglucose positron emission tomography (18F-FDG PET). In all patients primary tumor
and metastases were detected and followed-up with conventional imaging (five patients with CT and
nine with MRI). In addition, all patients had at least one form of functional imaging.

4.5. Statistical Analyses

All statistical analyses were conducted using GraphPad Prism Version 6 for Mac OS X (GraphPad
Software, La Jolla, California, USA). Quantitative values are reported as median (interquartile
range (IQR) and/or 25–75% range) or mean ± standard deviation (SD), and categorical variables as
percentages. Overall survival (OS) was defined by time from diagnosis of PCs/PGLs to death by
any cause. Progression free survival (PFS) was defined from the time of the initiation of a specific
treatment to presence of new metastases or progression of the existing ones (according to Response
Evaluation Criteria in Solid Tumors (RECIST)). OS and PFS were estimated using Kaplan–Meier curves.
Comparison of the PFS and OS between patients with metastatic PCs and patients with metastatic
PGLs was performed using the Wilcoxon test (GraphPad Software, La Jolla, California, USA) A p value
< 0.05 was considered significant.

5. Conclusions

Malignant PCs/PGLs are a rare entity that can metastasize many years after surgical resection of
the primary tumor, even 10 years after the initial diagnosis as in our case. In our series metastatic PGLs
appear to have more rapid PD (1.16 years) compared to patients with PCs (4 years). Available treatments
are, so far, non-curative; further research is needed to evaluate therapies with novel mechanisms of
action. PRRT seems to improve the outcome of our patients with metastatic PCs/PGLs, resulting in
longer PFS, but should be studied in larger clinical trials. Ectopic secretion of a number of bioactive
compounds from PCs/PGLs is rare and becomes extremely rare in malignant ones according to the
literature. However, it could be overlooked and should always be considered, especially when patients
present with unusual symptoms that cannot be totally attributed to catecholamine hypersecretion.
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Abstract: Peptide receptor radiotherapy (PRRT) with 177Lu-DOTATATE has emerged as a promising
therapy for neuroendocrine tumors (NETs). This retrospective cohort study aimed to assess the
outcome of PRRT for 22 patients with histopathologically confirmed pheochromocytoma (PCC)
and paraganglioma (PGL), of which two were localized and 20 metastatic. Radiological response
utilized response evaluation criteria in solid tumors 1.1 and toxicity was graded according to
common terminology criteria for adverse events version 4. Median 4 (range 3–11) 7.4 GBq cycles of
177Lu-DOTATATE were administered as first-line therapy (n = 13) or because of progressive disease
(n = 9). Partial response (PR) was achieved in two and stable disease (SD) in 20 patients. The median
overall survival (OS) was 49.6 (range 8.2–139) months and median progression-free survival (PFS)
was 21.6 (range 6.7–138) months. Scintigraphic response >50% was achieved in 9/19 (47%) patients.
Biochemical response (>50% decrease) of chromogranin A was found in 6/15 (40%) patients and of
catecholamines in 3/12 (25%) patients. Subgroup analysis showed Ki-67 <15% associated with longer
OS (p = 0.013) and PFS (p = 0.005). PRRT as first-line therapy was associated with increased OS
(p = 0.041). No hematological or kidney toxicity grade 3–4 was registered. 177Lu-DOTATATE therapy
was associated with favorable outcome and low toxicity. High Ki-67 (≥15%) and PRRT received
because of progression on previous therapy could constitute negative predictive factors for OS.

Keywords: pheochromocytoma; paraganglioma; 177Lu-DOTATATE; peptide receptor radiotherapy;
PRRT; neuroendocrine tumor; NET; PCC; PGL

1. Introduction

Pheochromocytomas (PCCs) and paragangliomas (PGLs) are rare tumors arising from
enterochromaffin cells in adrenal medulla and autonomous ganglia [1]. Up to 70% of PCC
and PGL have either germ line or somatic mutations in established disease-driver genes [2,3].
The five-year overall survival (OS) rate of patients with metastatic tumors ranges from 40 to
77% [4]. Surgery is the preferred therapy and may cure or allow a long-term remission in
patients with resectable disease [5]. The oncologic treatment arsenal consists of local and systemic
radiotherapy as well as systemic chemotherapy; the most commonly used systemic treatment

Cancers 2019, 11, 909; doi:10.3390/cancers11070909 www.mdpi.com/journal/cancers230
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is iodine-131-labeled meta-iodo-benzyl-guanidine (131I-MIBG) followed by chemotherapy with
cyclophosphamide, vincristine, and dacarbazine [6–8].

In neuroendocrine tumors (NETs), peptide receptor radiotherapy (PRRT) with lutetium-177
(177Lu)- and yttrium-90 (90Y)-labeled somatostatin analogs, such as tyrosine octreotide (TOC) and
octreotate (TATE), has become frequently used. Predominantly, 177Lu-DOTATATE has been utilized,
but also 90Y-DOTATOC, with favorable results in NETs [9–11]. Furthermore, encouraging results of
PRRT have been shown in small cohorts of PCC/PGL patients treated with 90Y- DOTATOC [9,12] and
with 177Lu-DOTATATE [13–16]. In one study, 20 patients received 177Lu-DOTATATE, of whom nine
also underwent concomitant chemotherapy with fluorouracil as a radiosensitizer, which in 14 evaluable
patients (RECIST 1.1) resulted in disease control ((partial response (PR) + stable disease (SD)) in 12/14
(86%) patients with 39 months median OS [14]. In a second study, 177Lu-DOTATATE was combined
with capecitabine in 25 patients and in 21 evaluable patients achieving disease control, that is, 21/25
(84%) patients, with median 32 months PFS [15]. A third larger 177Lu-DOTATATE study included 12
PCC/PGL patients, of whom eight were evaluable (RECIST 1.1) showing disease control (PR + SD) in
6/8 (75%) with 52 months estimated mean OS [16]. 90Y-DOTATOC was administered to 28 PCC/PGL
patients with disease control (PR + SD) in 71% [12] and in 11 PCC and 28 PGL patients, who were
included in a larger PRRT study, radiological response was achieved in 4/11 (36%) of PCC and 3/28
(11%) of PGL patients with mean 32 and 82 months OS, respectively [9].

In our center, we have performed PRRT with 177Lu-DOTATATE since 2005, initially applying the
treatment protocol developed by the Rotterdam group [10], administering 4 cycles of 7.4 GBq
177Lu-DOTATATE (maximum activity 29.6 GBq). By developing a method for normal organ
dosimetry, based on uptake measurements on single photon emission computed tomography/computed
tomography (SPECT/CT) performed during PRRT, we were able to more accurately estimate the
absorbed radiation doses to the kidneys and bone marrow [17,18]. Since 2007, we have therefore
instead applied a dosimetry-guided protocol by which PRRT may be individualized for each patient in
order to administer as many cycles as possible until reaching 23 Gy absorbed dose to the kidneys or
2 Gy to bone marrow [17,18].

So far, we have treated approximately 800 patients with various NET types. In a prospective
study including 200 of these patients with mixed NET types who underwent dosimetry-guided PRRT,
because of disease progression or as first-line therapy, tumor response was achieved in 24% and disease
control (complete response (CR) + PR + SD) in 96% with 27 months median progression-free survival
in all patients, 33 months in those in whom the absorbed dose to the kidneys reached 23 Gy and 15
months in those in whom it did not [19]. In the present study, we retrospectively describe the outcome
from treatment with 177Lu-DOTATATE in a relatively large group of patients with PCC/PGL.

2. Results

Twenty-two patients with PCC and PGL undergoing 177Lu-DOTATATE between 2005 and 2018
were identified and included in the study.

2.1. Baseline Patient Characteristics

Baseline patient characteristics are shown in Table 1. There were 22 patients (13 men / 9 women)
median age 60 years (range 24–80) at the start of therapy, nine had pheochromocytoma and 13 harbored
paraganglioma. Ki-67 index was available for 18 patients and the median result was 11% (range 1–30).
Except for PCCs (n = 9), the primary tumor localization for the PGLs was retroperitoneum (n = 7), neck
(n = 2), and one PGL each in the liver, kidney, urinary bladder, and cauda equina. All tumors except
the two PGLs in the neck were metastatic, predominantly to regional retroperitoneal lymph nodes and
with distant metastases to bone and liver.
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Genetic syndromes were identified based on information from diagnostic DNA sequencing and
interpretation available in the medical records. A diagnosis of neurofibromatosis type 1 was also
considered from clinical criteria. Nine patients had a genetic syndrome, SDHB or SDHD-related
PGL in seven, neurofibromatosis type 1 in two, four patients were classified as sporadic cases, and
genetic testing had not been performed in nine patients. At baseline, chromogranin A was elevated in
15 patients, normal in four, and missing in three patients. Plasma/Urinary (P/U)-catecholamines and
their metabolites were normal in 10 patients and elevated in 12. In these 12 patients, normetanephrine
was elevated in all, metanephrines in two patients, and methoxytyramine in four. Ten patients
experienced catecholamine-related symptoms, which for two patients worsened during PRRT. The
patients underwent PRRT because of tumor progression on previous therapies (n = 9) or as first-line
treatment (n = 13). First-line therapy, in eight patients, was administered because of symptomatic
disease and for five patients the indication for treatment was not documented in the patient records.
The primary tumor was unresectable in three patients because of proximity to vital structures and in
three patients due to tumor size (Table 1). Seven patients were previously included in a prospective
dosimetry-tailored PRRT study of 200 patients [19]. Eight patients were alive, 11 were deceased, and
three patients were lost to follow-up.

2.2. Treatment and Toxicity

The PRRT data and registered toxicity are shown in Table 2. Dosimetry-tailored PRRT was
performed in 19/22 patients and the first 3/22 patients received PRRT according to a standard four-cycle
protocol. The patients received between 3 and 8 cycles of 177Lu-DOTATATE during their first treatment.
Upon progression, five patients received salvage therapy with another 2 to 4 cycles. Including salvage
therapy, between 3 and 11 cycles were administered. Five patients received 3 cycles, seven patients
received 4 cycles, five patients 5 cycles, two patients 2, and one patient each received 7, 10, and 11 cycles,
respectively. The median amount of 177Lu-DOTATATE activity per cycle was 7.4 GBq and the median
total administered activity (including salvage therapy) was 29.6 (range 22.2–81.4) GBq. The reasons
to stop PRRT were 23 Gy dose to the kidneys reached (n = 17), use of a four-cycle PRRT protocol
(n = 3), and progressive disease (n = 2). Hematological side effects occurred in 16/22 (73%) patients, all
classified as grades 1 (n = 10) or 2 (n = 6) (Table 3). No kidney toxicity was observed.

2.3. Therapy Outcome and Response Assessment

Median follow-up time was 32 (range 8–139) months. Median overall survival (OS) was 49.6
(range 8.2–139) months (Figure 1A) and median PFS was 21.6 (range 6.7–138) months (Figure 1B).
Response rates are summarized in Table 3. The median best response on CT according to RECIST 1.1
(%) across the cohort was −10% (range 0 to −65%). The time to best response was median 14.4 months
(range 4.7 to 128 months). Best response was partial response (PR) in two patients and the remaining
20 patients reached stable disease (SD), whereas no complete response (CR) was found.
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Figure 1. (A) Kaplan–Meier analysis of overall survival, median 49.6 (range 8.2–139) months and
(B) progression-free survival, median 21.6 (range 6.7–138) months. Blue symbols, patient alive; red
symbols, patient deceased. Triangles, patient received salvage therapy.

In the 9 patients who were progressive at PRRT start, 1 achieved PR and 8 SD with response
according to RECIST1.1 median −14% (range −56 to 0%), as compared to 13 patients who received
PRRT as first-line therapy of whom 12 achieved SD and 1 PR with RECIST1.1 response median −16%
(range −50 to 0%).

Response on 177Lu-DOTATATE-SPECT/CT and whole-body scans was seen in 14/19 (74%) patients
and the visually rated decrease in tumor accumulation, as compared to scintigraphy during the first
cycle, was median 50% (range 20–65%), resulting in a response rate PR in nine (47%), SD in eight (42%)
and progressive disease (PD) in two (11%) patients.

The biochemical response data are shown in Table 3. P/U-catecholamines were available for all
patients and were normal in 10/22 (45%). Catecholamine response with >50% reduction was found in
3/12 evaluable patients (25%), >25–50% decrease in 6/12 (50%), >0–25% reduction in 2/12 (17%), and
biochemical progression in 1/12 (8%). The biochemical response was consistent with the morphological
response rate on computed tomography or magnetic resonance imaging (CT/MRI) (RECIST 1.1), except
in one radiologically stable patient who showed biochemical progression and in one patient with
partial remission in whom the P/U-catecholamines showed a mere 29% decrease.

Chromogranin A was normal in 5/20 (25%) patients and not available in 2 patients. Biochemical
response with >50% reduction of chromogranin A was achieved in 6/15 evaluable patients (40%),
>25–50% decrease in 1/15 (7%), >0–25% reduction in 6/15 (40%), and biochemical progression was found
in 2 patients (13%). The biochemical response was consistent with the morphological response rate on
CT/MRI (RECIST 1.1), except in two radiologically stable patients who showed biochemical progression.
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A conflicting biochemical result was found in only one patient with a clear increase of chromogranin
A, whereas the catecholamines decreased somewhat in this radiologically stable patient. Of 10 patients
with catecholamine-related symptoms during PRRT, these symptoms worsened in 2 patients, improved
in 4, and were stable in 4.

The results of two patients with non-metastatic HNPGLs (Nos. 20 and 22, Table 1) were analyzed
separately. They did not undergo primary tumor resection because of their tumor’s size and proximity
to vital organs/tissue but, previous to PRRT, they had received external radiation radiotherapy. Patient
20 had an SDHD mutation, whereas the other patient was not tested for a genetic profile. Both patients
received PRRT as first-line therapy with 4 and 5 cycles, respectively, and achieved −17% and −15%
tumor decrease according to RECIST 1.1, resulting in stable disease and 15.6 and 8.6 months PFS and
15.6 and 11.9 months OS, respectively.

2.4. Predictors of Outcome

An arbitrary threshold of Ki-67 index 15% was selected as a cut-off. Ki-67 <15% compared to
Ki-67 ≥15% (p = 0.013) and PRRT received as first-line therapy compared to PPRT received because of
tumor progression (p = 0.041) were associated with longer OS (Figure 2A,B). Tumor type (PCC or PGL),
visual response on scintigraphy (≥50%), biochemical response, number of cycles, administered activity,
and previous therapies (surgery, radiotherapy, chemotherapy, 131I-MIBG) were factors unrelated to OS.
The genetic profile, available for only 15/22 patients, did not allow for analysis as possible predictors
of survival.

 

Figure 2. (A) Ki-67 index <15% in the Kaplan–Meier analysis was found as a positive predictive factor
for OS (Log rank test p = 0.013). Out of 18 analyzed patients, 6 had Ki-67 index ≥15% and 12 <15%.
Seven patients received PRRT as first-line therapy and 11 because of progressive disease. (B) In addition,
PRRT administered as first-line treatment, and not because of progressive disease (PD), was found as a
positive predictive factor for OS (Log rank test p = 0.41). All 22 patients were analyzed and PRRT was
administered as first-line therapy in 13 patients and because of progressive disease in 9.
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Ki-67 <15% (p = 0.005) was associated with longer PFS, whereas PRRT received as first-line
therapy, tumor type, visual response on scintigraphy (≥50%), biochemical response, number of cycles,
administered activity, and previous therapies (surgery, radiotherapy, chemotherapy, 131I-MIBG) were
all factors unrelated to PFS.

3. Discussion

We studied the outcome after 177Lu-DOTATATE administration in 22 patients with PCC
and PGL. Consistent with the results in several reports on PRRT with 177Lu-DOTATATE in
gastro-entero-pancreatic NETs and lung NETs, the outcome in our patients with PCC and PGL
was favorable with disease stabilization in 20 patients and PR in 2 subjects. We observed a median OS
of 49.6 (range 8.2–139) months and a median PFS of 21.6 (range 6.7–138) months. Corresponding to
two recently published 177Lu-DOTATATE studies in small groups of PCC/PGL patients, we had similar
duration of follow-up, median 32 (8–139) months, in comparison to the publication by Kong et al. [14]
reporting 28 (range 5–74) months follow-up for 14 patients and Yadav et al. [15] who followed
25 patients median 30 (15–96) months after PRRT combined with 1250 mg/m2 capecitabine (days 0 to
14 of each cycle). Our follow-up, however, allowed for the calculation of OS, whereas median OS was
not reached in the other studies [14,15].

The median PFS 39 months, in the study by Kong et al. and 32 months PFS reported by Yadav et al.
were both, however, longer than in the present study (21.6 months). Disease control (PR + SD)
according to RECIST 1.1. was achieved in all of our patients as compared to 21/25 (84%) patients and
12/14 (86%) in the two previous reports [14,15], and notably, 11 of our patients were still alive at the
time of evaluation. Four of our patients were progression-free between 9 and 138 months. Another
177Lu-DOTATATE study, including 12 PGL patients during a median 13 (range 4–30) months follow-up,
achieved SD in five and PD in four of nine evaluable patients [13]. In a larger 177Lu-DOTATATE
therapy study, on mainly high grade (G3) gastroenteropancreatic and lung NETs, 12 patients with
PCC/PGL were included of whom eight were evaluable [16]. PRRT resulted in four PR, two SD, and
two PD, but in this study the survival data were instead reported as estimated mean OS 51.8 (95% CI
39.8–63.8) months and PFS 31.4 (95% CI 20.3–42.4) months, outcomes which however are difficult to
compare to the present results.

A problem potential with utilizing 90Y-DOTATOC is the toxicity, as in the study by Imhof et al. [9],
who reported transient grade 3–4 myelosuppression in 142/1109 (13%) patients, but in particular
kidney toxicity, with severe permanent renal impairment in 102/1109 (9%) patients. Interestingly,
no hematological and kidney toxicity greater than grade 1 was experienced by Forrer et al. in
28 patients with surgical incurable PCC/PGL who underwent PRRT with 90Y-DOTATOC [12]. With
177Lu-DOTATATE, we experienced no kidney toxicity and only grade 1 (n = 10) and 2 (n = 6)
hematological toxicity. Similarly, Yadav et al., who combined 177Lu-DOTATATE with capecitabine,
reported 3/25 (12%) patients who developed grade 1 lymphopenia, but no other hematological
toxicity, and no kidney toxicity [15]. Additionally, Kong et al., who in half of their patients combined
177Lu-DOTATATE with fluorouracil, reported mainly grade 2 lymphopenia. However, they also
experienced 4/20 (20%) patients with grade 3 lymphopenia. Renal impairment in two of their patients
was considered attributed to underlying disease processes [14]. In the larger study by Demirci et al., in
186 patients with mixed NET types, toxicity data for the subgroup of 12 patients with PCC/PGL are not
reported. Grade 1 or 2 hematological toxicity was however found in 148/186 (80%) of patients but also
2 (1%) with grade 3 toxicity [16]. No severe kidney toxicity was noted.

The fact that the first three patients were treated according to the original Rotterdam protocol,
with four PRRT cycles, and that the remaining patients were instead subjected to a change in protocol
where the number of cycles were based on dosimetry, leads to a large variation in the number of
administered PRRT cycles and the present results must be interpreted accordingly.

The biochemical responses, regarding chromogranin A and catecholamines, were consistent in all
evaluable patients except one in whom a clear increase of chromogranin A was found, whereas the
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catecholamines decreased somewhat in this radiologically stable patient. Chromogranin A response
differed slightly from that of the morphological response rate according to RECIST 1.1. (CT/MRI). Thus,
biochemistry indicated PD in two patients with SD on CT/MRI but, in the remaining patients, the
biochemical and morphological responses were in agreement. Similarly, the catecholamine response
was consistent with the morphological response rate, except in one radiologically stable patient who
showed biochemical progression and in one patient with partial remission in whom a mere 29%
catecholamine decrease was noted.

Better chromogranin A response was reported by Yadav et al. with >25% reduction in 11/24 (46%)
patients of whom >50% reduction was found in 7/24 (29%) [15]. This was also the case in the study by
Kong et al. who, out of 14 evaluable patients, found 10/14 (71%) with>25% reduction of chromogranin A,
of whom 8/14 (57%) had >50% biochemical response [14]. With 90Y-DOTATOC, biochemical responses
were reported in 2/11 (18%) and 4/28 (14%) PCC and PGL patients, respectively [9]. We found
less biochemical response regarding catecholamines than for chromogranin A. A similar degree of
catecholamine response was found by Kong et al., who for 7 patients reported >50% decrease of plasma
metanephrine in 1 patient, 25% to 50% reduction in 4 patients, and biochemical increase in 2 patients,
and with fairly similar biochemical response figures regarding plasma normetanephrine [14].

Ten of our patients had catecholamine-related symptoms, which in two were aggravated during
PRRT, including the development of hypertensive crisis. These symptoms and signs were, however,
present already at baseline and it is difficult to confidently determine whether the worsening of
symptoms was a consequence of PRRT, or represented fluctuations of catecholamine levels due to the
disease itself.

The response to 177Lu-DOTATATE therapy was also assessed during each PRRT cycle by
scintigraphy, including both whole-body scans and SPECT/CT, whereby a visual rating of the tumor
uptake is made for each cycle in relation to the first. In this evaluation, we found response (≥50%)
in 9/19 (47%) of our patients who underwent dosimetry and for whom scintigraphic examinations
were available. Another means for therapy monitoring was applied by Kong et al., who utilized
68Ga-DOTATATE-PET/CT and reported a similar fraction of responding patients (8/17, 47%) [14].

131I-MIBG therapy constitutes the mainstay in radionuclide therapy of PCC/PGL, and which
five of our patients had previously undergone. With 177Lu/90Y-DOTATATE/TOC therapy, the tumors
need to show sufficient somatostatin receptor expression on imaging, usually Krenning grade 3 or
4 (higher than that of the liver) or at lease grade 2 (similar to that of the liver) in order to be eligible
for PRRT. Correspondingly, the tumors on 123I-MIBG scintigraphy need to show sufficient uptake
for the patient to qualify for 131I-MIBG therapy. A problem with 123I-MIBG in PCC/PGL patients
is that the uptake in general is high, resulting in excellent sensitivity on 123I-MIBG scintigraphy for
diagnosing disease on a patient basis. However, 123I-MIBG scintigraphy has shown reduced sensitivity
in extra-adrenal, multiple, or hereditary PGLs (52–75%) associated with von Hippel Lindau syndrome
as well as SDHB-related PGLs and patients with metastatic disease in whom 123I-MIBG scintigraphy
may underestimate the extent of disease. The sensitivity of 123I-MIBG scintigraphy is particularly
low in head and neck PGLs (HNPGL) (18–50%) [20]. Consequently, the low tumor accumulation
on 123I-MIBG scintigraphy disqualifies many of these patients for 131I-MIBG therapy. Our patients
underwent both 123I-MIBG scintigraphy and somatostatin receptor scintigraphy, and first-line therapy
was chosen based on these results. In the case of inhomogeneous expression, the tracer with the most
favorable distribution was applied for subsequent therapy (Figure 3). In addition, patient No. 3 had a
mosaic expression for the two tracers, which resulted in treatment with both, consecutively. One lesion
without any uptake was treated with additional external beam radiation.
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Figure 3. Frontal planar scintigraphy images in patient No. 4, in whom the primary PCC had higher
uptake on 123I-MIBG scintigraphy (A) than on somatostatin receptor scintigraphy (OctreoScan™)
(B). After one cycle of 131I-MIBG (C) scintigraphy during therapy) an upregulation of somatostatin
receptors was noted and further therapy was given with 177Lu-DOTA-octreotate (D) scintigraphy
during therapy).

The concept of Ki-67 proliferation index as a predictive marker of response to treatment in
patients with NET in general, and in NET patients treated with 177Lu-DOTATATE in particular, is well
established and part of clinical routine. In PCC and PGL, Ki-67 index is, however, not validated as
a predictive marker. Interestingly, we found such a correlation and Ki-67 ≥15% was shown to be a
predictor for worse OS and PFS. Another negative predictor for OS, but not for PFS, was found to be
PRRT undertaken because of progression on previous therapy, and not started as a first-line treatment.
We were however unable to show any predictive value for tumor type (PCC or PGL), visual response
on scintigraphy, or previous therapies (surgery, radiotherapy, chemotherapy, 131I-MIBG), which were
all factors unrelated to OS and PFS. Most probably, because of the small number of observations,
neither was the patients’ genetical profile or disease stage useful as predictors of survival.

In three of our patients, the PGL was located in the cauda equina, liver, and kidney, respectively.
Although PGL in these anatomical positions are extremely uncommon, they were, because of previously
published reports on PGLs in these sites, regarded as primary tumors. It can of course not be
confidently excluded that these tumors represented metastases from an undiagnosed PGL with
unknown primary location.

4. Materials and Methods

This was a retrospective cohort study of patients treated at the Department of Nuclear Medicine,
Uppsala University Hospital, Uppsala, Sweden. All patients receiving 117Lu-DOTATATE therapy
between 2005 and 2018 were screened for inclusion using information available through the digital
radiological information and picture archive and retrieval systems (RIS-PACS). The study was approved
by the local ethics committee, and written informed consent was obtained from all individual patients
since 2010 (No. 2009-320). Before 2010, patients were admitted after giving their informed consent
on a single-patient basis for compassionate use with individual permission of the Swedish Medical
Products Agency.

Clinical, biochemical, and radiological imaging follow-up data were retrieved from the RIS-PACS
and from the hospital’s digital patient record system. Survival was analyzed for Swedish patients
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(n = 15), based on entries to the national health registry accessed on 5 April 2019. For international
patients, the referring center was contacted for an updated follow-up.

Inclusion criteria for PRRT were patients with pheochromocytoma or paraganglioma confirmed
by histopathological examination, and a tumor uptake higher than that of the normal liver (Krenning
scores 3 and 4) on somatostatin receptor scintigraphy (SRS), life expectancy > 3 months, white blood
cell count (WBC) > 3.0 × 109/L, platelet count > 100 × 109/L, bilirubin < 40 μmol /L, albumin > 25 g/L,
ASAT and ALAT less than 5 times upper limit, creatinine < 110 μmol/L or, if higher, GFR (cystatin-C) >
50 mL/min/1.73 m2. Exclusion criteria were pregnancy, tumors amenable to surgery or locoregional
ablation, and inability to stay isolated for 24 h.

4.1. PRRT Treatment Protocol

Chemotherapy and targeted therapy were stopped at least one month before the treatment start.
Therapy monitoring utilized intravenously contrast-enhanced computed tomography (CT) or magnetic
resonance imaging (MRI) performed according to clinical NET imaging protocols within one month
before PRRT, in connection with every second cycle, 3 months after the end of treatment, and thereafter
every 3–6 months until tumor progression.

Three patients were treated according to the original Rotterdam PRRT protocol with
4 cycles × 7.4 GBq 177Lu-DOTATATE [10] and 19 patients underwent dosimetry-guided PRRT [19],
whereby as many cycles as possible were administered with an intended interval of 6 to 8 weeks between
cycles up to 23 Gy to the kidneys or 2 Gy to bone marrow, or other reasons to stop therapy occurred.

Dosimetry for solid organs and bone marrow was calculated as previously described in
detail [17,18]. For solid organs, dosimetry was based on the small volume method performed
on single photon emission tomography with low dose CT performed together with single photon
computed emission tomography (SPECT/CT) at 1, 4, and 7 days after therapy. Volumes of interest
(4 mL) were drawn in representative regions with homogeneous uptake. The activity concentrations
were fitted to a mono-exponential function. For complete bone marrow dosimetry, the blood activity
was calculated from integrated blood activity curves derived from blood samples at 0.5, 1, 2.5, 4, 8, and
24 h and complemented with tissue activity measurements on whole-body scans at 1, 4, and 7 days
after start of therapy. Complete dosimetry was performed during the first cycle, after delay, in the
instance of large changes in tumor volume, and at least at every fourth cycle. For all other cycles, a
short dosimetry protocol used SPECT/CT over the abdomen and a whole-body scan at 24 h.

The peptide was a kind gift from Prof. Eric Krenning, 177Lu was purchased (IDB, Holland BV,
Baarle-Nassau, The Netherlands) and labeling was performed in-house. Kidney protection comprised
2 L amino acid mixture (Vamin 14 gN/L electrolyte-free, Kabi Fresenius) i.v. over 8 h, starting 30 m
before treatment. I.v. antiemetics was given 1 h before therapy (8 mg of betamethasone and 8 mg of
ondansetron or 250 μg of palonosetron).

4.2. Evaluations

White blood cell (WBC) count was checked before each cycle and had to be>3× 109/L, granulocytes
>1.5× 109/L, and platelets>100× 109/L. If these criteria were not met within 6 months, PRRT was stopped.
In occasional instances, the interval between cycles was prolonged, alternatively the administered
activity per cycle was decreased by 30%, rather than delaying the treatment. Plasma chromogranin A
as well as plasma/urinary metanephrines or catecholamines were collected in connection with every
cycle. In order to monitor side effects, routine blood tests (complete blood count, liver enzymes,
electrolytes, and creatinine) were performed every second week on an outpatient basis. CT/MRI was
performed within one month before PRRT start, before every second treatment cycle, 3 months after
the last treatment, and thereafter at least every 6 months.
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4.3. Response Assessment

CT/MRI results were assessed according to RECIST 1.1. [21] to determine the best tumor response
(%) (BR%) and response category (complete response (CR), partial response (PR), stable disease (SD),
and progressive disease (PD)) and the time to BS from start of PRRT. The progression-free survival
(PFS) and overall survival (OS) were calculated.

Biochemical tumor response of P-chromogranin A and P/U-catecholamines was registered in
four categories, namely, decrease >50%, decrease >25–50%, decrease >0–25%, or increase >50%, as
compared to baseline values.

SPECT/CT and whole-body scans and SPECT during each cycle were evaluated by a specialist in
nuclear medicine, whereby the overall decrease in tumor uptake (%) on scans performed during each
PRRT cycle was assessed in relation to that of the first cycle. PR was defined as ≥50% decrease and
PD was registered in the case of pronounced increase in tumor accumulation or appearance of new
tumor lesions.

4.4. Toxicity

Toxicity was reported using the Common Terminology Criteria for Adverse Events version 4.0, and
toxicities grade 1 to 4 were reported from the start of treatment until 3 months after the last treatment.

4.5. Statistical Analysis

Univariate correlation to PFS and OS was performed with JMP 13.1.0 (SAS Institute Inc., Cary, NC,
USA) using the Kaplan–Meier log rank test. Possible predictive factors for OS and PFS were tested in
the Kaplan–Meier analysis by dichotomization. Multivariate analysis was excluded due to the limited
sample number.

5. Conclusions

In conclusion, PRRT with 177Lu-DOTATATE was associated with a favorable outcome and low
toxicity. High Ki-67 (≥15%) and PRRT received because of progression on previous therapy were
negative predictive factors for OS.
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Abstract: The adrenal medulla is composed predominantly of chromaffin cells producing and secreting
the catecholamines dopamine, norepinephrine, and epinephrine. Catecholamine biosynthesis and
secretion is a complex and tightly controlled physiologic process. The pathways involved have
been extensively studied, and various elements of the underlying molecular machinery have been
identified. In this review, we provide a detailed description of the route from stimulus to secretion
of catecholamines by the normal adrenal chromaffin cell compared to chromaffin tumor cells in
pheochromocytomas. Pheochromocytomas are adrenomedullary tumors that are characterized by
uncontrolled synthesis and secretion of catecholamines. This uncontrolled secretion can be partly
explained by perturbations of the molecular catecholamine secretory machinery in pheochromocytoma
cells. Chromaffin cell tumors also include sympathetic paragangliomas originating in sympathetic
ganglia. Pheochromocytomas and paragangliomas are usually locally confined tumors, but about
15% do metastasize to distant locations. Histopathological examination currently poorly predicts
future biologic behavior, thus long term postoperative follow-up is required. Therefore, there is an
unmet need for prognostic biomarkers. Clearer understanding of the cellular mechanisms involved
in the secretory characteristics of pheochromocytomas and sympathetic paragangliomas may offer
one approach for the discovery of novel prognostic biomarkers for improved therapeutic targeting
and monitoring of treatment or disease progression.

Keywords: PPGL; catecholamines; adrenomedullary function

1. Introduction

The adrenal medulla occupies the central portion of the adrenal gland and accounts for about 10%
of total adrenal gland volume [1]. The adrenal medulla is essentially a specialized sympathetic ganglion
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releasing hormones in response to neural input and therefore is an integral part of the autonomic nervous
system [2,3]. The adrenomedullary chromaffin cells are embryologically derived from migrating neural
crest cells that develop into sympathoadrenal progenitors [4,5]. These sympathoadrenal progenitor
cells also give rise to the chromaffin cells present in the sympathetic chain and prevertebral paraganglia.
During adrenal organogenesis, close interactions between its two components, medulla and cortex, are
necessary for differentiation, morphogenesis, and survival of the adrenal gland. This cortical–chromaffin
crosstalk remains important for physiological regulation of adrenal hormone biosynthesis in adult
life and also is relevant for the pathogenesis of various adrenal gland disorders [6–9]. One of the
histological infrastructural requirements for this crosstalk is the centripetally directed arterial blood
flow from adrenal cortex to medulla. In addition, cortical cells are diffusely present in the adrenal
medulla and, conversely, chromaffin cells are intermixed with cortical cells within all three zones of the
adrenal cortex [10].

The principal function of the adrenal medulla is the biosynthesis and the secretion into the
circulation of the catecholamine epinephrine [6,11]. Epinephrine has a crucial role in the “fight-or-flight”
response, which allows an organism to adapt to stressful conditions. The acute rise in epinephrine in
response to physical or psychological stress stimuli results in hemodynamic and metabolic effects that
modulate various functions such as blood pressure, cardiac output, and blood glucose by acting on
cells expressing α- and β- adrenergic receptors [12,13]. Under basal conditions, however, epinephrine
functions as a circulating metabolic hormone, and it is the norepinephrine secreted by sympathetic
nerves acting immediately in the vicinity of exocytotic secretion that is the catecholamine mainly
regulating cardiovascular function. The norepinephrine that escapes re-uptake processes to enter the
circulation has negligible impact on the cardiovascular system. Nevertheless, both norepinephrine and
epinephrine secreted by pheochromocytomas in excessive amounts directly into the circulation can
have profound effects on cardiovascular function, with further impacts of co-secreted peptides. From a
clinical perspective, these tumors are the most important disease of the adrenal medulla. Chromaffin
cell tumors may also arise in extra-adrenal sympathetic paraganglia, in which case they are termed
sympathetic paragangliomas [14–16].

A cardinal feature of chromaffin cell tumors is their capacity to produce and secrete excessive
amounts of catecholamines, which may evoke signs and symptoms such as paroxysmal hypertension,
sweating, and tachycardia. The hypersecretion of catecholamines may cause acute, life-threatening
blood pressure elevations and arrhythmias and is associated with a significantly increased rate of
cardiovascular morbidity and mortality [17–20].

Pheochromocytomas and sympathetic paragangliomas are rare neuroendocrine tumors with
respective reported annual incidences of 0.46 and 0.11 per 100,000 individuals [21]. Detected incidence
of pheochromocytomas has doubled during the past two decades, most likely a result of changes
in diagnostic practices leading to earlier detection. The cornerstone of biochemical diagnosis of a
pheochromocytoma or a sympathetic paraganglioma is the demonstration of elevated plasma or urinary
concentrations of metanephrine, normetanephrine, or 3-methoxytyramine, i.e., the O-methylated
metabolites of epinephrine, norepinephrine, or dopamine, respectively [22]. Several anatomical and
functional imaging studies are available for localization of the tumor, after which curative treatment by
surgical resection can be offered [23].

Pheochromocytomas and paragangliomas are highly heterogeneous neuro-endocrine tumors
with regards to possible anatomic location, genetic context, symptomatology, metastatic potential,
and the degree of catecholamine release. Genetic mutations play a critical role in tumorigenesis and
affect various metabolic pathways, which also result in different mutation-dependent biochemical
phenotypes [3,24–26].

In recent years, our knowledge of the genotype–phenotype interrelationship and metabolomics
of these intriguing neuro-endocrine tumors has expanded rapidly. Nevertheless, there are still
several areas of uncertainty. For instance, in the absence of metastases, it is difficult to predict
whether a pheochromocytoma or a paraganglioma will demonstrate a benign or a malignant clinical
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course [16]. There are no clear-cut pathological markers to establish malignancy with certainty at
first presentation. Also, there is no straightforward relationship between the biochemical phenotype
of a pheochromocytoma or sympathetic paraganglioma and the associated signs or symptoms [3].
In the present review, we aim to provide a detailed picture of the pathways involved in catecholamine
production and secretion in normal adrenomedullary chromaffin cells. We also visit what is known
about the molecular perturbations in catecholamine biosynthesis and secretion in pheochromocytoma
and sympathetic paraganglioma. Improved understanding of these mechanisms at the molecular level
might provide insight into associated pathological complications, clarify highly variable presentations,
and aid in identification of new diagnostic or therapeutic strategies for personalized care.

2. Adrenomedullary Function

2.1. Biosynthesis of Catecholamines

Adrenomedullary catecholamine biosynthesis starts with uptake of the nonessential amino acid
L-tyrosine by the chromaffin cell. L-tyrosine is obtained from food sources or is derived from the
essential amino acid phenylalanine through the activity of phenylalanine hydroxylase, which is mainly
expressed in liver, kidney, and pancreas [27,28]. L-tyrosine is transported into the cytoplasm of the
adrenal chromaffin cell by the membrane bound L-type amino acid transporter system (LAT1 and
LAT2) [29,30]. Catecholamine biosynthesis involves the sequential activity of four enzymes: tyrosine
hydroxylase (TH), aromatic L-amino acid decarboxylase (AADC), dopamine β-hydroxylase (DBH),
and phenylethanolamine-N-methyltransferase (PNMT). Except for DBH, all these enzymes are localized
in the cytoplasm of the chromaffin cell (Figure 1). The end products of this biosynthetic route are
dopamine, norepinephrine, or epinephrine, depending on intracellular enzyme expression. Epinephrine
is mainly produced by the adrenomedullary chromaffin cells (>95%) and functions as a hormone
released directly into the bloodstream. In contrast, circulating norepinephrine is mainly derived from
overflow of the neurotransmitter from sympathetic nerve endings with adrenomedullary chromaffin
cell production providing usually a less than 10% contribution [11,13,31].

2.1.1. Tyrosine Hydroxylase

The initial and rate limiting step in catecholamine biosynthesis is the conversion of L-tyrosine to
L-3,4-dihydroxyphenylalanine (L-DOPA) by tyrosine hydroxylase (TH, EC 1.14.16.2, molecular mass
of approximately 240 kDa) [32,33]. Locations of catecholamine biosynthesis are therefore dependent
on the expression of TH, which is largely confined to postganglionic sympathetic nerve endings
and adrenal and extra-adrenal chromaffin cells. In the adrenal medulla, this enzyme has a Km of
2 × 10−5 mol/L [27]. For this specific hydroxylation step, TH requires tetrahydrobiopterin, molecular
oxygen, and Fe2+ as cofactors. Tetrahydrobiopterin is synthesized from guanosine triphosphate
(GTP) and serves as a donor for hydrogen atoms to maintain TH in a reduced and active state [27,34].
The human TH gene is located at chromosome 11p15.5 and contains 13 exons [35], with four isoforms
produced by alternative mRNA splicing.

Regulation of TH activity is an important way to control catecholamine biosynthesis. This is
a complex process encompassing multiple modes of regulation. Short-term post-transcriptional
mechanisms include feedback inhibition by catecholamines, enzyme phosphorylation and
dephosphorylation, as well as ubiquitination. Long-term regulation mainly involves transcriptional
mechanisms [36]. The ubiquitin–proteasome pathway is thought to be involved in the degradation of
TH [37]. Catecholamines exert negative feedback control through oxidation of tetrahydrobiopterin
to pteridine, thereby preventing the formation of TH in its reduced active state [27]. In addition,
catecholamines act as competitive antagonists of tetrahydrobiopterin at the active site of the catalytic
domain of TH [27]. Short-term regulation of TH activity is also achieved by a mechanism of
phosphorylation and dephosphorylation of one or more of the four serine residues at the regulatory
site of TH. Phosphorylation is catalyzed by multiple kinases (e.g., PKA, PKC, CaMKII, MAPKAP-K2,
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ERK1, ERK2, MSK1, PRAK) and results in release from the feedback inhibition by catecholamines,
thereby stimulating enzyme activity.

Figure 1. The catecholamine biosynthetic pathway in an adrenomedullary chromaffin cell or a
pheochromocytoma cell. Norepinephrine and epinephrine are stored in separate chromaffin storage
vesicles. Abbreviations: LAT: L-type amino acid transporter; TH: tyrosine hydroxylase; L-DOPA:
L-3,4-dihydroxyphenylalanine; AADC: aromatic L-amino acid decarboxylase; DBH: dopamine
β-hydroxylase; PNMT: phenylethanolamine-N-methyltransferase; BH4: tetrahydrobiopterin; 02: molecular
oxygen; VitB6: pyridoxalphosphate; VitC: ascorbate; VMAT: vesicular monoamine transporters;
GR: glucocorticoid receptor.

Dephosphorylation by phosphatase PP2A, and to a lesser extent by PP2C, restores
catecholaminergic inhibition of the TH enzyme [36]. This negative feedback is mediated via
alpha2-adrenergic or D2-dopaminergic receptors, which activate cyclic adenosine monophosphate
(cAMP) or Ca2+/calmodulin-dependent protein phosphatases [27]. Prolonged stimulation of
catecholamine biosynthesis results in induction of TH protein synthesis through several cAMP
dependent pathways activating TH gene transcription [27,34,36,38–40].

Given the importance of its activity to catecholamine synthesis and the complexity of its regulation,
TH has gained great interest in many fields of biomedical research. Recent studies, for example,
have demonstrated the presence of several TH polymorphisms in the general population, some of
which appear associated with increased norepinephrine levels and elevated blood pressure [35,41].

2.1.2. Aromatic L-Amino Acid Decarboxylase

The next step in catecholamine biosynthesis is the decarboxylation of L-DOPA to dopamine
by cytosolic aromatic L-amino acid decarboxylase (AADC; EC 4.1.1.28). For this conversion,
pyridoxalphosphate (vitamin B6) is required as a cofactor [27,42]. AADC is a 100 kDa homodimeric
protein encoded by a single gene located at chromosome 7p12.1 with a Km of 4 × 10−4 mol/L [42,43].
The calculated Km greatly exceeds the endogenous concentration of L-DOPA, which means that
the AADC enzyme is not fully saturated, and the rate at which dopamine can be synthesized is
therefore limited by the availability of L-DOPA as a substrate [42]. The AADC enzyme has a wide
tissue distribution and is not specific for chromaffin cells [42,44].
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Short-term regulation of AADC enzyme activity by a previously postulated mechanism involving
cAMP or phosphorylation by protein kinases seems to play no significant role in the regulation of the
catecholamine biosynthetic pathway in situ [42,45]. The added value of AADC enzyme upregulation
by modulation of gene expression for physiological demands to increase catecholamine production in
postganglionic sympathetic nerve endings remains questionable [45–47].

2.1.3. Dopamine β-hydroxylase

In adrenal chromaffin cells, dopamine is further catalyzed to norepinephrine by dopamine
β-hydroxylase (DBH; EC 1.14.17.1). Because of the intravesicular location of DBH, dopamine first must
be translocated into norepinephrine storage vesicles by vesicular monoamine transporters (VMATs) [11].
The intravesicular conversion of dopamine represents the final step in the biosynthesis of norepinephrine.
DBH, a mixed-function oxidase, is a 290 kDa copper protein with a Km of 8.4 × 10−4 mol/L and utilizes
molecular oxygen, fumarate, and L-ascorbic acid as its main cofactors [27,48,49]. These requirements
for L-ascorbic acid and fumarate are not specific. Catechol (i.e., pyrocatechol or 1,2 dihydroxybenzene)
seems to be a weak substitute for L-ascorbic acid and other activating anions, such as acetate and
chloride, which can replicate the effects of fumarate at least partially [27,48,50–52].

In humans, DBH is encoded by a gene located at chromosome 9q34.2. Increased catecholamine
biosynthesis in response to stress is associated with increased levels of mRNAs encoding catecholamine
synthesizing enzymes. In adrenomedullary chromaffin cells, this response to stress is rapid, especially
for TH and PNMT [39]. Previous studies also revealed upregulation of adrenal DBH gene expression by
various transcriptional mechanisms in response to prolonged or repeated stressors [39,53]. However,
in contrast to TH, short or intermediate duration of stress does not result in a significant increase of
DBH mRNA [39].

2.1.4. Phenylethanolamine-N-Methyltransferase

Norepinephrine formed in the chromaffin vesicles diffuses passively into the cytosol,
where it is converted to epinephrine by the enzyme phenylethanolamine-N-methyl transferase
(PNMT; EC 2.1.1.28) [11,24]. PNMT, which has a predicted molecular weight of 30.9 kDa and a Km
of 9.2 × 10−6 mol/L, requires S-adenosylmethionine as a methyl donor and cosubstrate [27,54,55].
PNMT is not substrate specific and also is involved in the biosynthesis of other N-methylated trace
amines [11,27]. Expression of PNMT is controlled by glucocorticoid receptor-mediated mechanisms,
acting in concert with several other transcription factors such as Egr-1, AP2, Sp1, and MAZ [6,39,56,57].
The proximity of adrenocortical cells to the adrenal medulla guarantees high circulating glucocorticoid
levels, which cross the chromaffin cell membrane through passive diffusion. Glucocorticoid binds to
the intracytoplasmatic glucocorticoid receptor, and the receptor–hormone complex migrates to the cell
nucleus and binds to the glucocorticoid response element of the promoter region of the PNMT gene
located on chromosome 17q12, activating gene transcription [7,58,59]. This explains why the adrenal
gland is the body’s most important source of epinephrine, whereas the expression of extra-adrenal
PNMT is limited to a small number of neurons in the central nervous system and to a subset of
cardiomyocytes [6,60,61].

2.1.5. Co-Secreted Products

Chromaffin cells of the adrenal medulla synthesize a large variety of other substances, such as
neurotransmitters, enzymes, peptides, and proteins, which are also stored in chromaffin vesicles and
co-secreted along with catecholamines [62–64]. Over the past decades, the components of this vesicular
cocktail have been studied in great detail (Table 1).
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Among these substances, chromogranin A and the trophic and secretion stimulating peptides
pituitary adenylate cyclase-activating polypeptide (PACAP), neuropeptide Y (NPY), and adrenomedullin
(AM) have gained the most attention because of their endocrine, paracrine, and autocrine effects,
their importance for vesiculogenesis, and their possible roles in neoplastic chromaffin cell proliferation,
differentiation, and survival, as further discussed below [62–65,101,113,129,157].

2.2. Storage and Secretion of Catecholamines

2.2.1. Storage and Vesicular Transmembrane Dynamics

In adrenomedullary chromaffin cells, catecholamines are stored in specialized vesicles.
The bidirectional vesicular–cytosolic exchange of catecholamines is a dynamic process of active
uptake into these chromaffin storage vesicles and passive leakage from vesicles into the cytosol [3].
After synthesis, dopamine and epinephrine are actively transported from the cytosol into chromaffin
storage vesicles by vesicular monoamine transporters (VMAT1 and VMAT2) [158,159]. The driving
force for this active transport is provided by an ATP-dependent vesicular membrane proton pump that
maintains a transvesicular hydrogen ion (H+) electrochemical gradient by acidifying the vesicle matrix.
Vesicular uptake for catecholamines via VMAT is accompanied by exchange of an H+ ion from the
vesical matrix towards the cytosol [62,160] (Figure 1).

2.2.2. Characteristics of Chromaffin Storage Vesicles

Chromaffin storage vesicles are highly specialized organelles of the chromaffin cells for storage
and exocytosis. These membrane-bound electron-dense organelles originate from the Golgi network
and are 150 to 350 nm in diameter. Each adrenomedullary chromaffin cell contains about 12,000 to
30,000 of these vesicles, corresponding (on average) to 13.5% of the cytoplasmic cell volume [63,65].

The adrenal medulla of some species harbors two distinct populations of chromaffin cells,
which either produce epinephrine or norepinephrine depending on the presence or the absence
of PNMT [3,11,63]. The proportion of epinephrine versus norepinephrine producing chromaffin
cells in the adrenal medulla varies between species, but the adrenergic phenotype usually
predominates [3,6,62,63,161]. This is particularly so in humans, where most chromaffin cells
appear to have mixed function [6,11,62,161,162]. Nevertheless, there are clear ultrastructural
differences between epinephrine and norepinephrine-containing vesicles when studied by electron
microscopy. Epinephrine-containing vesicles are round or elongated in shape and demonstrate
fine granular, medium-density vesicles with a characteristic narrow and uniform peripheral halo,
whereas norepinephrine-containing vesicles demonstrate a high density and homogeneous content with
a limiting membrane, which may be separated from the matrix constituents by a prominent lucent halo.

The mechanisms initiating and regulating the biogenesis of chromaffin vesicles are largely
unknown. It is believed that structural proteins of the granin family, in particular chromogranin A,
have an important role in vesiculogenesis, providing structural domains that drive chromaffin vesicle
formation in the Golgi network. Furthermore, the ability of chromogranin A to bind catecholamines is
thought to regulate stability of the vesicle by reducing osmotic pressure, thereby preventing vesicles
from bursting; it is also thought to protect catecholamines against enzymatic degradation until secretion
is warranted [27,63,65].

After the formation of chromaffin vesicles, maturation continues with catecholamine synthesis
and storage not occurring until late in vesicle formation [63]. Fully matured chromaffin vesicles remain
in the chromaffin cell until stimulation for exocytosis [63,65].

The molecular composition of chromaffin vesicles is complex. Besides catecholamines,
intravesicular contents include a diverse mixture of peptides, proteases, enzymes, and granins
(chromogranins, secretogranins) with a multiplicity of functions (Table 1). The high concentration of
regulatory and modulating peptides and proteins reflects broad endocrine, paracrine, and autocrine
functions of adrenomedullary chromaffin vesicles. The physiological processes modulated by these
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constituents not only involve the fine-tuning of catecholamine biosynthesis and secretion but also
encompass various analgesic, immunomodulatory, antimicrobial, and anti-inflammatory responses to
cell stress [62,63].

2.2.3. Secretion and Re-Uptake of Catecholamines

After exocytosis of storage vesicles and secretion of catecholamines into the bloodstream,
norepinephrine and epinephrine are removed from the circulation by neural and extra-neuronal
monoamine transporters and are inactivated by metabolizing enzymes [163]. The re-uptake mechanism
through the norepinephrine transporter (NET) by catecholamine synthesizing cells is only relevant in
sympathetic postganglionic and central nervous system neurons and provides rapid termination of the
neurotransmitter signal at the postsynaptic membrane and enables recycling of catecholamines for
re-release. NET is not only located presynaptically but also at several extraneuronal sites, including
the adrenal medulla [31,163,164]. The precise function of the NET in the adrenal gland is, however,
not entirely clear. A detailed discussion of reuptake as well as pre- and postsynaptic effects of
catecholamines is beyond the scope of the current review, and for further reading, we refer to the
literature [163,165,166].

2.3. Regulation of Adrenomedullary Activity

2.3.1. Stimulus-Dependent Exocytosis in Adrenal Chromaffin Cells

Exocytosis of chromaffin storage vesicles is a tightly controlled process. Under basal conditions,
only a few secretory vesicles are released into the circulation, resulting in a catecholamine secretion rate
in the order of nanograms per minute [117]. Toxic effects of excessive chronic catecholamine release such
as in heart failure, pulmonary edema, and malignant hypertension have been reported from incessant
circulating catecholamine concentrations of 10−6 mol/L or more, corresponding to the release of 5%
of all adrenomedullary chromaffin vesicles [167]. In acute stress situations, the amount of released
vesicles from the total adrenal gland can be temporarily greatly increased, with plasma catecholamine
concentrations reaching up to 60 times more than normal [117,167]. Well-known stimuli that activate
the exocytotic process are hypoglycaemia, hypovolemia, hypotension, hypoxemia, and severe pain or
emotional distress [3].

The rather complex mechanisms regulating chromaffin cell exocytotic machinery are executed at
neuronal and non-neuronal levels [145,167–169]. It is thought that each adrenomedullary chromaffin
cell receives its own individual neuronal and non-neuronal input [167].

At a neuronal level, adrenomedullary chromaffin cells are innervated by the cholinergic
preganglionic sympathetic fibers of the splanchnic nerve. One single chromaffin cell can receive input
by up to five synapses [170]. Acetylcholine released by these nerve endings predominantly binds
to nicotinic receptors on the chromaffin cell, resulting in membrane depolarization with subsequent
calcium influx followed by stimulation of exocytosis and catecholamine secretion. Cholinergic receptors
of the muscarinic type are also expressed on the chromaffin cell, but their contribution to catecholamine
secretion is less important. Further enhancement of the stimulation–secretion coupling is provided by
propagation of the secretion signal via gap junctions between chromaffin cells formed by connexins,
which are specific proteins involved in cell-to-cell communication. This intercellular communication
can be upregulated in stressful conditions [170]. Besides acetylcholine, splanchnic nerve terminals
also contain PACAP as a neurotransmitter. This neuropeptide is not only stored in chromaffin vesicles
and co-secreted with catecholamines but also acts as an important neurotransmitter at the splanchnic
medullary synapse, where it activates the PACAP-preferring receptor (PAC1-R) on the postsynaptic
membrane of the chromaffin cell. Laboratory experiments have shown that PACAP is only released at
high frequencies of nerve stimulation, which is the firing rate occurring in stress conditions. In contrast
to the acetylcholine evoked catecholamine secretion, adrenomedullary stimulation by PACAP is
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not susceptible to desensitization, which ensures robust catecholamine release under conditions of
continuous stress (Figure 2) [40,130].

Figure 2. Schematic overview of the stimulation–secretion coupling in the adrenomedullary
chromaffin cell with the multiple functionally definable stages and the different secretory pathways.
Abbreviations: ER: endoplasmic reticulum; Ach: acetylcholine; VAMP: vesicle-associated membrane
protein; SNAP: synaptosomal-associated protein; NSF: N-ethylmaleimide Soluble Factor proteins;
CADPS: Ca2+ dependent secretion activator; CALM: calmodulin; PACAP: pituitary adenylate
cyclase-activating polypeptide; PAC1 receptor: PACAP-preferring receptor; GR: glucocorticoid receptor.

Non-neuronal regulation of exocytosis occurs predominantly through autocrine or paracrine
routes. As a result, cellular catecholamine secretion is partially under the influence of the exocytotic
activity of neighboring chromaffin cells [167]. Furthermore, both lipopolysaccharide and cytokine
receptors were recently demonstrated on chromaffin cells, pointing towards a role of the adrenal
medulla in the complex regulation of the inflammatory stress response [40].

In general, the exocytotic secretion of vesicular contents of adrenomedullary chromaffin cells can be
achieved via regulated and constitutive secretory pathways. The regulated secretory pathway provides
the principle mechanism responsible for controlled release of catecholamines and is calcium-dependent
and responsive to both neuronal and non-neuronal input. In contrast, the constitutive secretory
pathway, which is calcium-independent, is mainly unresponsive to neuronal and non-neuronal input.
The principal function of the constitutive secretory pathway is thought to be the transport of proteins
and macromolecules to the cell surface for purposes of membrane maintenance and support of the
extracellular matrix. In addition, this pathway may also contribute to basal release of catecholamines
(Figure 2) [145,169].

2.3.2. Neuronal Regulation of the Calcium-Dependent Catecholamine Secretory Pathway

In recent years, considerable progress has been made in unravelling the complex molecular
background and the functional elements of the highly regulated exocytotic machinery in
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adrenomedullary chromaffin cells (Figure 2) [145,171,172]. Release of acetylcholine by the splanchnic
nerve activates the nicotinic receptor on chromaffin cells, resulting in opening of the ionophoric part
of the receptor protein, thereby allowing the entry of extracellular sodium (Na+) and calcium (Ca2+).
This generates a small membrane depolarization, resulting in the opening of voltage dependent Na+

channels. The subsequent Na+ influx results in a large membrane depolarization, which opens various
types of voltage dependent Ca2+ channels [167].

The distribution of the different calcium channel subtypes is species specific. The P/Q-type calcium
channel predominates in human adrenomedullary chromaffin cells [167,171,172]. As a consequence of
elevated intracellular Ca2+ concentrations, the exocytotic machinery and the regulatory components
for vesicular exocytosis are activated, which occurs through a pathway consisting of secretory vesicle
recruitment, docking, priming, and fusion with the plasma membrane. Priming is the process in which
secretory vesicles become fusion competent [167,172]. First, Ca2+ influx leads to dismantling of the
cortical actin cytoskeleton of the chromaffin cell, a dynamic network of numerous cytoplasmic proteins
located on the inner face of the chromaffin cell membrane [173]. Although this can be activated without
Ca2+, this is mainly an ATP and a Ca2+ dependent step, as are recruitment, tethering, and docking of
the vesicles.

Fusion, release, and retrieval of vesicles can be triggered by Ca2+ in the absence of ATP [145,174].
Various soluble and membrane-bound proteins are involved in the complex protein–protein interactions
underlying membrane trafficking and fusion. Key components of this process are N-ethylmaleimide
soluble factor proteins (soluble cytosolic NSF), soluble NSF attachment proteins (SNAPs), and soluble
NSF attachment receptor proteins (SNAREs). The vesicle-associated membrane protein (VAMP or
synaptobrevin) and the calcium binding protein synaptotagmin are SNAREs located at the secretory
vesicle membrane. The synaptosomal-associated protein 25 (SNAP-25) and syntaxin are SNAREs
acting on the chromaffin cell plasma membrane [145,167,172]. The complex formed by chromaffin
vesicle SNAREs (VAMP, synaptotagmin), the chromaffin cell membrane SNAREs (syntaxin, SNAP-25),
and the cytosolic proteins (NSF) is thought to provide the primary molecular machinery responsible
for the docking and the fusion of synaptic vesicles at the chromaffin cell plasma membrane
(Figure 2) [174]. Furthermore, it is believed that NSF and SNAPs have multiple sites of actions
on SNARE proteins. Besides pre-docking actions and their function as molecular chaperones in SNARE
priming, they also act on SNAREs post-fusion to facilitate vesicle retrieval and allow recycling of empty
vesicles [145,167,172,174].

Apart from NSF, SNAPs, and SNAREs, several other proteins are involved in calcium
triggered exocytosis. Proposed candidates are the stabilizing protein Munc18-1, the calcium
transducer calmodulin (CALM), the Ca2+ dependent secretion activator (CAPS), rabphilin,
and annexins [169,172,174]. Rabphilin3A is a small GTP-ase, which acts as a molecular switch,
thereby determining the sensitivity of secretory vesicles for docking and fusion. Overexpression of
rabphilin3A has been found to inhibit exocytosis in adrenomedullary chromaffin cells and probably
protects against spontaneous exocytosis under basal conditions [175]. Annexins have the ability to
form cross-links between secretory vesicles and the plasma membrane by a functional interplay with
SNAREs during exocytosis [145,169,176–178].

2.3.3. Non-Neuronal Regulation of Catecholamine Secretion

Along with catecholamines, the adrenal medulla synthesizes and releases numerous
enzymes, peptides, and proteins that exert various trophic and neurotransmitter activities,
which provide fine-tuning of catecholamine synthesis and secretion in an autocrine and
a paracrine manner [62–65,101,111,113,117,118,129,157] (Table 1). We discuss here in more detail
neuropeptide Y (NPY), adrenomedullin (AM), PACAP, and the secretion-inhibiting peptide
catestatin [101,111,117,118,129]. These peptides modulate chromaffin cell function through a variety of
membrane receptors, the vast majority of which belong to the family of G protein-coupled receptors
(GPCRs) [117].
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Neuropeptide Y is a 36-amino acid neuropeptide, which is widely and abundantly distributed in
the brain and the sympathetic nervous system, including the human adrenal medulla. Several NPY
receptors (i.e., Y1, Y2, Y4, and Y5) are expressed in the adrenal gland, indicating that NPY exerts local
autocrine effects. It has been shown that NPY is able to stimulate catecholamine secretion by inducing
TH expression and increasing intracellular calcium [63,101,117,118,129,179].

Adrenomedullin (AM) is a 52-amino acid peptide originally isolated from a human
pheochromocytoma and also is present at high concentrations in the normal adrenal
medulla [101,117,129]. AM demonstrates autocrine and paracrine effects through binding to the
adrenomedullin receptor (ADMR), the receptor dog cDNA (RDC1), and the calcitonin receptor-like
receptor (CRLR), which results in augmentation of the adrenal blood flow and stimulation of
catecholamine release. In addition, the endocrine effects of AM include systemic vasodilatation
and stimulation of natriuresis [63,101,117,129].

As previously mentioned, PACAP not only acts as a neurotransmitter released by the splanchnic
nerve but is also co-secreted with catecholamines, exerting its effects by binding to the PACAP-preferring
receptor (PAC1-R) and VIP/PACAP receptors (VPAC1-R and VPAC2-R), the former representing the
predominant receptor in chromaffin cells (Figure 2) [101,117,129]. PACAP, a neuropeptide of 27 or
38 amino acids, enhances catecholamine secretion by induction of transcription as well as stimulating
the activity of the biosynthetic enzymes TH, DBH, and PNMT [101]. In normal adrenal medullary
chromaffin cells, PACAP also stimulates the expression and the secretion of several other peptides,
such as brain natriuretic peptide, enkephalins, EM66, and secretoneurin, which in turn exert their own
individual autocrine/paracrine effects on catecholamine secretion [40,63,101,117,129,130].

Catestatin is a biologically active peptide fragment derived from proteolytic chromogranin
A cleavage [63]. Catestatin acts mainly as a noncompetitive nicotinic cholinergic antagonist,
thus providing a strong negative feedback inhibition of catecholamine secretion [111,112].

3. Pheochromocytoma and Paraganglioma

From a genetic perspective, pheochromocytomas and paragangliomas (PPGL) have one of the
richest hereditary backgrounds among all neoplasms. At least 35—perhaps up to 40%—of all PPGL
harbor a germline pathogenic variant in one of the several susceptibility genes [180–184]. Initial gene
expression profiling studies by Dahia et al. in 2005 [185] revealed two cluster groups, designated
cluster 1 and cluster 2, that reflected respective activation of pseudohypoxia and kinase signaling
pathways. Those different gene expression signatures matched closely to those reported in an earlier
study for norepinephrine- versus epinephrine-producing sporadic tumors and tumors from patients
with von-Hippel Lindau (VHL) syndrome and multiple endocrine neoplasia type 2 (MEN2) [186].
The molecular characterization from The Cancer Genome Atlas (TCGA) project has more recently
provided a sophisticated molecular taxonomy of PPGL, which divides these neuroendocrine tumors
into groups with similar pathogenesis and molecular biology and provides an up-to-date framework
(Figure 3) [187–189]. The recent identification of newly recognized somatic mutations in the driver
genes, Cold shock domain-containing E1 (CSDE1) and Mastermind-like transcriptional coactivator 3 (MAML3),
could add a third cluster—i.e., the Wnt altered group [187]—to the original classification of Dahia et al.
of 2005 [185]. This cluster 3 is associated with an abnormal activation of the Wnt-signaling pathway.

Cluster 1, the pseudohypoxia group, can be subdivided into a tricarboxylic acid (TCA) cycle-
and a VHL/EPAS1 related group. The TCA cycle-related subgroup consists of germline pathogenic
variants in genes encoding fumarate hydratase (FH) or one of the succinate dehydrogenase (SDH)
subunits A, B, C, D, or the complex assembly factor 2 (AF2). Germline pathogenic variants in Malate
Dehydrogenase 2 (MDH2) and somatic mutations in Isocitrate Dehydrogenase type 2 (IDH2) genes also
can be categorized in this subgroup [190,191]. The VHL/EPAS1-related subgroup consists of germline
and somatic pathogenic variants in the genes VHL and EPAS1 [encoding the hypoxia inducible factor
2α (HIF2α) protein] [192]. In addition, it was proposed that mutations in genes encoding prolyl
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hydroxylase 1 (PHD1, also known as egl nine homolog 2; EGLN2) and iron regulatory protein 1 (IRP1)
should also be considered as members of this subgroup [193].

Figure 3. The Pseudohypoxia group (cluster I) divided into two subgroups: tricarboxylic acid (TCA)
cycle related, containing germline pathogenic variants in succinate dehydrogenase subunits SDHA,
SDHB, SDHC, and SDHD as well as SDHAF2 (SDHx), assembly factor for the succinate dehydrogenase
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complex, and FH, a second enzyme in the tricarboxylic acid (TCA) cycle. The second subgroup:
VHL/EPAS1—related with somatic and germline pathogenic variants. Pathogenic variants in three
additional genes encoding for malate dehydrogenase 2 (MDH2), prolyl hydroxylase 1 (PHD1, also known
as egl nine homolog 2; EGLN2), and iron regulatory protein 1 (IRP1) were not included previously in the
molecular classification by TCGA but were recently discovered. Based on their signaling pathways, it is
believed that these new genes should be included as part of the cluster I pseudohypoxia group because
MDH2 is part of to the TCA cycle and both PDH1 and IRP1 belong to the VHL/EPAS1 related subgroup.
Cluster I is characterized by the expression of genes involved in the “hypoxic response”, resulting in a
“pseudo-hypoxic” phenotype with uncontrolled expression of HIF1α regulated genes such as VEGF.
HIF1α regulates the transcription of genes associated with tumorigenesis and angiogenesis. Wnt altered
signaling group (cluster III) consists of newly recognized somatic mutations in CSDE1 as well as somatic
gene fusions affecting MAML3. This group exclusively consists of somatic mutations that activate the
Wnt pathway, which is not activated under normal conditions. Wnt signaling and therefore increased
expression of β-catenin is associated with a poorer prognosis and a higher metastatic potential of
tumors. There is still much unknown about this group. Kinase signaling group (Cluster II) consists of
germline or somatic pathogenic variants in the driver genes RET, NF1, TMEM127, MAX, and HRAS.
This cluster is characterized by an increased activation of the MAP kinase and the P13K/AKT pathways,
which results in an increased expression of genes involved in protein synthesis, kinase signaling,
endocytosis, and preservation of differentiated/mature chromaffin cell catecholamine biosynthetic
machinery. MAX mutated tumors are an exception, since they show an intermediate catecholamine
biochemical phenotype with detectable expression of PNMT and some production of epinephrine.
MAX is a distinct sub-cluster of the kinase signaling group and was recently proposed to be possibly
redivided in a new group, the cortical admixture group [187–189,193].

Cluster 2 related mutations are associated with abnormal kinase signaling pathways and include
germline or somatic pathogenic variants in genes encoding for rearranged-during-transfection (RET),
neurofibromin (NF1), transmembrane protein 127 (TMEM127), MYC-associated factor X (MAX),
and Harvey rat sarcoma proto-oncogene (H-RAS) [193,194].

Each of these clusters is associated with unique downstream signaling pathways, which correspond
to certain clinical features and offer potential targets for future diagnostic, therapeutic, and prognostic
purposes (Figure 3).

The hallmark of pheochromocytomas and sympathetic paragangliomas is their ability to
secrete catecholamines in an uncontrolled fashion compared to normal adrenomedullary chromaffin
cells. Unlike normal adrenomedullary chromaffin cells, chromaffin tumor cells are not innervated,
and catecholamine secretion is therefore not stimulated by the previously described neuronal
stimuli [195]. Theoretically, and as discussed below, the hypersecretion of catecholamines could
be explained by various perturbations of the molecular machinery involved in their biosynthesis,
secretion, and metabolism.

3.1. Increased Biosynthesis of Catecholamines

The most obvious explanation for the hypersecretion of catecholamines by pheochromocytomas
is the increased number of cells able to produce and secrete catecholamines. There are limited
data on the tissue concentration of catecholamines in normal adrenal medulla as compared with
pheochromocytoma, demonstrating either no difference or a higher content of epinephrine in the
latter [88,195]. At the cellular level, there is evidence of an upregulation of expression and activity
of the biosynthetic enzymes. In particular, Jarrot et al. [89] described in 1977 that the activity of
TH, AADC, and DBH was enhanced in human pheochromocytoma compared to normal human
adrenal medulla tissue specimens. These early observations were subsequently supported by several
immunohistochemical studies [196–201].

Isobe et al. demonstrated that pheochromocytoma cells contained increased levels of mRNA
encoding TH, AADC, and DBH compared to normal adrenal medulla [88]. They also found
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a strong positive correlation between TH mRNA concentration and total catecholamine content
in pheochromocytomas that was absent in normal adrenal medulla tissue. Moreover, they found lower
concentrations of PNMT mRNA in pheochromocytoma compared to normal adrenal medulla [88],
which might be explained, in part, by lower concentrations of cortisol reaching tumor tissues [88,202].
Of interest, Kimura et al. [196] demonstrated that PNMT immunoreactivity was limited to the mixed
epinephrine and norepinephrine producing pheochromocytomas, and tumor cells with PNMT tended
to be located close to the adrenal cortex.

All above referenced studies involving comparisons of pheochromocytoma tissue with normal
adrenal medulla must be interpreted cautiously since it is difficult to isolate normal adrenal
medullary from cortical tissue and thereby establish true differences between normal and tumor
cells [203]. What is clear is that catecholamine contents of pheochromocytoma or paraganglioma tumor
tissue are highly variable, both in terms of total amounts and relative content of norepinephrine and
epinephrine [195,199,204]. Most tumors produce relatively low amounts of dopamine, but there
are exceptions, usually isolated paragangliomas presumably lacking significant expression of
DBH [205–207].

3.1.1. Relationship between Genotype and Catecholamine Biochemical Phenotype

Mutation-dependent differentiation of the chromaffin progenitor cells influences the expression
of the biosynthetic enzymes, which leads to distinct phenotypic features of the tumors [206].
Three biochemical phenotypes can be distinguished, i.e., noradrenergic, adrenergic, and dopaminergic,
based on the main catecholamines that are produced. Typical pheochromocytomas produce both
norepinephrine and epinephrine in variable proportions. A small subset of PPGL is biochemically
silent, and almost all of these are paragangliomas [208,209].

The two gene expression clusters (cluster 1 and 2) described earlier are not only characterized by
distinct patterns of gene activation but also distinct catecholamine biochemical phenotypes [186,207,210].
Cluster 2 tumors due to somatic and/or germline NF1, RET, TMEM127, MAX, and HRAS pathogenic
variants, which are characterized by activated kinase and protein translation signaling pathways,
almost always originate in the adrenals and produce epinephrine due to expression of PNMT. They have
more mature catecholamine secretory pathways and phenotypic features [186,207,210] and also tend
to develop later in life than tumors due to cluster 1 mutations.

In contrast, cluster 1 tumors with the pseudohypoxic phenotype due to germline pathogenic
variants of VHL, SDHx, FH, and somatic mutations of EPAS1 (HIF2α) occur with variable frequencies
at extra-adrenal or adrenal locations and show negligible epinephrine production due to near absent
expression of PNMT [186,187,207,210]. This is also independent of their adrenal or extra-adrenal
locations due to hypermethylation of the PNMT promoter [211]. The underlying pseudohypoxic
phenotype of cluster 1 tumors is due to HIF stabilization, and it appears that it is the stabilization
of HIF2α that is more important than that of HIF1α for the distinct phenotypic features of cluster
1 compared to cluster 2 chromaffin cell tumors [186,212–215]. Indeed, HIF2α was identified in 2004 as
a key differentially expressed gene, which is more highly expressed in noradrenergic tumors compared to
adrenergic tumors, where its expression is essentially absent [186]. Mechanistic studies by Qin et al. [215]
showed that expression and the stabilization of HIF2α in chromaffin cells that normally expressed
PNMT and produced epinephrine resulted in complete suppression of steroid-induced induction of
PNMT. Since HIF2α is expressed transiently in chromaffin progenitors during embryogenesis [216–218],
it is possible that HIF2α stabilization may promote a noradrenergic rather than an adrenergic phenotype.
This concept is supported by findings that transgenic mice with mutations that stabilize HIF2α are
characterized by adrenals that express less PNMT and produce more norepinephrine than epinephrine
compared to adrenals of wild type mice [219].

Thus, it seems that cluster 1 adrenal tumors arise from chromaffin progenitors in which both
transcriptional expression of HIF2α and stabilization of the translated HIF2α protein blocks the effects
of steroids produced locally by cortical cells, explaining why these tumors in the end do not produce
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epinephrine. Such influences occurring during embryogenesis could also be responsible for the younger
age of presentation of patients with cluster 1 compared to cluster 2 tumors as well as their propensity
for a multifocal presentation [211].

The effect of HIF2α to block steroid induced expression of PNMT and other genes is suggested
to involve a mechanism involving the MYC/MAX complex and MYC-mediated control of gene
transcription [215]. A role of MAX is indicated by the demonstration that, in rat PC12 pheochromocytoma
cells, which lack a functional MAX gene, re-expression of MAX facilitates return of steroid-induced
PNMT expression. In contrast, silencing MAX in pheochromocytoma cells that express PNMT results
in attenuated steroid-induced PNMT [215]. This provides a potential point of intersection for almost
all upstream tumor susceptibility genes and also explains the catecholamine biochemical phenotype
of MAX-mutated pheochromocytomas, which express some PNMT and produce some epinephrine,
though in amounts that lie in between cluster 1 and cluster 2 tumors [207,220].

3.1.2. Relationship between Genotype and Catecholamine Secretory Pathways

The two distinct genetic clusters seem to be not only associated with differences in biochemical
profile but also with variations in secretory processes. For example, data derived from microarrays and
proteomics have shown reduced expression of various components of the regulated secretory pathway
(e.g., SNAP25, syntaxin, rabphilin 3A, annexin) in VHL-related pheochromocytomas compared to
RET-related pheochromocytomas [169]. In addition, the rate constant for baseline catecholamine
secretion was found to be 20-fold higher in VHL- than in RET-related pheochromocytoma. Moreover,
only in RET-mutated tumors catecholamine, secretion was shown to be responsive to glucagon.
These observations suggest that catecholamine secretion in VHL-associated pheochromocytomas
exhibits more constitutive-like continuous secretory characteristics, whereas in RET-associated
pheochromocytomas, secretion still is constrained by expression of many components of the regulated
secretory pathway. Thus, differences in the molecular machinery underlying catecholamine exocytosis
may explain the more paroxysmal nature of symptoms and signs in patients with MEN2 as compared to
those with the VHL syndrome. In addition, it was demonstrated that the expression of VMAT1 mRNA
was significantly higher in pheochromocytomas from VHL compared to MEN2 patients [164,189].
In addition, higher levels of VMAT1 correlated with lower tumor tissue contents of catecholamines
and lower numbers of catecholamine containing vesicles, which likely reflects the higher turnover of
catecholamines in noradrenergic VHL-related compared to adrenergic pheochromocytomas [164].

3.2. Alterations in Chromaffin Cell Pathways Associated with Metastatic Pheochromocytoma
and Paraganglioma

3.2.1. Clinical Features and Risk Factors

The majority of PPGLs are characterized by a benign clinical course. In 10–15% of cases, however,
metastases are present at diagnosis or will develop during follow-up. The most common metastatic sites
for chromaffin cell tumors are local lymph nodes, bone, liver, and lung [221]. At the moment, there are
no discriminative histopathological features by which the biological behavior of a pheochromocytoma
or a paraganglioma can be assessed or predicted reliably [222–225]. Therefore, the most recent WHO
Classification of Endocrine Organs states that all chromaffin cell tumors are considered to have
metastatic potential for which long-term follow-up of patients is required, even after successful
resection of a pheochromocytoma or a paraganglioma [221].

Several clinical risk factors have been identified that confer an increased risk for development of
metastatic disease. Large size (in general > 5 cm) and extra-adrenal location of the primary tumor are
associated with metastatic disease [226–230]. Although representing about 20% of the chromaffin cell
tumors, sympathetic paragangliomas are the primary source for about 60% of cases with metastatic
PPGL [229].
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Germline pathogenic variants of the SDHB gene are present in a relatively high frequency of 8–10%
in patients with a PPGL [184]. Large cohort studies targeted at the genotype–phenotype relationship
have shown that, in particular carriers of an SDHB germline, pathogenic variants have an increased
risk of metastatic PPGL [184,230–232]. Typical SDHB related PPGLs occur at a younger age and arise
more frequently in extra-adrenal locations [233]. A possible increased predisposition to metastatic
disease has been suggested for rare germline pathogenic variants in FH [234], SLC25A11 [235], SDHA,
and TMEM127 [236], although the number of cases is quite low, making the association difficult
to confirm.

In addition to size and location of the PPGL and the presence of certain germline mutations,
the risk of metastatic disease is also increased in association with certain alterations in the biochemical
profile [237]. In particular, plasma concentrations of dopamine and its metabolite 3-methoxytyramine
are significantly higher in patients with metastatic PPGL compared to those with non-metastatic
disease [237,238]. Most patients with metastatic PPGLs demonstrate a noradrenergic profile with
elevated plasma levels of both norepinephrine and normetanephrine, with concomitant lack of or
negligible relative increases in plasma concentrations of epinephrine and metanephrine compared to
subjects without metastatic disease [237,239]. In a relatively large series of patients with metastatic
PPGL, only a minority (11%) of patients had an adrenergic phenotype. Of note, none of these patients
had a SDHB-related pheochromocytoma or paraganglioma [240]. The biochemical profile has also
been linked to prognosis, as it was shown that patients with elevated plasma levels of dopamine and
norepinephrine had a faster progression of their disease [239].

3.2.2. Molecular Alterations in SDHx-Related PPGL and Their Effect on Catecholamine Biosynthesis

The SDH complex is a hetero-tetrameric mitochondrial enzyme that consists of two catalytic
subunits (SDHA and SDHB) and two membrane-anchoring subunits (SDHC and SDHD). SDH catalyzes
the oxidation of succinate to fumarate in the TCA cycle and transfers electrons to the ubiquinone
(coenzyme Q) pool in the respiratory chain. SDH assembly factor (SDHAF) is required for the flavination
of SDHA, an essential step in formation of the SDH complex.

SDH deficiency leads to the accumulation of succinate, which has structural similarity to
2-ketoglutarate. Succinate is therefore able to act as a competitive inhibitor of 2-ketogluarate-dependent
dioxygenases, which include prolyl hydroxylase domain proteins (PHDs), ten-eleven translocation
(TET) enzymes, and jumonji-domain histone demethylases (JmjC) demethylases [241,242]. This results
in hypermethylation of CpG (cytosine preceding guanine) islands, regions within the genome that are
common in promoter sites rich in CpG dinucleotides. Succinate is a typical example of an oncometabolite,
a metabolite that abnormally accumulates in cancer cells as a result of a defective gene encoding the
corresponding enzyme, thereby modifying signaling pathways and epigenetic regulation mechanisms.
In the study by Letouzé et al. [211], the level of hypermethylation was significantly higher in SDHB
compared to other SDHx mutated tumors. Of interest, it was shown that succinate:fumarate ratios were
higher in tumor tissue derived from patients with a SDHB pathogenic variant as compared from those
with a SDHC/D pathogenic variant [243]. This suggests that functional activity of the SDH complex
is most disrupted in the case of mutations of the SDHB subunit, resulting in higher intracellular
concentrations of oncometabolites and a concurrent higher metastatic risk.

PHDs are involved in the inactivation of the HIF, a heterodimer that consists of two subunits, one α
subunit and one β subunit. There are two different α-subunits (HIF1α and HIF2α) and two different β
subunits (HIF1 β and aryl hydrocarbon receptor nuclear translocator ARNT2). The β subunits are
constitutively expressed, whereas HIF1α and HIF2α are inactivated in the presence of oxygen through
hydroxylation by PHDs and subsequent degradation by the VHL–ubiquitination complex (pVHL).
The hydroxylation reaction performed by the PHDs requires oxygen and α-ketoglutarate as substrates
as well as iron and ascorbate as cofactors [244].

Thus, PHD is inactive in the presence of hypoxia, resulting in stabilization of HIFα. The unmodified
HIFα molecule translocates to the nucleus, where it forms a transcriptionally active heterodimer
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together with a HIFβ subunit, which is able to stimulate various target genes involved in angiogenesis,
energy metabolism, and cell survival.

The epigenetic modifications are thought to play an important role in tumorigenesis by deregulating
gene expression of key genes. Methylome analysis of a large PPGL cohort demonstrated a clear
hypermethylator phenotype in the SDHx-related tumors [211].

Besides the PNMT gene, three other genes involved in the catecholamine pathway were also
found to be hypermethylated, i.e., DRD2, NPY, and SLC6A2 [211]. Transcription of DRD2 results in the
synthesis of the D2-dopamine receptor, and the SLC6A2 gene or solute carrier family 6, member 2 gene
encodes the norepinephrine transporter (NET) responsible for reuptake of norepinephrine into
presynaptic nerve terminals.

3.2.3. Relationship between Other Components of the Exocytotic Machinery and Metastatic Disease

The co-secreted neuropeptides neuropeptide Y, adrenomedullin, and PACAP are overexpressed
in pheochromocytomas and stimulate catecholamine release [129]. These neuropeptides have also
been implicated in influencing cell survival and tumor growth of PPGLs (Table 1) [119,120,129].
High expression levels of the adrenomedullin receptor RDC1 were demonstrated in a small series
of metastatic PPGL. Overexpression of the adrenomedullin receptor RDC1 has been described in
several cancers and has been found to be associated with invasiveness, survival, proliferation, and
neo-angiogenesis [129]. These observations suggest a pathophysiological role of the adrenomedullin
receptor RDC1 in metastatic PPGL.

Recently, overexpression of LAT-1, and to a lesser extent of LAT-2, has been demonstrated in
pheochromocytoma. Moreover, LAT-1 overexpression was strongly correlated with higher levels of
urinary catecholamine excretion. It seems plausible that this enhanced expression of LAT is required to
ensure a sufficient supply of tyrosine as substrate for the increased catecholamine synthesis. Of interest,
LAT-1 expression has been described as a poor prognostic marker in various malignancies, including
lung, pancreas, breast, and hepatocellular cancer [245]. It is currently unknown whether LAT expression
has any prognostic value in PPGL [246–249].

Connexins (Cx) are the specialized proteins of gap junctions, and these structures play an
important role in cell proliferation and differentiation as well as in carcinogenesis. The connexion
family consists of 21 different proteins, and it has been demonstrated that the expression pattern of
connexins in pheochromocytomas is different from normal adrenal medulla tissue [170,250]. In addition,
the expression of Cx50 was lower in metastatic as compared to benign pheochromocytomas [250].
However, data on the association between connexion expression pattern and biological behavior of
pheochromocytomas are very limited.

In summary, our understanding of the intracellular molecular intricacies associated with metastatic
PPGL has greatly improved in recent years. Although elucidation of these pathways is still incomplete,
research of the genome–metabolome–phenotype relationship has already generated exciting and
clinically important information of these rare neuro-endocrine tumors.

4. Conclusions and Future Perspectives

In conclusion, our increased knowledge of catecholamine synthesis, secretion, and regulation
has improved our understanding of chromaffin cell tumorigenesis. Disregulation of these pathways
is evident in pheochromocytomas and paragangliomas and varies between the different genomic
backgrounds of the tumors. For example, the differences in PNMT, VMAT, RDC1, and LAT1 expression
may signify a difference in cellular dedifferentiation, making certain tumors more aggressive.
In addition, substances such as neuropeptide Y, PACAP, EM66, bombesin, and connexins might
be differentially expressed by benign and metatstatic PPGL. These potential prognostic biomarkers
will need to be examined in larger and more broad cohorts of PPGLs and in prospective studies to
determine their true potential utility as prognostic markers. Moreover, further studies of chromaffin
cell products with an unknown role in PPGL (Table 1) might also reveal clinically useful information.
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Future research will continue to provide novel and relevant information that will enhance our
current knowledge with respect to both the physiology and the pathophysiology of the chromaffin cell.
To this end, an integrative and translational approach is required by combining clinical information
with (epi)genomics, transcriptomics, and metabolomics. Such new information could, for example,
elucidate the precise relationship between the net effect of the mixture of substances that are co-secreted
with catecholamines and the clinical picture. In addition, it would allow better discrimination between
benign and potentially metastatic PPGL at the time of initial diagnosis. Moreover, improved insight into
the molecular pathways that drive the transformation of the normal chromaffin cell into the malignant
chromaffin cell will also offer novel targets for treatment that hopefully will provide a definitive cure
for these rare metastatic neuroendocrine tumors in the future.
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Abstract: Pheochromocytomas and paragangliomas (PPGL) are rare neuroendocrine tumors that
show the highest heritability of all human neoplasms and represent a paradoxical example of genetic
heterogeneity. Amongst the elevated number of genes involved in the hereditary predisposition to
the disease (at least nineteen) there are eleven tricarboxylic acid (TCA) cycle-related genes, some of
which are also involved in the development of congenital recessive neurological disorders and other
cancers such as cutaneous and uterine leiomyomas, gastrointestinal tumors and renal cancer. Somatic
or germline mutation of genes encoding enzymes catalyzing pivotal steps of the TCA cycle not only
disrupts cellular respiration, but also causes severe alterations in mitochondrial metabolite pools.
These latter alterations lead to aberrant accumulation of “oncometabolites” that, in the end, may lead
to deregulation of the metabolic adaptation of cells to hypoxia, inhibition of the DNA repair processes
and overall pathological changes in gene expression. In this review, we will address the TCA cycle
mutations leading to the development of PPGL, and we will discuss the relevance of these mutations
for the transformation of neural crest-derived cells and potential therapeutic approaches based on the
emerging knowledge of underlying molecular alterations.

Keywords: pheochromocytoma; paraganglioma; TCA cycle; germline mutation

1. Metabolism and Cancer

Almost a century ago, Nobel Prize winner Otto Warburg described how cancer cells can reprogram
glucose metabolism by dramatically increasing the rate of glucose uptake, which is fermented to
produce lactate even in the presence of oxygen and fully functioning mitochondria [1]. This observation
suggested that defects in mitochondrial respiration could be the underlying cause of cancer. Although
this aerobic glycolytic mechanism, known as the Warburg effect, has been studied extensively, its
benefits for cell growth and survival are not well understood. In fact, nowadays it is more accepted
that genetic events occurring in cancer cells are the cause of the alterations in metabolism observed by
Warburg in the 1920s. At the beginning of the 21st century, the first mutations in the SDHD gene were
reported, providing for the first time a link between germline alterations in a metabolic gene and the
development of cancer, and demonstrating how disruption of mitochondrial respiration may lead to
tumor development [2]. Moreover, the description of the first germline mutations in the SDHD gene in
patients with hereditary pheochromocytoma (PCC) and paraganglioma (PGL) (together referred to as
PPGL) marked a milestone in the study of this rare disease.

Cancers 2019, 11, 683; doi:10.3390/cancers11050683 www.mdpi.com/journal/cancers278
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2. Germline or Somatic Disruption of the Tricarboxylic Acid (TCA) Cycle Leads to PPGL
Development

For a long time it was thought that the tricarboxylic acid (TCA) cycle was so crucial to the
metabolism of living cells that any significant defect, including mutations affecting the pivotal
enzymatic activities, would be highly unlikely and probably incompatible with life. To date, thirteen
TCA cycle-related genes have been described to be involved in the development of different cancers such
as cutaneous and uterine leiomyomas, gastrointestinal tumors, gliomas, renal cancer, and especially
PPGL. Thus, ~23% of PPGLs are found carrying mutations in genes encoding energy metabolism
enzymes such as the succinate dehydrogenase (SDH) subunits (SDHx genes), fumarate hydratase
or fumarase (FH), malate dehydrogenase 2 (MDH2), isocitrate dehydrogenases 1 (cytosolic), 2 and
3 (IDH1/2/3), glutamic-oxaloacetic transaminase 2 (GOT2) and solute carrier family 25 member 11
(SLC25A11) (Figure 1).

Figure 1. Schematic representation of the enzymes and mitochondrial metabolic pathways, tricarboxylic
acid (TCA) cycle, malate/aspartate shuttle, nicotinamide adenine dinucleotide (NADH) exchange
and metabolite efflux from the mitochondria, involved in pheochromocytoma and paraganglioma
(PPGL) development and/or neurodegenerative disorders. Enzymes reported as altered in PPGL
are denoted in red capital letters. Enzymes involved in neurodegenerative disorders are denoted
with an asterisk. SLC25A11: solute carrier family 25 member 11; SLC25A12/SLC25A13: carriers
solute carrier family 25 members 12/13; SLC25A1: solute carrier family 25 member 1; SLC25A19:
solute carrier family 25 member 19; GOT2: mitochondrial glutamic-oxaloacetic transaminase 2; FH:
fumarate hydratase; MDH2: mitochondrial malate dehydrogenase; CS: citrate synthase; ACO2:
mitochondrial aconitase; IDH2: isocitrate dehydrogenase 2; IDH3A/IDH3B/IDH3G: subunits of
isocitrate dehydrogenase 3; L2HGDH: L-2-hydroxyglutarate dehydrogenase; OGDH/DLD/DLST:
subunits of the αKG (alpha-ketoglutarate) dehydrogenase complex; SUCLA2/SUCLG1/SUCLG2:
subunits of succinyl-CoA synthetase; SDHA/B/C/D: subunits of the succinate dehydrogenase
complex; SDHAF1/SDHAF2: succinate dehydrogenase assembly factors; αKG: α-ketoglutarate; TPP:
thiamine pyrophosphate.
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PPGLs are neuroendocrine tumors derived from chromaffin cells of the adrenal medulla and
from neural crest progenitors of extra-adrenal paraganglia. Sympathetic PPGLs, including PCC and
thoracic-abdominal-pelvic (TAP) PGLs, are mostly catecholamine-producing tumors, whereas those
derived from parasympathetic paraganglia, mainly located in the head and neck (H&N) region, are
non-secreting tumors. Although PPGLs are predominantly benign and patients can be cured by
surgical removal of these tumors, they present a significant morbidity and mortality due to the clinical
aggressiveness of metastatic tumors (especially those carrying mutations in TCA cycle-related genes),
for which therapeutic options remain scarce. To note, PPGL is considered a very rare disease with an
incidence of 2–8 patients per million per year (1000–2000 new cases diagnosed worldwide every year).
Therefore, the discovery of new susceptibility genes involved in hereditary predisposition to develop
metastatic PPGLs, which is crucial for genetic counseling, guiding follow-up and developing targeted
therapies, has only been possible through the joint efforts of many groups studying this extremely
rare disease.

3. SDH Genes and PPGL

Germline loss-of-function mutations in SDHA, SDHB, SDHC, SDHD and SDHAF2 (together
accounting for 20% of all PPGLs) cause the well-characterized familial PGL syndromes known as
PGL5 [3], PGL4 [4], PGL3 [5], PGL1 [2] and PGL2 [6], respectively (Table 1). Additional solid tumors
such as gastrointestinal stromal tumors (GISTs) [7], clear cell renal cell carcinomas (ccRCCs) [8] and
pituitary adenomas (PAs) [9] have been associated, albeit rarely, with these familial PGL syndromes [10].

The SDH enzyme complex is a hetero-oligomer that comprises four structural subunits: two
hydrophilic catalytic subunits, SDHA and SDHB, and two hydrophobic subunits that anchor the
catalytic ones to the inner mitochondrial membrane, SDHC and SDHD. The fifth SDH gene associated
with PPGL development, SDHAF2, encodes a cofactor responsible for flavination of SDHA. The SDH
complex catalyzes the oxidative dehydrogenation of succinate to fumarate in the TCA cycle [11], and it
is also functionally involved in the electron transport chain forming the mitochondrial complex II.
Germline or somatic mutations in any of the SDH genes (SDHx) cause disassembly of the mitochondrial
complex, with loss of SDH enzymatic activity and thus triggering the accumulation of its substrate,
succinate. When succinate accumulates pathologically, it acts as a competitor of alpha-ketoglutarate
(αKG) to broadly inhibit the activity of αKG-dependent dioxygenases, such as ten-eleven translocation
(TET) DNA hydroxylases and Jumonji (JMJ) histone lysine demethylases (KDM) [12,13]. This causes
a global hypermethylation with a characteristic CpG island methylation phenotype (CIMP) profile
in the tumors, which leads to altered gene expression and contributes to tumorigenesis; this same
mechanism was earlier observed in glioblastomas [14] and ccRCCs [15] carrying metabolic alterations
such as IDH1/2 and FH/SDHB mutations, respectively. Apart from the aforementioned CIMP profile,
the accumulation of succinate competitively inhibits the family of prolyl hydroxylase domain-containing
proteins (PHD1-3), leading to hypoxia-inducible factor 1 α (HIF-1α) stabilization under normoxic
conditions, and contributing to activation of the pseudohypoxic pathway [16,17]. More recently, it
was reported that the succinate-mediated inhibition of two αKG-dependent dioxygenases, histone
lysine demethylases KDM4A and KDM4B, leads to suppression of homologous recombination [18].
Moreover, the accumulation of succinate also causes downregulation of the enzyme responsible for the
conversion of norepinephrine to epinephrine, thus inducing the characteristic noradrenergic phenotype
of SDHx tumors [13]. All these processes orchestrated by succinate (and fumarate) accumulation (both
referred to as oncometabolites) have been proposed to be involved in tumorigenesis (Figure 2) and/or
in the particular phenotype of PPGLs carrying TCA cycle-related mutations. This will be discussed in
more detail below.
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Figure 2. Schematic representation of the consequences of tricarboxylic acid (TCA) cycle disruption in
pheochromocytomas and paragangliomas (PPGL). Upon disruption of the activity of pivotal TCA cycle
enzymes, there is an accumulation of metabolites (i.e., succinate, fumarate, D2HG and L2HG). Their
efflux from the mitochondria to the cytosol and their subsequent competition with α-ketoglutarate
lead to the inhibition of α-ketoglutarate-dependent dioxygenases involved in DNA and histone
demethylation, regulation of HIF, and homologous recombination. As a result, different mechanisms
are proposed as the cause of tumorigenesis in PPGL: aberrant global hypermethylation (CIMP),
activation of the HIF pathway and decreased DNA repair. Finally, different therapeutic options may
target each altered pathway: demethylating agents, HIF inhibitors, and poly-(ADP-ribose)-polymerase
(PARP) inhibitors, respectively. D2HG: D-2-hydroxyglutarate; L2HG: L-2-hydroxyglutarate; TET:
ten-eleven translocation DNA hydroxylase; JMJ: Jumonji; KDM: histone lysine demethylase; PHDs:
prolyl hydroxylase domain-containing proteins; HIF: hypoxia-inducible factor; CIMP: CpG island
methylation phenotype.

3.1. SDHD

Baysal and colleagues described in 2000 the first gene responsible for hereditary PGL [2]. SDHD,
referred to at that time as PGL1 (the gene responsible for hereditary PGL type 1), had been mapped
before to chromosome band 11q23, and was identified by direct sequencing of the best candidate gene
contained in a subsequently narrowed critical interval [19]. The initial link with head and neck (H&N)
PGLs, highly vascular tumors mainly arising in the main sensor of blood oxygenation (the carotid
body), was rapidly extended to PCCs and TAP PGLs [20–22]. Although the original reports proposed
that maternal imprinting accounted for the inheritance pattern observed in SDHD-related pedigrees,
recent studies found that the “almost exclusive” paternal transmission of the disease can be explained
by a somatic genetic mechanism targeting both the SDHD locus and a paternally imprinted gene on
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11p15.5 [23]. Regardless the mechanism involved, the preferential paternal transmission of the disease
may lead to generation skipping, making genetic counselling challenging. Moreover, though it can
be considered as a rare scenario, development of PPGL may occur after maternal transmission of an
SDHD mutation [24–26]. The estimated risk of PPGL in SDHD mutation carriers (excluding probands)
at age 60 years is 43.2% [11]. Regarding the clinical presentation of SDHD mutations carriers, they
primarily develop (multiple) H&N PGLs (84% of cases), although up to 22% also develop TAP PGLs
and 12–24% develop PCCs (mainly unilateral); 3–10% of carriers develop metastases [27–29]. GISTs,
PAs and, more rarely, ccRCCs can develop in SDHD mutation carriers [30]. It seems that the type of
mutation, either impairing or not SDHD stability, influences the mutation-associated phenotype [27].

3.2. SDHB

One year after the finding of the first SDHD germline mutations in patients with PGL, mutations
in SDHB, the gene encoding the SDH iron-sulfur subunit, were described as the genetic cause of
hereditary PGL type 4 [4]. Soon, the presence of either point mutations or gross deletions affecting
SDHB far surpassed the prevalence of SDHD mutations in patients with PPGL. Overall, mutations
in SDHB and SDHD account for the great majority (over 60%) of all SDHx-related PGL patients,
and SDHB itself accounts for approximately 10% of all PPGLs [31]. Unlike SDHD-associated clinical
manifestations (i.e., multiple H&N PGLs), SDHB mutation carriers are usually diagnosed with single
tumors that can arise in different locations (i.e., PCC, TAP PGL and H&N PGL) [32]. Paradoxically,
mutations in SDHB show one of the lowest penetrances amongst the SDHx genes (13–21% at the age
of 50 years) [11,31,33–35], but patients carrying germline SDHB mutations present a higher risk of
malignancy (~50%) than other SDHx mutation carriers [11,32,36,37]. This latter observation favors the
recommendation of prioritizing genetic testing of this gene in patients affected with PPGL [38]. In fact,
the presence of mutations in SDHB is the best biomarker of poor prognosis and malignancy in PGL
syndromes [36,39]. In addition, the absence of SDHB immunostaining in tumor cells, probably caused
by altered assembly or SDH complex stability, is a reliable identifier of PPGLs caused not only by SDHB
mutations, but also by any other SDHx mutation [40]. Although there is no explanation yet, it has been
reported that male SDHB mutation carriers are at higher risk of disease than females [31]. Amongst the
five SDHx genes, SDHB is the one with the most hereditary extra-paraganglial manifestations, such as
ccRCCs [8,41], oncocytomas [42,43], GISTs [7], and PAs [44].

3.3. SDHC

The SDHC subunit anchors, along with SDHD, the SDH complex to the mitochondrial inner
membrane. Though SDHC was the second SDHx gene identified as a cause of hereditary PGL (PGL
type 3) [5], the frequency of patients carrying mutations in this gene is much lower than SDHB- and
SDHD-related PPGLs, accounting for less than 1% of the patients. SDHC mutations result primarily in
benign and non-functional H&N PGLs, but they have also been identified in patients with sympathetic
PGLs [45,46]. Although no somatic point mutation affecting SDHC has been reported to date in PPGL,
postzygotic epimutations in the gene promoter region have been identified in patients with PGLs [47],
Carney triad (GIST, pulmonary chondroma and PGLs) [48], and Carney-Stratakis syndrome (PGL and
GIST) [49]. This specific molecular mechanism of inactivation of the SDHC gene was first described in
GISTs [50], and has been found in patients developing more than one PGL and/or having syndromic
features resembling a hereditary case, as occurs with endothelial PAS domain protein 1 (EPAS1, also
known as HIF2A) and H3F3A postzygotic somatic mutations. To identify these “genetically hidden”
SDHx cases, a negative immunohistochemistry for SDHB appears to be essential. Although until
now there are few patients reported, it seems that in general SDHC mutation carriers have low risk of
developing GISTs and PAs [11].
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3.4. SDHA

Paradoxically, mutations affecting the gene encoding one of the two major catalytic subunits
of the SDH complex were described subsequently to mutations affecting the other members of the
complex. Homozygous germline mutations of SDHA in patients with Leigh syndrome have been
known since 1995 [51], but the involvement of this gene in the development of PPGL was elusive until
2010 [3]. This can be explained because, although SDHA variants are significantly enriched in PPGL
cases, several SDHA alleles show a high prevalence amongst the normal population (i.e., 0.1–1% in
gnomAD), and were therefore not considered as causative mutations in PPGL patients [52]. Mutations
in SDHA have the lowest penetrance of all major PGL predisposition genes (10% at age 70 years) [53],
and therefore most SDHA mutation carriers will not manifest the disease. Familial PPGL related to
mutations in SDHA shows a prevalence of 3%, especially in patients with PGL, although it is not
rare to find mutations in cases developing PCC [54]. The presence of metastasis in SDHA mutation
carriers is 12%, and extraparaganglial manifestations such as PAs, GIST and ccRCC have also been
described [53–55].

3.5. SDHAF2

Only two different mutations in SDHAF2, encoding one of the known SDH complex assembly
factors, have been described to date in families with H&N PGLs [6,56,57], and one of them
(i.e., p.Gly78Arg) exhibits a founder effect in the Dutch population [58]. As occurs with SDHD
mutation carriers, carriers of SDHAF2 mutations show an exclusively paternal transmission of the
disease, maybe because both genes are located on the same chromosome and may follow the same
route to tumorigenesis [59]. Patients carrying mutations in SDHAF2 develop PGLs only in the H&N
region, and frequently (74% of mutation carriers) in multiple locations [60,61]. Though the SDHAF1
gene has been found mutated in SDH-defective infantile leukoencephalopathy, no mutations have
been reported in PPGL to date [62].

4. Other TCA Cycle-Related Genes

4.1. FH

Fumarate hydratase (FH) catalyzes the reversible hydration of fumarate to malate in the TCA
cycle. Deficiency in FH activity leads to the accumulation of the oncometabolite fumarate and to
the subsequent inhibition of multiple αKG-dependent enzymes, which drives critical epigenetic
changes and signaling pathway activation. Thus, overabundance of fumarate, as occurs with succinate,
leads to stabilization of HIF-1α, deregulation of DNA/histone methylation, increase of glutaminolysis
and glycolysis, and production of reactive oxygen species (something not found in SDH-mutant
PPGLs) [63]. All these altered phenomena could promote carcinogenesis by stimulating proliferation
and cell survival. Inactivating germline mutations affecting the FH gene are the cause of hereditary
leiomyomatosis and renal cell carcinoma (HLRCC) [64], but, as far as we know, no PPGL has been
reported in families with HLRCC. In 2013, a germline mutation in FH was found in a patient with PCC by
whole exome sequencing (WES) applied to a tumor displaying transcriptional and methylation (CIMP
profile) similarities to SDH-mutant tumors [13]. Subsequently, the study of two large series of patients
allowed the identification of additional patients carrying inactivating germline FH mutations [65,66].
The prevalence of alterations in the gene is about 1% in PPGL patients, and a metastatic phenotype
and presence of multiple tumors located in the adrenal gland or in TAP paraganglia are the clinical
characteristics of PPGLs associated with FH mutations. In addition, fumarate causes a non-enzymatic
covalent modification of cysteine residues in proteins, S-(2-succinyl) cysteine (2SC) [67], that can be
detected by immunohistochemistry and has been proposed as a biomarker for FH-associated neoplasia.
This protein modification, called succination, is different from succinylation, another post-translational
modification that will be discussed later in this review. The extent of succination and the implications
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it may have for the function of targeted proteins is poorly studied, but it seems that this process is
more likely to lead to inactivation of critical enzymes [68,69].

4.2. MDH2

MDH2 encodes the enzyme malate dehydrogenase 2, which is essential for the reversible oxidation
of malate to oxaloacetate in the TCA cycle. This tumor suppressor gene was first reported mutated,
with an incomplete penetrance, in a single family with multiple malignant PGLs [70]. Very recently,
additional variants have been reported, accounting for <1% of the patients, and their involvement
in noradrenergic PPGLs with malignant behavior has been suggested [71]. Tumors carrying MDH2
mutations showed no accumulation of malate, and though knockdown of MDH2 in HeLa cells triggered
the accumulation of both malate and fumarate, the connection between mutations in this gene and
tumorigenesis is not clear. Subsequent to the finding of MDH2 mutations in PPGL, biallelic mutations
of the gene were found as the cause of severe encephalopathy in pediatric patients [72], reinforcing the
pathological role of alterations in this particular gene.

4.3. IDH Genes

Isocitrate dehydrogenases IDH1 (cytoplasmic) and IDH2 (mitochondrial) catalyze the oxidative
decarboxylation of isocitrate to αKG. Recurrent, and mutually exclusive, mutations in the genes IDH1
(involving R132) and IDH2 (involving R172), result in neomorphic production of the oncometabolite
D-2-hydroxyglutarate (D2HG) that ultimately causes the characteristic CIMP profile previously
mentioned for succinate and fumarate accumulation [73]. Somatic mutations in the IDH1 gene
(p.R132C), frequently found in central nervous system tumors [74], have been rarely identified in
PGLs (i.e., three benign tumors in TAP or H&N locations) [49,75,76]. On the other hand, only one
somatic IDH2 mutation has been found in a patient with a single H&N PGL by metabolome-guided
genomic analysis [77]. Moreover, we recently found a germline truncating mutation affecting IDH3B
in a patient with a single H&N PGL showing an altered αKG/isocitrate ratio and a CIMP-like
profile [49]. Homozygous loss-of-function mutations in IDH3B have been found in families with
retinitis pigmentosa, a hereditary neurodegeneration of rod and cone photoreceptors in the retina [78].
IDH3 is a heterotetramer, with two catalytic subunits encoded by IDH3A and two regulatory subunits
encoded by IDH3B and IDH3G, which catalyzes the irreversible conversion of isocitrate to αKG in
the TCA cycle. Although the finding of an IDH3B loss-of-function variant in a neuroendocrine tumor
such as PGL suggests a causative role for this gene in the disease, and also for the other two genes
encoding the remaining subunits of the tetramer, further studies are needed to definitively confirm
this association.

4.4. SLC25A11 and GOT2

Another WES study applied to a tumor exhibiting an SDHx-like molecular phenotype
(i.e., pseudohypoxic and CIMP profiles) in the absence of SDHx or FH mutations, identified a
germline mutation in the SLC25A11 gene, which encodes the mitochondrial α-KG/malate carrier [79].
Five additional patients, most of them developing metastatic TAP PGLs, were found in this study
carrying SLC25A11 mutations. This gene is not directly involved in the TCA cycle, but it participates in
the exchange between two major intermediates of the cycle, which suggests that inactivation of other
genes causing alterations in mitochondrial homeostasis can be responsible for PPGL development
as well. Moreover, a single gain-of-function mutation in the GOT2 gene, encoding the mitochondrial
glutamic-oxaloacetic transaminase and also involved in stimulating the malate/aspartate shuttle, was
recently reported in a patient with multiple metastatic PGL [49], further reinforcing the link between
dysfunction of proteins involved in the exchange of metabolites between the mitochondria and the
cytoplasm and PPGL.
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4.5. New TCA Cycle-Related Genes Involved in PPGL Development

Recently, a recurrent germline variant affecting DLST was found in PPGL patients with multiple
tumors [80]. DLST (dihydrolipoamide S-succinyltransferase) is one of the three components (the E2
component) of the 2-oxoglutarate dehydrogenase (OGDH) complex that catalyzes the overall conversion
of αKG to succinyl-CoA and CO2. Accumulation of L-2-hydroxyglutarate (L2HG) was found both
in DLST-mutated tumors and in DLST-knockout (KO) cells transfected with the mutated protein.
Surprisingly, and despite the mentioned accumulation, DLST-mutated tumors did not exhibit a
CIMP profile, but they showed methylation and expression profiles similar to those observed for
EPAS1-mutated PPGLs, suggesting a link between DLST disruption and pseudohypoxia. Moreover,
a high HIF3A expression and a positive DLST immunostaining exclusively found in tumors carrying
TCA cycle mutations or EPAS1 mutations further supported this pseudohypoxic link.

5. Metabolic Remodeling not Associated with TCA-Cycle Alterations

Apart from the mentioned TCA cycle alterations, metabolic reprograming of cancer cells can be
achieved in PPGLs by other molecular mechanisms. Mutations in EPAS1, as well as the stabilization of
HIF-1α occurring in VHL- and PHD-mutated PPGLs, trigger a pseudohypoxic switch of metabolism
from mitochondrial respiration to glycolysis irrespective of oxygen levels. On the other hand, MYC
deregulation caused by mutations in MAX may increase, in cooperation with HIF-2α, glucose uptake
and glycolysis. Moreover, activating alterations of the phosphatidylinositol 3-kinase (PI3K)/AKT
serine-threonine kinase (Akt)/mammalian target of rapamycin (mTOR) pathway (by loss-of-function
mutations in NF1 and TMEM127, or gain-of-function mutations in RET, FGFR1 and HRAS) can also
increase glycolysis through the transcription of glycolytic enzymes [63].

6. Inborn TCA Cycle Alterations: Neurodegenerative Disorders versus Cancer

The relevance of hereditary alterations in TCA cycle-related genes to the etiology of severe
mitochondrial disorders is well known. Thus, autosomal-recessive mutations in almost any of the
genes encoding the main enzymes of the TCA cycle lead to different forms of encephalopathies (Figure 1).
This is the case for recessive germline mutations in SUCLG1 [81] and SUCLA2 [82]. Moreover, ACO2
alterations cause infantile cerebellar-retinal degeneration [83] and severe optic atrophy and spastic
paraplegia [84]; IDH3A mutations lead to severe encephalopathy in infancy [85]; mutations in DLD cause
severe encephalopathy and hyperlactatemia with neonatal onset [86]; homozygous IDH2 mutations
provoke developmental delay, epilepsy, hypotonia, cardiomyopathy, and dysmorphic features [87];
SDHAF1 mutations lead to infantile leukoencephalopathy [62]; SDHA alteration is a well-known
cause of Leigh syndrome, cardiomyopathy and leukodystrophy [51]; recessive SDHB mutations lead
to hypotonia and leukodystrophy [88] and SDHD mutations cause encephalomyopathy [89]; FH
alterations cause progressive encephalopathy in early childhood [90]; and MDH2 mutations provoke
early-onset severe encephalopathy [72]. In addition, homozygous mutations in SLC25A1, encoding a
mitochondrial citrate carrier, cause combined D-2- and L-2-hydroxyglutaric aciduria, severe neonatal
epileptic encephalopathy, absence of developmental progress, and often early death [91], and mutations
in SLC25A19, encoding a mitochondrial transporter of a TCA cycle cofactor (thiamine pyrophosphate),
cause encephalopathy and progressive polyneuropathy [92]. Finally, L2HGDH alterations cause
macrocephaly, developmental delay, epilepsy, and cerebellar ataxia [93].

Considering that complete abrogation of the TCA cycle in cells is highly unlikely to be compatible
with cell viability, how is it possible that homozygous germline mutations in TCA cycle-related
genes exist? The first mammalian model lacking a protein of the TCA cycle was obtained in 1997.
Johnson et al. generated viable DLD+/− mice, while the homozygous knockout animals (DLD−/−) died
at early embryonic stages [94]. This also occurred with SDHD [95], FH [96], DLST [97], SDHB [13] and
SUCLA2/SUCLG2 [98] knockout mice. Overall, these data suggest that complete lack of activity of
TCA cycle enzymes appears to be deleterious during embryonic development. These observations
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imply that homozygous or compound heterozygous variants in TCA cycle-related genes associated
with neurological disorders do not completely abolish the corresponding enzymatic activity and retain
part of their functionality. However, the presence of homozygous or compound heterozygous SDHx
mutations in patients with neurological disorders gives rise to a controversial situation, which is
the absence of tumors in mutation carriers. In heterozygous mutation carriers, this can be either
accounted for by the low penetrance of TCA cycle-related mutations (especially in the case of
SDHA and SDHB variants) or by the aforementioned modest effect of the alterations found in these
patients. In addition, though clinical presentation and survival may be variable [99], patients carrying
homozygous or compound heterozygous germline mutations in TCA cycle genes are usually diagnosed
at a young age and die within a few years of diagnosis before reaching adulthood [100], so tumor
diagnosis is unlikely to occur in these patients. However, taking into account that patients with
L-2-hydroxyglutaric aciduria show increased risk of brain tumors [101], the tumorigenic potential of
recessive mutations in TCA cycle-related genes cannot be ruled out. Both PPGL patients carrying TCA
cycle-related mutations and patients with encephalopathies associated with the presence of recessive
mutations in the aforementioned genes may benefit from therapeutic approaches targeting the aberrant
DNA/histone methylation and the DNA-repair pathway, such as the use of demethylating agents
(5-aza-2′-deoxycytidine or decitabine, for instance) or PARP inhibitors, respectively.

7. TCA Cycle-Related Omics Profiling in PPGLs

7.1. Pseudohypoxic Transcriptional Profile

The major regulator of cellular response to limited levels of oxygen (hypoxia) is the heterodimeric
(composed of alpha and beta subunits) basic helix-loop-helix transcription factor HIF-1α. Under low
oxygen conditions, HIF-1α (and also HIF-2α) activates the transcription of many genes involved in
the metabolic adaptation to hypoxia, including transporters for increased glucose import (favoring
anaerobic growth by glycolysis) and genes encoding angiogenesis factors [102]. The regulation of
HIF-1α activity involves oxygen-limited hydroxylation of prolyl residues carried out by PHD1-3 prolyl
hydroxylases. This prolyl hydroxylation induces the binding of HIF-1α to the von Hippel–Lindau
(VHL) protein-associated complex, which is in charge of targeting HIF-1α by ubiquitination for
proteosomal degradation [103,104]. Prolyl hydroxylation of HIF-1α requires oxygen, iron, and αKG,
and the reaction produces succinate. Under hypoxia, prolyl hydroxylation is inhibited, HIF-1α is
not ubiquitinated and this leads to the transcription of HIF-responsive genes. However, cancer cells
may reproduce the hypoxic gene expression signature regardless of the oxygen condition in a process
known as pseudohypoxia. This process is the hallmark of the VHL syndrome, in which mutations of
VHL lead to HIF-1α stabilization in normoxia, leading to the development of tumors (e.g., ccRCCs
and PPGLs). The pseudohypoxic transcriptional profile associated with the presence of mutations in
TCA cycle-related genes in PPGL was first described by Patricia L Dahia in 2005. In this pioneering
study, it was shown that SDH mutations, and the subsequent accumulation of succinate, caused a
pseudohypoxic transcription profile similar to the one originated by VHL dysfunction [16,63,105].
Chronic pseudohypoxic signaling could be a mitogenic tumor initiator in neuroendocrine cells,
and therefore inappropriate HIF-1α or HIF-2α persistence due to loss of SDH function in PPGL
could drive tumorigenesis [106,107]. To note, the only environmental risk factor described in PPGL is
chronic hypoxia which, in populations living at high altitude, leads to an increased incidence of H&N
PGLs [108–111]. However, though the accumulation of oncometabolites is undoubtedly linked to
tumor development in PPGLs, the subsequent pseudohypoxic response is not the only downstream
mechanism proposed to explain tumorigenesis caused by TCA cycle dysfunction. The identification
and validation of HIF-2α as one of the main oncogenic drivers in PPGLs [112–114] provides a
rationale for exploring direct inhibition of HIF-2α as a therapeutic target in metastatic patients [115].
Preclinical studies have shown that HIF-2α antagonists are capable of inhibiting tumor growth
in several models of renal cancer, and clinical trials of the first-in-class HIF-2α antagonist PT2385
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[(S)-3-((2,2-difluoro-1-hydroxy-7-(methylsulfonyl)-2,3-dihydro-1H-inden-4-yl)oxy)-5-fluorobenzonitrile]
have achieved promising results in ccRCC [116]. These findings set the stage for future trials focused
on metastatic PPGL, a tumor type that, similar to ccRCC, harbors the pseudo-hypoxia molecular
signature as its main molecular hallmark [117,118].

7.2. TCA-Cycle Mutations and CpG Island Methylator Phenotype (CIMP)

The association between the presence of SDHx mutations and CIMP in PPGL has been known
since 2008 [119]. Geli et al. performed a quantitative evaluation of promoter methylation of a set of
tumor suppressor genes (i.e., RASSF1A, RASSF5, CDKN2A, RARB, TNFRSF10D, CDH1, and APC),
and found that five of seven tumors exhibiting a targeted CIMP profile were mutated in SDHB.
Moreover, this particular CIMP profile (defined by the presence of methylation in at least three of the
genes included in the analysis) was associated with metastatic behavior and extra-adrenal location
(both clinical characteristics related to SDHx mutations). Later, it was published that the accumulation
of fumarate and succinate, upon FH or SDHx mutations respectively, led to enzymatic inhibition of
multiple α-KG-dependent dioxygenases and consequent alterations of genome-wide histone and DNA
methylation, linking the TCA cycle mutations to tumorigenesis by their effect on the epigenome [12].
Interestingly, and like a snake that bites its tail, the methylation of the promoter of SDHC is a very
well-known mechanism leading to CIMP in GIST [50] and PPGLs [47,49]. In 2013, two separate
studies based on DNA methylation profiling of samples carrying SDHx mutations further explored
the connection between metabolic disruption and altered epigenetic modifications [13,120]. These
studies uncovered that SDH deficiency, and the subsequent accumulation of succinate, led to DNA
hypermethylation in multiple tumor lineages (e.g., PPGLs and GISTs). These epigenomic changes were
particularly severe in SDHB-mutated tumors, potentially explaining their malignancy. To note, one of
these methylation-based studies also uncovered mutations in FH as a cause of hereditary PPGL [13],
expanding the CIMP to another TCA cycle-related gene beyond the SDHx genes. In addition, a sporadic
PPGL has been also described showing CIMP associated with the presence of a IDH1 mutation [49] but,
as previously mentioned, tumors carrying DLST mutations do not exhibit the characteristic CIMP profile
despite their accumulation of TCA metabolites [80]. To date, the presence of mutations in other genes
involved in the epigenetic machinery in PPGLs exhibiting hypermethylation [121,122], and the finding
of tumors with a CIMP profile not associated with mutations in any TCA cycle-related gene [49], further
suggest that other genes and pathways may be involved in this particular phenotype. Additional
studies are required to elucidate whether the accumulation of metabolites, and the subsequent CIMP,
is the cause or a consequence of the tumorigenic process and the adverse outcome associated with
some TCA cycle mutations in PPGL.

7.3. Metabolome-Guided Genetic Characterization of the TCA Cycle

Since a link between pathological accumulation of TCA cycle metabolites and tumorigenesis was
established, the study of the PPGL-associated metabolome has been used in the characterization of
tumors carrying common genetic alterations, and additionally, in the identification of new candidate
genes [49], the interpretation of genetic variants, and the improvement of diagnostics [77,123,124].
Mass spectrometry-based measurements of succinate:fumarate ratios allow to distinguish between
SDH-deficient PPGLs and tumors without dysfunction of the SDH complex [123]. This is true, except
in the case of some H&N PGLs, which may exhibit higher fumarate levels and therefore lower
succinate:fumarate ratios compared to those at adrenal or TAP locations. The absence of this particular
metabolic signature in some H&N PGLs is probably due to their higher content of stromal cells that
dilute the signal from the tumor cells. In addition, alterations in the metabolites’ ratios can be used to
identify hidden alterations in other TCA cycle-related genes. Thus, a tumor with a gain-of-function
GOT2 mutation exhibited a high succinate:fumarate ratio, probably due to the accumulation of αKG
and its subsequent conversion to succinate [49]. Moreover, high fumarate:malate ratios have been
observed in PPGLs carrying FH mutations, high absolute values of D2HG can be detected in PPGLs
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carrying IDH1/2 mutations [49,77], and accumulation of L2HG was found both in DLST-mutated
PPGLs and in DLST-KO cells transfected with the mutated protein [80].

In addition, hypermethylation (and the subsequent downregulation) of genes involved in the
biosynthesis (PNMT, DRD2 and SULT1A1), transport (SLC6A2), and secretion (NPY) of catecholamines
found in SDH- and FH-mutant PPGLs [13], may contribute to the immature catecholamine phenotypic
features of PGLs carrying mutations in TCA cycle-related genes [124]. Thus, the reduced PNMT
expression reported in SDH-mutant tumors has been proposed to cause the predominant secretion of
noradrenaline or dopamine observed in these tumors.

8. Link Between Defective TCA Cycle and DNA Repair

On the whole, mutations affecting TCA cycle-related genes are associated with metastatic PPGLs
for which curative chances, if any, are very limited. For that reason, the recently reported link between
accumulation of TCA cycle oncometabolites and homologous recombination paves the way for new
therapeutic approaches to the treatment of metastatic PPGL. Moreover, FH enzymatic activity is
required for the cellular DNA damage response to double-strand breaks, and it is known that it is
involved in the non-homologous end joining repair pathway [125,126]. Thus, in this unexpected
connection between metabolism and DNA repair, the excess of fumarate and succinate not only
would inhibit αKG-dependent dioxygenase activities, specifically the lysine demethylases KDM4A
and KDM4B, but also would suppress the homologous recombination pathway [18]. This blockage
would avoid the maintenance of genomic integrity and would make cells vulnerable to synthetic-lethal
targeting with poly [adenosine diphosphate (ADP)]-ribose polymerase (PARP) inhibitors. Recent
findings have revealed that the expression of mitochondrial complex I core subunits were upregulated
in PPGLs with a pseudohypoxic profile. This augmented complex I activity increases intracellular
nicotinamide adenine dinucleotide (NAD+) levels, which serves as an important cofactor to support
the PARP DNA repair pathway. Thus, pseudohypoxic PPGLs would present more efficient DNA repair,
resulting in potential chemoresistance.Interestingly, a combined treatment with a PARP inhibitor and
temozolomide improved cytotoxicity in vitro, reducing tumor proliferation and metastatic lesions with
prolonged overall survival in mice with SDHB-KO allografts [127].

9. Defective TCA Cycle Metabolism, Succinylation of Histones and Transcriptional Responses

In addition to the mentioned effects that the accumulation of TCA cycle metabolites has on
overall DNA methylation, there are other less known implications of disruption of the cycle. Lysine
succinylation is a known post-translational protein modification [128] that when occurring in histones
may affect chromosome structure and function [129]. It was recently demonstrated that a fraction of
the OGDH complex localizes in the nucleus and binds to lysine acetyltransferase 2A (KAT2A) in the
promoter regions of genes [130], and this nuclear translocation of the complex depends on a nuclear
localization sequence in DLST. Preventing the OGDH complex from entering the nucleus avoids
nuclear generation of succinyl-CoA and the subsequent KAT2A-dependent H3 succinylation, reducing
gene expression and inhibiting tumor cell proliferation and tumor growth. These results are consistent
with previous observations linking nucleosome succinylation with enhanced in vitro transcription.
These interesting findings not only might explain the tumorigenic potential of DLST, as part of the
OGDH complex, but also open a new avenue of research into the connection of metabolism and cancer.
A subsequent study also demonstrated a potential role of chromatin succinylation in modulating
gene expression using an inducible cell culture model of SDH loss, which results in accumulation of
succinyl-CoA [131]. This study also demonstrated that defective TCA cycle metabolism results in a
DNA repair defect. Chromatin succinylation may thus represent a mechanism by which metabolism
modulates both genome-wide transcription and DNA repair activities.

Apart from the aforementioned effect on the succinylation of histones, inhibition of the OGDH
complex also reduces lysine succinylation of cytosolic and mitochondrial proteins altering rates of
enzymes and pathways, especially mitochondrial metabolic pathways [132,133]. Moreover, ablation of
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specific enzymes of the TCA cycle affects the availability of succinyl CoA and global enzymatic and
non-enzymatic succinylation patterns [134], providing a novel mechanism in which mitochondrial
intermediates act as sensors to regulate metabolism.

10. Can We Open New Therapeutic Avenues for TCA Cycle-Altered PPGLs?

Apart from the known approaches to treating malignant PPGLs [135,136], we will discuss here
novel therapeutic strategies that should be pursued for tumors carrying alterations in the TCA
cycle. Though overall PPGLs present a low degree of chromosome instability, about 2–3% of tumors
show chromothripsis involving chromosome arm 1p, where SDHB is located [129]. Chromothripsis
phenomenon is a form of genome instability, associated with poor prognosis [137,138], in which one or
a few chromosomes are affected by an alternating copy number profile with both loss and retention
of heterozygosity [139,140]. One of the mechanisms involved in the initiation of chromothripsis is
telomere dysfunction that leads to attrition of chromosome ends [141]. Subsequently, cancer cells
showing this phenomenon become stabilized in order to avoid additional chromosomal aberrations
that would be incompatible with cell survival. A well-known telomere stabilization mechanism
involves the presence of high levels of TERT mRNA, mainly through amplification, promoter point
mutations, methylation or rearrangements. Interestingly, increased TERT expression and telomere
length has been observed in chromothripsis-positive ependymomas and glioblastomas [142], and in
high-stage neuroblastomas [143] among other cancers, suggesting that telomere maintenance pathways
may represent therapeutic targets in chromothripsis-positive tumors. With regard to PPGL, high
to moderate TERT expression has been observed in 18–51% of patients, which are often metastatic
cases [75,144,145], and in an important proportion of patients associated with deficiency of SDHx [146].
Moreover, the presence of somatic ATRX mutations, found preferentially in SDHB/FH-mutated tumors,
and the associated alternative lengthening of telomeres have been described as an independent risk
factor for metastatic PPGL [75,146,147]. It is tempting to speculate that metastatic PPGLs related to
mutations in other TCA cycle genes that also exhibit telomere dysfunction, could benefit from the
multiple telomerase-targeting therapeutic strategies that have been pursued in the past two decades
(reviewed in [148]).

Another important avenue of potential treatments for metastatic PPGLs focuses on investigating
whether a specific driver mutation could be associated with the tumor’s immune profile, and therefore
with the potential efficacy of immunotherapy. In this regard, one of the main problems related to the
potential lack of response is immune evasion, in which the tumor microenvironment (TME) plays a
pivotal role [149]. The TME can be influenced by different conditions, but there are two in particular
that gain importance when considering PPGLs with TCA-mutated genes: the hypoxic state, and an
aberrant production of metabolites. Whether the PPGL immune subtypes are genotype-specific, or
if there is an enrichment of any immune subtype among SDHB-mutated tumors or among those
related to TCA genes with a higher metastatic risk is still to be addressed. Regardless these upcoming
knowledge, it seems clear that a highly heterogeneous disease such as PPGL will benefit from a
personalize treatment based on the specific genetic background, as well as from a deep characterization
of the tumor microenvironment.

11. Conclusions

More than 20% of PPGLs are found carrying mutations in genes encoding TCA cycle metabolic
enzymes. These mutations cause the disruption of the cycle, and the subsequent accumulation of
“oncometabolites” lead to overall pathological changes in gene expression (i.e., by DNA methylation
and post-translational protein modification), metabolic adaptation of cells to hypoxia, and DNA repair
processes. Unraveling the pathological mechanisms associated with the presence of different PPGL
mutations could pave the way to new personalized therapeutic approaches.
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Abstract: Pheochromocytomas and paragangliomas (PPGL) are rare neuroendocrine tumors with
a strong hereditary background and a large genetic heterogeneity. Identification of the underlying
genetic cause is crucial for the management of patients and their families as it aids differentiation
between hereditary and sporadic cases. To improve diagnostics and clinical management we tailored
an enrichment based comprehensive multi-gene next generation sequencing panel applicable to
both analyses of tumor tissue and blood samples. We applied this panel to tumor samples and
compared its performance to our current routine diagnostic approach. Routine diagnostic sequencing
of 11 PPGL susceptibility genes was applied to blood samples of 65 unselected PPGL patients at a
single center in Dresden, Germany. Predisposing germline mutations were identified in 19 (29.2%)
patients. Analyses of 28 PPGL tumor tissues using the dedicated PPGL panel revealed pathogenic or
likely pathogenic variants in known PPGL susceptibility genes in 21 (75%) cases, including mutations
in IDH2, ATRX and HRAS. These mutations suggest sporadic tumor development. Our results imply
a diagnostic benefit from extended molecular tumor testing of PPGLs and consequent improvement
of patient management. The approach is promising for determination of prognostic biomarkers that
support therapeutic decision-making.

Keywords: pheochromocytoma; paraganglioma; next-generation sequencing; sporadic; hereditary;
CNV detection

1. Introduction

Pheochromocytomas and paragangliomas (PPGL) are rare neuroendocrine tumors that originate
from neural crest-derived chromaffin cells and develop either in the adrenal medulla or in extra-adrenal
sympathetic and parasympathetic ganglia. PPGLs show the highest heritability of all cancers with
almost 40% of patients carrying pathogenic germline mutations in one of the known PPGL susceptibility
genes. [1–5] For this reason, current guidelines recommend that germline genetic testing should be
considered in all patients with PPGLs, regardless of family history and age at diagnosis [6]. Identification
of a predisposing germline variant enables predictive testing in PPGL families, clinical surveillance
of healthy mutation carriers and risk stratification for malignant disease and for development of
synchronous and metachronous tumors.

The majority of hereditary PPGLs are caused by mutations affecting NF1, RET, VHL, SDHA, SDHB,
SDHC and SDHD. Rare underlying germline mutations have been described in FH, MAX, SDHAF2
and TMEM127. [2,7–11]. Genetic testing of these genes in PPGL patients in routine diagnostics has
previously been conducted according to a step-wise diagnostic algorithm [2]. With next generation
sequencing techniques becoming cheaper and more commonly available, multi-gene panel sequencing
is increasingly replacing targeted approaches. Recently, several additional susceptibility and candidate
genes accounting for a small proportion of cases have been identified. These are, however, not yet
commonly included in routine diagnostic analyses of affected patients. These include germline
mutations in genes encoding components of metabolic pathways, e.g. MDH2, GOT2 and DLST [12–14]
and in hypoxia pathway related genes EGLN2 (PHD1), EGLN1 (PHD2), and EPAS1 (HIF2α) [15,16].
Mutations in the latter usually occur somatically but can be associated with a syndromic presentation
when they occur in mosaic forms [17]. Similarly, a case with a postzygotic mosaic mutation in H3F3A
presenting with PPGLs and a giant cell tumor of the bone has recently been described [18].

Recent efforts in genomic analyses of PPGLs revealed that about 30% of tumors carry somatic
mutations in known susceptibility and driver genes [19]. Furthermore, somatic mutations in known
cancer associated genes have been identified as driver-alterations in a subset of PPGLs due to recent
efforts in genome sequencing projects, such as somatic activating hot-spot cases, and somatic hot-spot
mutations in IDH1 or IDH2, recognized as drivers of tumorigenesis in PPGL, were identified [20,21].
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In addition, somatic alterations in other cancer-associated genes, such as SETD2, EZH2, FGFR1, BRAF,
MET, and TP53, have been reported [18,19,22].

Supporting analyses of tumor tissue by immunohistochemistry and metabolite measurements
provide further information, aiding in identification and interpretation of genetic variants [21].
We previously demonstrated that quantification of Krebs cycle metabolites in tumor tissue can classify
PPGLs and identify tumors with underlying alteration in SDH-genes (SDHx), FH, and IDH-genes
(IDHx) and can furthermore aid in classification of variants of unknown significance in SDHx [21,23].

To improve PPGL diagnostics and patient management we developed a comprehensive customized
PPGL multi-gene panel for the analysis of PPGL tumor tissue, comprising 84 PPGL associated and
candidate genes. We applied this to a cohort of 28 PPGL tumor samples and compared the results to
our in-house PPGL cohort of patients who, over the course of several years, have undergone germline
sequencing within a routine diagnostic setting.

2. Results

2.1. Routine Germline Testing in PPGL Patients Solves 30% of Cases

Between 2008 and 2017, 65 patients with PPGLs were referred to the Institute of Clinical Genetics
in Dresden for genetic counselling and/or genetic testing. Thirty-one patients primarily presented
with pheochromocytoma (PHEO) and 34 patients with paraganglioma (PGL), of which 25 were head
and neck paragangliomas (HNP). The median age at diagnosis was 46.5 years (ranging from 13 to
77 years) and did not differ between those patients diagnosed with pheochromocytoma and those
with paraganglioma. Eleven patients (17.2%) had developed PPGL until 30 years of age (y), while
27 patients had an age of onset over 50y (41.5%). Forty-two patients (64.6%) were female (18 PHEOs,
24 PGLs) and 23 patients (35.4%) were male (13 PHEOs, 10 PGLs).

Five of these patients (7.7%) had multiple PPGL tumors and 8 patients (12.3%) had additional
tumors including adrenocortical adenoma/carcinoma, thyroid carcinoma, renal cell carcinoma,
a testicular tumor, mamma carcinoma, Hodgkin’s lymphoma and cervical carcinoma. Pedigree
information was available in 53 of the patients and inconspicuous regarding relatives with tumors
in 34 of them (64.2%). Three patients had relatives affected by paraganglioma, pheochromocytoma
or gastrointestinal stromal tumor (GIST), indicating hereditary disease in these families, which was
molecularly confirmed in all three cases. One family was known to carry a pathogenic BRCA2 germline
mutation causing hereditary breast and ovarian cancer. In addition, pedigree analysis of 3 further
families was suspicious of hereditary breast and ovarian cancer, hereditary gastric cancer and hereditary
colon cancer, respectively. Another 15 families were affected by additional cancers unrelated to PPGL
and without fulfillment of criteria for a specific hereditary tumor predisposing syndrome. Clinical
data are summarized in Supplementary Table S1.

Germline testing of 11 PPGL susceptibility genes associated with known hereditary tumor
predisposition syndromes associated with PPGLs (SDHA, SDHB, SDHC, SDHD, SDHAF2, MAX,
FH, NF1, RET, TMEM127 and VHL) was done in all of these patients, in the majority of cases
using a combination of targeted multi-gene sequencing with the TruSight Cancer panel (Illumina,
Inc., San Diego, CA, USA) in combination with customized array-based Comparative Genomic
Hybridization (array-CGH) for copy number variation (CNV) calling [24] and Sanger Sequencing of
SDHA (for details see Supplementary Table S1)

In 19 of 65 cases (29.2%) we identified pathogenic or likely pathogenic germline mutations in a
PPGL susceptibility gene, confirming a PPGL related hereditary tumor predisposition syndrome in
these cases (Table 1). The majority (14) of these patients had germline mutations in an SDHx gene,
which is associated with an aberrant succinate to fumarate ratio (S:F ratio) in the tumor tissue. In eight
cases with pathogenic germline SDHx variants, succinate and fumarate concentrations in the tumors
were analyzed and aberrant S:F ratios were evident in six of these cases (Table 1).

302



Cancers 2019, 11, 809

T
a

b
le

1
.

O
ve

rv
ie

w
of

(l
ik

el
y)

pa
th

og
en

ic
ge

rm
lin

e
va

ri
an

ts
(A

C
M

G
cl

as
se

s
4/

5)
id

en
ti

fie
d

du
ri

ng
ro

ut
in

e
te

st
in

g.

ID
D

ia
g

n
o

si
s

S
o

li
ta

ry
/M

u
lt

ip
le

A
D
/G

e
n

d
e

r
F

a
m

il
y

H
is

to
ry

G
e

n
e

N
u

cl
e

o
ti

d
e

C
h

a
n

g
e

A
m

in
o

A
ci

d
C

h
a

n
g

e
S

:F
R

a
ti

o
in

T
u

m
o

r
T

is
su

e

ID
45

PH
EO

un
kn

ow
n

30
/f

un
kn

ow
n

FH
c.

43
4C
>

G
p.

(S
er

14
5*

)
0.

14
ID

11
PH

EO
so

lit
ar

y
59
/m

un
kn

ow
n

FH
c.

14
31

_1
43

3d
up

A
A

A
p.

(L
ys

47
7d

up
)

n.
a.

ID
32

PH
EO

m
ul

ti
pl

e
39
/f

1
m

el
an

om
a

(A
O

35
)

N
F1

c.
60

84
+

1G
>

A
p.

?
n.

a.
ID

52
PH

EO
m

ul
ti

pl
e

47
/f

in
co

ns
pi

cu
ou

s
R

ET
c.

19
01

G
>

T
p.

(C
ys

63
4P

he
)

5.
5

ID
56

H
N

P
un

kn
ow

n
23
/m

un
kn

ow
n

SD
H

A
c.

55
3_

55
4i

ns
A

p.
(A

la
18

6f
s)

n.
a.

ID
62

PG
L

so
lit

ar
y

37
/f

in
co

ns
pi

cu
ou

s
SD

H
A

c.
13

38
de

lA
p.

(H
is

44
7f

s)
n.

a.
ID

35
PG

L/
H

N
P

m
ul

ti
pl

e
52
/f

1
m

el
an

om
a

(A
O

48
)

SD
H

A
F2

c.
23

2G
>

A
p.

(G
ly

78
A

rg
)

21
7.

3

ID
3

H
N

P
so

lit
ar

y
17
/m

in
co

ns
pi

cu
ou

s
SD

H
B

C
H

EK
2

c.
64

9C
>

T
c.

11
00

de
lC

p.
(A

rg
21

7C
ys

)
p.

(T
hr

36
7f

s)
24

.1

ID
42

PG
L

so
lit

ar
y

51
/m

ca
nc

er
s

(A
O
>

50
)

SD
H

B
c.

28
7-

3
C
>

G
p.

?
14

72
.7

ID
4

PG
L/

H
N

P
m

ul
ti

pl
e

23
/f

ca
nc

er
s

(A
O
>

50
)

SD
H

B
de

le
ti

on
ex

on
3

n.
a.

ID
55

H
N

P
un

kn
ow

n
26
/f

un
kn

ow
n

SD
H

B
c.

80
6d

el
T

p.
(M

et
26

9f
s)

n.
a.

ID
86

PG
L

so
lit

ar
y

33
/m

un
kn

ow
n

SD
H

B
c.

64
9C
>

T
p.

(A
rg

21
7C

ys
)

n.
a.

ID
19

H
N

P
so

lit
ar

y
36
/f

ca
nc

er
s

(A
O
>

50
)

SD
H

B
c.

72
5G
>

A
p.

(A
rg

24
2H

is
)

59
08

.3
ID

63
PG

L
so

lit
ar

y
48
/m

ca
nc

er
s

(A
O
>

50
)

SD
H

C
c.

39
7C
>

T
p.

(A
rg

13
3*

)
45

.4
ID

48
H

N
P

so
lit

ar
y

69
/f

in
co

ns
pi

cu
ou

s
SD

H
C

c.
43

C
>

T
p.

(A
rg

15
*)

n.
a.

ID
43

PH
EO

so
lit

ar
y

50
/m

ca
nc

er
s

(A
O
>

50
)

SD
H

C
c.

37
9C
>

T
p.

(H
is

12
7T

yr
)

79
5.

5
ID

34
H

N
P

so
lit

ar
y

34
/m

2
PG

Ls
SD

H
D

c.
53

-2
A
>

G
p.

?
27

8.
3

ID
38

H
N

P
so

lit
ar

y
47
/f

1
PG

L
SD

H
D

c.
49

C
>

T
p.

(A
rg

17
*)

92
0.

6
ID

59
H

N
P

un
kn

ow
n

68
/f

un
kn

ow
n

TM
EM

12
7

c.
46

5_
46

6i
ns

A
C

T
T

G
p.

(A
la

15
6f

s)
n.

a.

A
D

:a
ge

at
di

ag
no

si
s,

A
O

:a
ge

of
on

se
t,

PH
EO

:p
he

oc
hr

om
oc

yt
om

a,
PG

L:
pa

ra
ga

ng
lio

m
a,

H
N

P:
he

ad
&

ne
ck

pa
ra

ga
ng

lio
m

a,
S:

F
ra

ti
o:

su
cc

in
at

e
to

fu
m

ar
at

e
ra

ti
o.

303



Cancers 2019, 11, 809

In one patient (ID3) with a pathogenic SDHB variant, we found an additional pathogenic germline
variant in CHEK2 (c.1100delC, p.(Thr367fs)) that is known to be associated with hereditary breast and
ovarian cancer (Table 1). In this case, an aberrant S:F ratio was not observed in the tumor although
a pathogenic SDHB variant was identified, which might be explained by reported inconsistencies
between SDHx mutations and aberrant S:F ratios in head and neck paragangliomas (HNPs) [21].

2.2. Development of a Dedicated PPGL Custom Panel for Germline and Tumor Testing

We designed a custom PPGL panel comprising a total of 84 genes, including 20 well-defined PPGL
susceptibility genes (EGLN1, EGLN2, MDH2, FH, SDHA, SDHB, SDHC, SDHD, SDHAF2, MAX, RET,
TMEM127, VHL, EPAS1, NF1, H3F3A, IDH1, IDH2, ATRX, and HRAS) that have been described to occur
as germline, somatic or mosaic mutations in PPGL [2,4]. Additionally, we included further common
known tumor genes such as TP53, PTEN, FGFR1, and BRAF that have been described to be mutated in
PPGL tumors and might be secondary mutations [18,19,22]. Furthermore, we included candidate genes
for PPGLs based on their gene function or gene family, e.g., genes encoding for metabolic enzymes or
genes involved in epigenetic regulation (such as TET1 and TET2) (Figure 1, Supplementary Table S2).
Some of these candidate genes have already been implicated to play a role in PPGL development, such
as KIF1B, GOT2, and IDH3B [13,25].

Figure 1. Schematic overview of the custom pheochromocytoma and paraganglioma (PPGL) panel.
Known PPGL susceptibility genes and expected occurrences (germline, somatic) are depicted in the
upper panel. Candidate gene categories are depicted in the lower panel. (m): mosaic, TERTP: TERT
promoter region.

Importantly, we chose an enrichment-based protocol to enable even nucleotide coverages across
target regions and to limit coverage fluctuations as best as possible. Even overall coverage enables robust
CNV detection using next generation sequencing (NGS) data. Furthermore, the enrichment-based
design can be adapted to be used, not only for high-quality DNA, but also for low-quality and
fragmented DNA from paraffin-embedded (FFPE) tumor tissues. [26]

2.3. Comprehensive Tumor Testing Improves Detection Rate of Underlying Mutations in PPGL-Patients

We first applied our novel customized PPGL panel to available tumor tissues of ten cases from
our Dresden cohort that had undergone routine diagnostic germline testing. Four of the analyzed
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tumors were FFPE samples and six were freshly cryo-conserved tissue samples. Two of the cases
(ID42 and ID43) had pathogenic germline variants in known PPGL susceptibility genes (SDHB, SDHC),
whereas in eight cases, no pathogenic variants had been identified during routine germline testing
(Table 2). Sequencing of tumor tissue from the aforementioned ten patients led to the identification
of pathogenic variants in known PPGL susceptibility genes in nine cases (Table 2). In the two cases
with pathogenic germline mutations, we could confirm both mutations in tumor tissue. In one of
these cases (ID42), we observed increased allele frequency (85.4%) of the pathogenic SDHB variant,
suggesting a loss of heterozygosity in this tumor (Table 2). In the other case (ID43) with a pathogenic
germline variant in SDHC, we found an additional pathogenic somatic variant in ATRX (Table 2).
In seven out of eight cases with inconspicuous germline analysis results, we identified pathogenic
somatic variants in tumor tissue of the patients (Table 2). Four of these cases (ID69, ID66, ID67 and
ID24) had a somatic variant in a known PPGL susceptibility gene (SDHB, SDHD, and 2x VHL) that
was not present in the matched blood sample, indicating a sporadic tumor development in these
cases. The tumor ID69 with a pathogenic SDHD variant additionally harbored a somatic missense
variant of unknown significance in FH (p.(Ala198Val)) with a low allele frequency (7.3%), indicating a
potential secondary event. Pathogenic hot-spot variants in HRAS were identified in two cases (ID1 and
ID68). In the seventh tumor (ID72), we found pathogenic variants in TP53 and in ATRX. In all of these
cases, the family history was inconspicuous and, to our knowledge, no other tumors were diagnosed
in those patients. All cases with pathogenic variants in SDHx also had aberrant S:F ratios in tumor
tissue, whereas cases with pathogenic variants in non-SDHx genes did not show elevated S:F ratios,
demonstrating correlation between genomic and metabolomic analyses (Table 2). Altogether, combined
tumor and germline testing revealed causative mutations in 90% of the cases (9/10), confirming a
sporadic tumor in seven cases.
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Next, we applied our PPGL custom panel to 18 PPGL tumor samples (twelve freshly cryo-conserved
and six FFPE samples) within the scope of a multi-center research project. This cohort consisted of twelve
pheochromocytomas and six paragangliomas, two of which were head and neck paragangliomas.

In twelve of these 18 tumors, pathogenic variants in a known PPGL susceptibility gene were
identified by PPGL custom panel sequencing (Table 2). In four cases, germline status of pathogenic
variants could be evaluated by targeted Sanger sequencing. In two cases (ID51, ID71), we found
pathogenic variants in SDHB. The pathogenic nonsense mutation p.(Tyr61*) in SDHB in case ID51
was confirmed to be a somatic variant [21]. Furthermore, metabolome analysis of tumor tissue of
case ID51 showed an elevated S:F ratio of 5178.2, which is concurrent with the pathogenic SDHB
variant [21]. The SDHB missense variant p.(Arg242Cys) in case ID71 showed a low allele frequency of
16.4%, indicating that this variant is likely somatic as well. However, in this case no elevated S:F ratio
was detected in tumor tissue, which is likely attributable to known deviations between pathogenic
SDHx variants and S:F ratio in head and neck paragangliomas [21]. Pathogenic variants in FH were
identified in tumor tissue of two cases (ID41 and ID82) and showed elevated fumarate to malate ratios,
demonstrating correlation between genomic and metabolomic analyses [21]. Both pathogenic FH
variants were also identified in the germline of the patients by targeted analysis (Table 2) [21].

In four cases, we identified pathogenic variants in NF1 (ID73, ID79, ID91 and ID92). One of these
cases (ID92) had two different nonsense mutations in NF1 (p.(Arg440*) and p.(Arg2517*)) at allele
frequencies of 15.9% and 33.2%, respectively, which could also indicate somatic origin. Case ID73 had
a NF1 nonsense variant (p.(Gln514*) at an allele frequency of 62.1%, case ID79 showed a pathogenic
frameshift variant (p.(Ser2601fs)) in NF1 with an allele frequency of 83.2% and ID91 had a pathogenic
splice variant in NF1 with an allele frequency of 39.9%. A pathogenic missense variant in VHL
(p.(Arg167Gln) was identified in ID78 at an allele frequency of 49.6%. No blood samples were available
for analysis in these five cases and thus, presence of the respective NF1 or VHL variants in the germline
of these patients could not be determined.

One tumor (ID75) harbored a somatic IDH2 hot-spot mutation, in line with elevated
D-2-hydroxyglutarate [21]. Tumor ID60 presented with a known hot-spot mutation in HRAS. Although
no germline sequencing data were available, it can be assumed that this hot-spot mutation was somatic
based on the gene involved and the low allele frequency of the variant. In one tumor (ID80) we
identified a nonsense mutation in ATRX (p.Glu481*), however, only at a frequency of 5.4%. This might
imply the alteration was a secondary event contributing to tumor maintenance, although no other
pathogenic variants were found in this tumor using the PPGL custom panel.

Taken together, by sequencing analyses of altogether 28 tumor tissues using our PPGL panel,
we identified 24 (likely) pathogenic variants in 21 tumor samples (Table 2, Figure 2). The spectrum of
genes involved in these 21 samples differs from the spectrum of mutated genes identified by routine
germline testing in our clinical cohort of 65 patients (Figure 2b). For example, the majority of variants
identified by germline testing involved SDHx genes, while SDHx mutations only account for about
30% of mutations found by tumor testing (14/19 germline variants in the clinical cohort compared
to 7/24 variants in tumor tissues). In contrast, variants in IDH2, TP53, ATRX, HRAS, and VHL were
exclusively found by tumor sequencing, and variants in NF1 were more frequently found in tumor
tissues (5/24 variants in 21 tumor cases) compared to germline testing (1/19 variants identified in our
clinical cohort of 65 patients (Figure 2b).
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Figure 2. Summarized outcome of sequencing analysis of pheochromocytoma and paraganglioma
(PPGL) susceptibility genes by diagnostic sequencing of blood samples in a clinical cohort of 65 patients
and next generation sequencing analysis of 28 tumor tissues using our PPGL panel. Ten patients
received both, diagnostic blood sequencing and tumor analysis, and are included in both cohorts.
(a) We found (likely) pathogenic mutations in 21 of 28 tumors (75%), including three samples with more
than one mutation (see Table 2); four of those patients had confirmed germline variants (dark grey);
in four patients, germline status of the variant is unknown (grey); 13 cases had either confirmed somatic
mutations or presumably somatic mutations based on the genes involved and/or the allele frequencies
of the variants (light grey). Routine clinical blood testing in the clinical cohort of 65 patients identified
19 cases with germline mutations (29.2%). (b) Different spectrum of genes found to be mutated when
performing blood testing (19 (likely) pathogenic variants identified in 19 of 65 blood samples) or tumor
testing (24 (likely) pathogenic variants identified in 21 of 28 tumor samples). Numbers indicate how
many variants were identified per gene.

In seven of 28 analyzed PPGL tumor samples, we found no underlying pathogenic variants in
any of the 20 known PPGL susceptibility genes. In two of these seven cases, we identified potentially
disease relevant variants. One tumor (ID61) had a missense variant in ATRX (p.(Asn53His)) at an allele
frequency of 25%. This variant was not listed in databases such as gnomAD, ClinVar or dbSNP and
has, to the best of our knowledge, not described in the literature [27–29]. In the tumor of patient ID90
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we identified a missense variant in the candidate gene TET1 (p.(Val128Leu)) with an allele frequency
of 26.1%. The variant was found two times in heterozygous state in the general population (gnomAD
database) and is listed in dbSNP (rs142008363), but not in ClinVar. Based on current knowledge,
we classified both variants as variants of unknown significance. Unfortunately, blood samples to
confirm the somatic status were unavailable in both cases, although the allele frequencies indicate that
these variants might be somatic.

2.4. Tumor Testing with Our PPGL Custom Panel Can Provide Additional Information about Secondary
Somatic Changes

To gain additional information about further potentially pathogenic alterations, we performed
NGS-based copy number variant (CNV) detection in all samples that were sequenced with the PPGL
custom panel. A blood sample with a confirmed deletion of one NF1 allele served as positive control
for CNV detection and the NF1 loss was reliably detected by the applied algorithms (Figure 3F).

Figure 3. Results of next generation sequencing based copy number variant detection. (a) SDHB of case
ID42, (b) SDHB of case ID51, (c) FH of case ID41, (d) TP53 of case ID76, (e) NF1 of case ID88, (f) NF1
of a control sample with an experimentally proven NF1 deletion; dots represent single targets of the
respective genes, green lines highlight a log2 value of 0, dotted red lines mark log2 values of +0.5 and
−0.5.

Within our cohort of 28 PPGL tumors that were analyzed by custom panel sequencing, several
pathogenic variants were found at high allele frequencies indicating a loss of heterozygosity (Table 2).
In two cases with pathogenic SDHB variants (ID42: frequency of 85.4% and ID51: frequency of 80%)
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loss of one SDHB allele was identified by CNV detection analysis (Figure 3a,b). Similarly, pathogenic
variants at high allele frequencies in FH were found in ID41 (92.3%) and ID82 (82%). Neither of these
cases showed an FH deletion, supporting a copy number neutral mechanism of loss of heterozygosity
(LOH) (Figure 3C, Supplementary Table S3).

Two tumors with inconspicuous sequencing results (ID76 and ID88) had high frequencies of
CNVs compared to the other samples (Supplementary Table S3, Supplementary Figure S1), including
heterozygous loss of TP53 in one tumor (ID76) and of NF1 in the other tumor (ID88) (Figure 3D,E).

2.5. Identification of Variants in Candidate Genes

Sequencing of PPGL tumor tissue with the custom panel revealed rare variants in candidate
genes in nine cases (Table 3). All of these variants were missense variants and the significance of these
variants is currently unknown. Two of these variants were found at low allele frequencies (ID61: ATRX
p.(Asn53His) 25.2% and ID88: TET1 p.(Val128Leu) 26.1%) in tumors that otherwise did not harbor a
clear pathogenic or likely pathogenic mutation in a known PPGL susceptibility gene (see Section 2.3).
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The other seven variants were identified in cases that also carried a pathogenic variant in a PPGL
susceptibility gene and occurred at allele frequencies between 46% and 52.3% with the exception of FH
p.(Ala198Val) with a frequency of 7.3% (Table 3).

All seven variants were predicted to be pathogenic by several in silico prediction programs (ID41:
OGDHL p.(Tyr447Cys), ID68: GPT p.(Glu210Cys), ID69: FH p.(Ala198Val), ID71: PDHB p.(Val174Met),
ID78: FGFR1 p.(Pro702Tyr), ID79: HIST1H3B p.(Pro44Gln) and ID82: PCK2 p.(Arg155Cys), Table 3).
None of the selected variants was listed in ClinVar or occurred at a significant frequency in the general
population (gnomAD) [27,28]. Five of these variants were listed in dbSNP and two variants were
identified as somatic variants in lung cancer (FGFR1 p.(Pro702Tyr)) or in a colon carcinoma ((GPT
p.(Glu210Cys), COSMIC database; (Table 3)) [29,30].

Since these variants occurred together with clearly pathogenic variants and (with the exception of
the FH variant) with an allele frequency of about 50%, they might be rare/private germline variants
that are coincidental findings. Unfortunately, blood samples of these nine cases were not available to
confirm or exclude the somatic status of these variants.

3. Discussion

PPGLs are rare but known to be the tumor type with the highest heritability, with 30–40%
of patients carrying a predisposing germline mutation. A steadily growing number of 20 PPGL
susceptibility genes has been identified to date, and several candidate genes are being investigated [2,5].
Some of these genes have been found to be mutated both in the germline and somatically, while others
only occur as somatic mutations [7,8,13,16–19,22,31,32].

Analyses of both tumor and blood-derived DNA therefore aid in discrimination of sporadic from
hereditary tumor forms [31]. This information is crucial for stratifying the risk of synchronous or
metachronous tumor development in PPGL patients both regarding additional PPGLs and regarding
other tumor types that, respectively, are associated with some of the PPGL susceptibility genes such as
gastrointestinal stromal tumors (GIST ) with SDHx mutations [33].

In some patients, occurrence of PPGL is the first manifestation of a heritable syndrome such
as Neurofibromatosis type 1 (NF1) that besides a tumor predisposition is usually accompanied by
additional symptoms [34,35]. Patients with hereditary conditions need to undergo genetic counselling
and predictive testing can be offered to healthy family members. Healthy mutation carriers should
then be included in tailored clinical surveillance programs for early detection of tumor development
or other manifestations of disease. Depending on the gene affected, predictive testing can even be
indicated in children and prenatal testing needs to be considered for severe conditions with highly
variable phenotypic expression.

On the other hand, knowledge of somatic mutations can also be crucial for patient treatment and
follow-up. Patients with pathogenic mutations in SDHB and FH, for example, have an elevated risk
for malignant tumor development, regardless of whether the mutation was inherited or whether it
occurred somatically [10,36]. Diagnosis of malignancy of PPGLs can, with certainty, only be made
based on detection of metastases and not histology [37]. Therefore, patients with mutations associated
with malignancy of tumors need to be followed up closely for metastatic disease. Moreover, knowledge
of mutations, both somatic and germline, increasingly opens up the possibility for targeted therapeutic
approaches [38].

Taking these implications on clinical management into account, it is evident that patients can
substantially benefit from combined genetic analysis of both blood and tumor-derived DNA. We found
that in our cohort germline testing identified pathogenic mutations in PPGL core genes in 19 out of
65 patients (29.2%). This number complies with reported germline mutational rates of 30–40% in PPGL
patients in the literature [1–4,31]. Tumor analysis of 28 samples using the custom tailored PPGL panel
revealed pathogenic mutations in 21 tumors (75%) of which 13 were available for germline testing
(9 were from our routine clinical cohort who had received routine diagnostic testing, and 4 cases from
our research cohort received targeted blood sequencing of variants after tumor testing, see Table 2).
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About one third of these 13 mutations found in tumor tissue were also present in blood and therefore
presumed to be germline, while two third of these pathogenic mutations had developed somatically.
Aim et al. recently published similar results with a mutation detection rate of 74% for combined
germline and somatic mutation testing with a custom panel comprising 17 genes. This study, however,
identified half of the mutations to be of germline and half of somatic origin [31]. This discrepancy
could be explained by a high percentage of patients with seemingly sporadic tumors in our cohort.
Average age of tumor onset for those 13 patients who received both germline and tumor analysis was
42 years and only one patient had proven malignant disease. None of these patients had a positive
family history for PPGL-associated tumors.

While patients can benefit from combined tumor and germline analysis, this approach is generally
hindered by both financial issues and organizational obstacles. We did observe such obstacles in our
cohort for those patients of whom, due to anonymous inclusion in a multi-center trial, we could only
analyze tumor tissue without having access to germline information. Interdisciplinary approaches,
especially between pathologists and clinical geneticists, could aid in bringing together both germline
and tumor sequencing results in order to provide attending physicians with comprehensive genetic data.

Commonly used commercial sequencing panels for cancers are usually designed to either be used
in clinical genetics in search for predisposing germline variants (such as the TruSight Cancer panel
used in our routine diagnostic approach) or for application in molecular pathology for identification of
somatic (hot-spot) variants in tumor tissues with focus on FFPE samples. Our custom panel covers
both, i.e., genes that are typically mutated in the germline in context of hereditary tumor diseases
(such as SDHx or FH) and genes that are almost exclusively somatically mutated in PPGLs (such as
HRAS, ATRX, IDHx, etc.). It is moreover suitable for testing of high-quality DNA from blood samples
as well as low-quality DNA from FFPE tissue samples. Therefore, our PPGL panel can be applied to
combined germline and tumor analysis, leading to a significant increase in detected mutations.

The mutational spectrum we observed was generally compliant with previously reported
results [3,4,31]. We did find a total of 3/28 (10.7%) somatically ATRX mutated tumors, which is
presumed to be associated with aggressive disease [22,39,40]. One of these patients had not developed
any metastases at the time of investigation, one patient had recurrence of disease and for one patient,
follow-up information was unavailable. The first patient additionally carried a pathogenic SDHC
germline mutation, which is in line with the reported enrichment of ATRX mutations in SDHx mutated
tumors [32]. The second tumor showed a somatic pathogenic TP53 mutation in addition to the
ATRX truncating mutation. TP53 mutations are rare in PPGLs compared to most other tumor types.
However, it has been proposed they could have a synergistic effect on other driver mutations, and it
seems plausible that both the ATRX and TP53 mutations affected tumor development in this patient.
Different from ATRX mutations, however, TP53 mutations in PPGL have not been associated with more
aggressive disease. [3,22] The third patient in our cohort with an ATRX mutation was not identified to
carry any other driver alterations and did only show a read frequency of 5.4% for the ATRX mutation.
While sole ATRX mutations have been described to drive sporadic PPGL development, it could also be
considered that in this patient a relevant second mutation might have escaped the analysis [32,39].

Copy number variants (CNVs), for instance, are typically not detected by NGS-based variant
calling [26]. We therefore applied a CNV detection approach based on the sequencing data generated
by our custom panel in order to complement single nucleotide variant (SNV) detection from
both cryo-conserved tumor samples and paraffin embedded tissues. This approach detected both
loss-of-heterozygosity and possibly disease-related mutations in several tumors. However, further
improvements and validations would be needed in order to reliably apply this technique in a diagnostic
setting. This might be of value, since array-CGH can be unreliable for highly degraded DNA from
FFPE tumor samples. CNV-detection based on our NGS custom-panel data could therefore provide a
feasible alternative for CNV detection in these cases.

Apart from possible CNV detection and combined tumor and germline analysis, our broad
customized PPGL panel did show further advantages over limited diagnostic panels, such as possible
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detection of rare or unexpected genetic events. For example, we identified a somatic IDH2 hot spot
mutation (Arg172Gly) in a paraganglioma sample, as reported previously [21]. In addition, several
variants of unknown significance were identified in PPGL candidate genes, allowing for further
investigation of these potentially relevant genes. Considering steady research advances in underlying
genetic mechanisms of PPGLs, the panel can easily be extended to further target regions.

However, one limitation of common sequencing approaches, which also applies to our panel, is
the identification of epigenetic events leading to PPGL development. In one patient in our cohort,
who developed multiple tumors, no pathogenic mutation was identified by common sequencing
approaches, since the underlying epigenetic event was hypermethylation of the SDHC promoter region,
as was reported earlier [41]. This example emphasizes that even with broad diagnostic sequencing
panels, unsolved cases with suspicion of hereditary disease should be directed to research approaches.
Metabolic data can substantially aid diagnostics by guiding the search for genetic alterations that
escape routine genetic testing [21,23,41].

Taking these results together, we propose an interdisciplinary approach for genetic analysis
of PPGL that encompasses both tumor and germline sequencing and conclude that our custom
designed PPGL panel provides a valid tool for the identification of SNVs from fresh frozen and
paraffin-embedded tumor tissues. CNV detection can further be performed based on the data
generated by our panel. Combined diagnostic and research approaches yield optimal results for
comprehensive genetic characterization of PPGL patients.

4. Materials and Methods

4.1. Patient Cohort and Genetic Testing Strategy

Sequencing of blood or tumor samples was conducted either within a diagnostic or a research
setting after informed written consent was given by all patients at their respective centers of study
inclusion. In a diagnostic setting, patients were initially seen by endocrinologists and referred to
the Institute for Clinical Genetics for genetic counselling. Pedigrees were analyzed and germline
analysis was initiated, covering PPGL core genes SDHB, SDHC, SDHD, SDHAF2, MAX, FH, NF1,
RET, TMEM127 and VHL either via Sanger-Sequencing and/or next generation sequencing using a
commercially available gene panel (TruSight Cancer Panel, Illumina) [34,42]. This was complemented by
custom array-CGH analysis for detection of copy number variations and multiplex ligation-dependent
probe amplification (MLPA) (SDHA). If a causative mutation was identified, genetic counselling and
predictive testing in families as well as appropriate clinical management and/or study inclusion were
initiated. If tumor samples were available, cases with no identified causative germline mutations were
analyzed using our dedicated PPGL multi gene panel comprising 84 genes. Additionally, blood or
tumor tissue samples were provided in anonymized fashion by several centers from Madrid, Nijmegen,
Munich and Bethesda under the clinical protocol of the Prospective Monoamine-producing Tumor Study
(coordinator Graeme Eisenhofer). A number of samples reported here have already been published
in a study with a different research focus [21]. Patients from the research cohort were either part
of the Prospective Monoamine-producing Tumor Study (PMT study; https://pmt-study.pressor.org/)
and/or Registry and Repository of biological samples of the European Network for the Study of
Adrenal Tumours (ENS@T) with ethic approval given at each participating institution (ethic codes: EK
189062010 (Dresden), 2011-334 (Nijmegen), 173-11 and 379-10 (Munich), 15/024 (Madrid), 2011/0020149
Ref. n. 59/11 (Florence)), or enrolled under the IRB Protocol 00-CH-0093 (NIH/Bethesda/USA). Patients
from the diagnostic cohort signed informed consent for genetic testing in accordance with the German
Genetic Diagnostics Act (GenDG).

4.2. Next Generation Sequencing Analysis

DNA was isolated either from blood or from tumor tissue samples provided fresh or formalin
fixed paraffin embedded. NGS analysis was conducted on a NextSeq or MiSeq sequencing instrument
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(Illumina Inc., San Diego, CA, USA) using the TruSight Cancer sequencing panel (Illumina Inc., San
Diego, CA, USA) in the case of diagnostic analysis or the custom designed PPGL Panel (Illumina Inc.,
San Diego, CA, USA Supplementary Table S1) for research analysis.

Resulting fastq sequence files were aligned to the human reference genome hg19 (GRCh37) using
the Biomedical Genomics Workbench 5.0 (Qiagen, Hilden, Germany). In the case of diagnostic analysis,
variants were called with a fixed ploidy algorithm with a required minimum frequency of 10 %, 3 reads
supporting the variant and a required minimum coverage of 10 reads. For research analysis of tumor
tissue or blood, variants were called using a low frequency variant detection algorithm (no assumption
of known sample ploidy) with a required minimum frequency of 5% and otherwise similar settings.
Variant calling was restricted to target regions as defined by the bed files of the TruSight Cancer
panel (Illumina Inc., San Diego, CA, USA) and the PPGL panel. Variant classification was performed
in accordance with the standards and guidelines of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology (ACMG-AMP) [43].

4.3. CNV Calling

NGS-based calling of copy number variations (CNVs) was performed with the R (https://www.r-
project.org/, [44]) package panelcn.MOPS [45], a CNV detection tool for targeted panel NGS data, set to
default parameters. DNA obtained from blood samples of ten healthy individuals was sequenced with
the PPGL panel and served as normal controls for CNV detection. The absence of CNVs in known
PPGL susceptibility genes (SDHA, SDHB, SDHC, SDHD, SDHAF2, MAX, FH, NF1, RET, TMEM127
and VHL) in controls was confirmed by array-CGH. Additionally, a sample with a heterozygous
deletion of NF1 as previously identified by array-CGH was included as a positive control for CNV
detection. For each sample, log2 values, statistical parameters and copy numbers (CNx; x = number of
copies) were exported into a csv file (Supplementary Table S3). Furthermore, for each sample, median
log2ratios per gene were plotted for visualization (Supplementary Figure S1).

4.4. Metabolite Analyses

Succinate and fumarate were extracted with methanol from fresh or FFPE tissue as previously
reported [23] and analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS).
Methodological details have previously been reported [21].

5. Conclusions

Comprehensive testing of tumor samples can improve diagnostics in PPGL patients. We propose
parallel testing of blood and tumor tissue (fresh frozen or FFPE), accompanied by metabolite profiling,
immunohistochemistry and additional analyses such as methylation detection to allow for better data
interpretation. In the future, current NGS panel designs have to be updated to facilitate integration of
newly discovered susceptibility genes or could even be replaced by exome sequencing. Patients can
substantially benefit from integrating diagnostic and research approaches for molecular characterization
of PPGLs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/6/809/s1,
Supplementary Table S1: Cohort Overview and clinical information, Supplementary Table S2: PPGL custom panel
design, Supplementary Table S3: CNV calling data, Supplementary Figure S1: CNV plots.

Author Contributions: Conceptualization, B.K., S.R.; methodology, B.K. software, D.W., L.G., A.R., B.K. and W.J.;
formal analysis, K.H., D.W., L.G., A.R. and B.K.; investigation, B.K., L.G., D.W., K.H., A.J., J.W., N.B., S.N., T.K.,
V.G., G.C., J.M., F.B., H.J.T., L.C., K.P., M.R., D.A., S.R. and G.E.; resources, B.K., E.S., G.E., D.A.; data curation, D.W.,
L.G. and B.K.; writing—original draft preparation, D.W., L.G. and B.K.; writing—review and editing, D.W., L.G.,
B.K., A.J., A.R., S.R., G.E., K.P., S.N., N.B., M.R.; visualization, D.W., W.J.; supervision, B.K.; project administration,
B.K.; funding acquisition, B.K., S.R.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (RI 2684/1-1; KL 2541/2-1 and
CRC/Transregio 205/1, B10 for S.R., B12 for B.K., G.E.). M.R. receives funding support from Instituto de Salud

315



Cancers 2019, 11, 809

Carlos III (ISCIII), through the “Acción Estratégica en Salud” (AES) (projects PI17/01796), cofounded by the
European Regional Development Fund (ERDF)), and the Paradifference Foundation.

Acknowledgments: We thank the patients and their families who have made this research possible. We want to
thank Jacques W. Lenders for his support. We further thank Alexander Krüger, Lydia Rossow and Franziska Stübner
for technical support as well as Katharina Langton and Uwe Siemon for their assistance in patient administration.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dahia, P.L. Pheochromocytoma and paraganglioma pathogenesis: Learning from genetic heterogeneity. Nat.
Rev. Cancer 2014, 14, 108–119. [CrossRef] [PubMed]

2. Eisenhofer, G.; Klink, B.; Richter, S.; Lenders, J.W.; Robledo, M. Metabologenomics of phaeochromocytoma
and paraganglioma: An integrated approach for personalised biochemical and genetic testing. Clin. Biochem.
Rev. 2017, 38, 69–100. [PubMed]

3. Fishbein, L.; Leshchiner, I.; Walter, V.; Danilova, L.; Robertson, A.G.; Johnson, A.R.; Lichtenberg, T.M.;
Murray, B.A.; Ghayee, H.K.; Else, T.; et al. Comprehensive molecular characterization of pheochromocytoma
and paraganglioma. Cancer Cell 2017, 31, 181–193. [CrossRef] [PubMed]

4. Jochmanova, I.; Pacak, K. Genomic landscape of pheochromocytoma and paraganglioma. Trends Cancer 2018,
4, 6–9. [CrossRef]

5. Huang, K.L.; Mashl, R.J.; Wu, Y.; Ritter, D.I.; Wang, J.; Oh, C.; Paczkowska, M.; Reynolds, S.;
Wyczalkowski, M.A.; Oak, N.; et al. Pathogenic germline variants in 10,389 adult cancers. Cell 2018,
173, 355–370. [CrossRef]

6. Lenders, J.W.M.; Eisenhofer, G. Update on modern management of pheochromocytoma and paraganglioma.
Endocrinol. Metab. 2017, 32, 152–161. [CrossRef]

7. Bayley, J.P.; Kunst, H.P.; Cascon, A.; Sampietro, M.L.; Gaal, J.; Korpershoek, E.; Hinojar-Gutierrez, A.;
Timmers, H.J.; Hoefsloot, L.H.; Hermsen, M.A.; et al. Sdhaf2 mutations in familial and sporadic paraganglioma
and phaeochromocytoma. Lancet Oncol. 2010, 11, 366–372. [CrossRef]

8. Qin, Y.; Yao, L.; King, E.E.; Buddavarapu, K.; Lenci, R.E.; Chocron, E.S.; Lechleiter, J.D.; Sass, M.; Aronin, N.;
Schiavi, F.; et al. Germline mutations in tmem127 confer susceptibility to pheochromocytoma. Nat. Genet.
2010, 42, 229–233. [CrossRef]

9. Comino-Mendez, I.; Gracia-Aznarez, F.J.; Schiavi, F.; Landa, I.; Leandro-Garcia, L.J.; Leton, R.; Honrado, E.;
Ramos-Medina, R.; Caronia, D.; Pita, G.; et al. Exome sequencing identifies max mutations as a cause of
hereditary pheochromocytoma. Nat. Genet. 2011, 43, 663–667. [CrossRef]

10. Castro-Vega, L.J.; Buffet, A.; De Cubas, A.A.; Cascon, A.; Menara, M.; Khalifa, E.; Amar, L.; Azriel, S.;
Bourdeau, I.; Chabre, O.; et al. Germline mutations in fh confer predisposition to malignant
pheochromocytomas and paragangliomas. Hum. Mol. Genet. 2014, 23, 2440–2446. [CrossRef]

11. Clark, G.R.; Sciacovelli, M.; Gaude, E.; Walsh, D.M.; Kirby, G.; Simpson, M.A.; Trembath, R.C.; Berg, J.N.;
Woodward, E.R.; Kinning, E.; et al. Germline fh mutations presenting with pheochromocytoma. J. Clin.
Endocrinol. Metab. 2014, 99, E2046–E2050. [CrossRef] [PubMed]

12. Cascon, A.; Comino-Mendez, I.; Curras-Freixes, M.; de Cubas, A.A.; Contreras, L.; Richter, S.; Peitzsch, M.;
Mancikova, V.; Inglada-Perez, L.; Perez-Barrios, A.; et al. Whole-exome sequencing identifies mdh2 as a new
familial paraganglioma gene. J. Natl. Cancer Inst. 2015, 107. [CrossRef] [PubMed]

13. Remacha, L.; Comino-Mendez, I.; Richter, S.; Contreras, L.; Curras-Freixes, M.; Pita, G.; Leton, R.; Galarreta, A.;
Torres-Perez, R.; Honrado, E.; et al. Targeted exome sequencing of krebs cycle genes reveals candidate
cancer-predisposing mutations in pheochromocytomas and paragangliomas. Clin. Cancer Res. 2017,
23, 6315–6324. [CrossRef] [PubMed]

14. Remacha, L.; Pirman, D.; Mahoney, C.E.; Coloma, J.; Calsina, B.; Curras-Freixes, M.; Leton, R.; Torres-Perez, R.;
Richter, S.; Pita, G.; et al. Recurrent germline dlst mutations in individuals with multiple pheochromocytomas
and paragangliomas. Am. J. Hum. Genet. 2019, 104, 651–664. [CrossRef] [PubMed]

15. Zhuang, Z.; Yang, C.; Lorenzo, F.; Merino, M.; Fojo, T.; Kebebew, E.; Popovic, V.; Stratakis, C.A.; Prchal, J.T.;
Pacak, K. Somatic hif2a gain-of-function mutations in paraganglioma with polycythemia. N. Engl. J. Med.
2012, 367, 922–930. [CrossRef]

316



Cancers 2019, 11, 809

16. Yang, C.; Zhuang, Z.; Fliedner, S.M.; Shankavaram, U.; Sun, M.G.; Bullova, P.; Zhu, R.; Elkahloun, A.G.;
Kourlas, P.J.; Merino, M.; et al. Germ-line phd1 and phd2 mutations detected in patients with
pheochromocytoma/paraganglioma-polycythemia. J. Mol. Med. 2015, 93, 93–104. [CrossRef]

17. Buffet, A.; Smati, S.; Mansuy, L.; Menara, M.; Lebras, M.; Heymann, M.F.; Simian, C.; Favier, J.; Murat, A.;
Cariou, B.; et al. Mosaicism in hif2a-related polycythemia-paraganglioma syndrome. J. Clin. Endocrinol.
Metab. 2014, 99, E369–E373. [CrossRef]

18. Toledo, R.A.; Qin, Y.; Cheng, Z.M.; Gao, Q.; Iwata, S.; Silva, G.M.; Prasad, M.L.; Ocal, I.T.; Rao, S.; Aronin, N.;
et al. Recurrent mutations of chromatin-remodeling genes and kinase receptors in pheochromocytomas and
paragangliomas. Clin. Cancer Res. 2016, 22, 2301–2310. [CrossRef]

19. Castro-Vega, L.J.; Letouze, E.; Burnichon, N.; Buffet, A.; Disderot, P.H.; Khalifa, E.; Loriot, C.; Elarouci, N.;
Morin, A.; Menara, M.; et al. Multi-omics analysis defines core genomic alterations in pheochromocytomas
and paragangliomas. Nat. Commun. 2015, 6, 6044. [CrossRef]

20. Gaal, J.; Burnichon, N.; Korpershoek, E.; Roncelin, I.; Bertherat, J.; Plouin, P.F.; de Krijger, R.R.;
Gimenez-Roqueplo, A.P.; Dinjens, W.N. Isocitrate dehydrogenase mutations are rare in pheochromocytomas
and paragangliomas. J. Clin. Endocrinol. Metab. 2010, 95, 1274–1278. [CrossRef]

21. Richter, S.; Gieldon, L.; Pang, Y.; Peitzsch, M.; Huynh, T.; Leton, R.; Viana, B.; Ercolino, T.; Mangelis, A.;
Rapizzi, E.; et al. Metabolome-guided genomics to identify pathogenic variants in isocitrate dehydrogenase,
fumarate hydratase, and succinate dehydrogenase genes in pheochromocytoma and paraganglioma. Genet.
Med. 2019, 21, 705–717. [CrossRef] [PubMed]

22. Luchetti, A.; Walsh, D.; Rodger, F.; Clark, G.; Martin, T.; Irving, R.; Sanna, M.; Yao, M.; Robledo, M.;
Neumann, H.P.; et al. Profiling of somatic mutations in phaeochromocytoma and paraganglioma by targeted
next generation sequencing analysis. Int. J. Endocrinol. 2015, 2015, 138573. [CrossRef] [PubMed]

23. Richter, S.; Peitzsch, M.; Rapizzi, E.; Lenders, J.W.; Qin, N.; de Cubas, A.A.; Schiavi, F.; Rao, J.U.;
Beuschlein, F.; Quinkler, M.; et al. Krebs cycle metabolite profiling for identification and stratification of
pheochromocytomas/paragangliomas due to succinate dehydrogenase deficiency. J. Clin. Endocrinol. Metab.
2014, 99, 3903–3911. [CrossRef] [PubMed]

24. Hackmann, K.; Kuhlee, F.; Betcheva-Krajcir, E.; Kahlert, A.K.; Mackenroth, L.; Klink, B.; Di Donato, N.;
Tzschach, A.; Kast, K.; Wimberger, P.; et al. Ready to clone: Cnv detection and breakpoint fine-mapping in
breast and ovarian cancer susceptibility genes by high-resolution array cgh. Breast Cancer Res. Treat. 2016,
159, 585–590. [CrossRef] [PubMed]

25. Schlisio, S.; Kenchappa, R.S.; Vredeveld, L.C.; George, R.E.; Stewart, R.; Greulich, H.; Shahriari, K.;
Nguyen, N.V.; Pigny, P.; Dahia, P.L.; et al. The kinesin kif1bbeta acts downstream from egln3 to induce
apoptosis and is a potential 1p36 tumor suppressor. Genes Dev. 2008, 22, 884–893. [CrossRef] [PubMed]

26. Zakrzewski, F.; Gieldon, L.; Rump, A.; Seifert, M.; Grutzmann, K.; Kruger, A.; Loos, S.; Zeugner, S.;
Hackmann, K.; Porrmann, J.; et al. Targeted capture-based ngs is superior to multiplex pcr-based ngs for
hereditary brca1 and brca2 gene analysis in ffpe tumor samples. BMC Cancer 2019, 19, 396. [CrossRef]

27. Karczewski, K.J.; Francioli, L.C.; Tiao, G.; Cummings, B.B.; Alföldi, J.; Wang, Q.; Collins, R.L.; Laricchia, K.M.;
Ganna, A.; Birnbaum, D.P.; et al. Variation across 141,456 human exomes and genomes reveals the spectrum
of loss-of-function intolerance across human protein-coding genes. bioRxiv 2019, 531210. [CrossRef]

28. Landrum, M.J.; Lee, J.M.; Benson, M.; Brown, G.R.; Chao, C.; Chitipiralla, S.; Gu, B.; Hart, J.; Hoffman, D.;
Jang, W.; et al. Clinvar: Improving access to variant interpretations and supporting evidence. Nucleic Acids
Res. 2018, 46, D1062–D1067. [CrossRef]

29. Sherry, S.T.; Ward, M.H.; Kholodov, M.; Baker, J.; Phan, L.; Smigielski, E.M.; Sirotkin, K. Dbsnp: The ncbi
database of genetic variation. Nucleic Acids Res. 2001, 29, 308–311. [CrossRef]

30. Harsha, B.; Creatore, C.; Kok, C.Y.; Hathaway, C.; Cole, C.G.; Ramshaw, C.C.; Rye, C.E.; Beare, D.M.;
Dawson, E.; Boutselakis, H.; et al. Cosmic: The catalogue of somatic mutations in cancer. Nucleic Acids Res.
2018, 47, D941–D947.

31. Ben Aim, L.; Pigny, P.; Castro-Vega, L.J.; Buffet, A.; Amar, L.; Bertherat, J.; Drui, D.; Guilhem, I.;
Baudin, E.; Lussey-Lepoutre, C.; et al. Targeted next-generation sequencing detects rare genetic events in
pheochromocytoma and paraganglioma. J. Med Genet. 2019. [CrossRef] [PubMed]

32. Fishbein, L.; Khare, S.; Wubbenhorst, B.; DeSloover, D.; D’Andrea, K.; Merrill, S.; Cho, N.W.; Greenberg, R.A.;
Else, T.; Montone, K.; et al. Whole-exome sequencing identifies somatic atrx mutations in pheochromocytomas
and paragangliomas. Nat. Commun. 2015, 6, 6140. [CrossRef] [PubMed]

317



Cancers 2019, 11, 809

33. McWhinney, S.R.; Pasini, B.; Stratakis, C.A. Familial gastrointestinal stromal tumors and germ-line mutations.
N. Engl. J. Med. 2007, 357, 1054–1056. [CrossRef] [PubMed]

34. Gieldon, L.; Masjkur, J.R.; Richter, S.; Darr, R.; Lahera, M.; Aust, D.; Zeugner, S.; Rump, A.; Hackmann, K.;
Tzschach, A.; et al. Next-generation panel sequencing identifies nf1 germline mutations in three patients
with pheochromocytoma but no clinical diagnosis of neurofibromatosis type 1. Eur. J. Endocrinol. 2018,
178, K1–K9. [CrossRef] [PubMed]

35. Welander, J.; Soderkvist, P.; Gimm, O. Genetics and clinical characteristics of hereditary pheochromocytomas
and paragangliomas. Endocr. Relat. Cancer 2011, 18, R253–R276. [CrossRef]

36. Gimenez-Roqueplo, A.P.; Favier, J.; Rustin, P.; Rieubland, C.; Crespin, M.; Nau, V.; Khau Van Kien, P.;
Corvol, P.; Plouin, P.F.; Jeunemaitre, X. Mutations in the sdhb gene are associated with extra-adrenal and/or
malignant phaeochromocytomas. Cancer Res. 2003, 63, 5615–5621.

37. Ayala-Ramirez, M.; Feng, L.; Johnson, M.M.; Ejaz, S.; Habra, M.A.; Rich, T.; Busaidy, N.; Cote, G.J.; Perrier, N.;
Phan, A.; et al. Clinical risk factors for malignancy and overall survival in patients with pheochromocytomas
and sympathetic paragangliomas: Primary tumor size and primary tumor location as prognostic indicators.
J. Clin. Endocrinol. Metab. 2011, 96, 717–725. [CrossRef]

38. Jimenez, C. Treatment for patients with malignant pheochromocytomas and paragangliomas: A perspective
from the hallmarks of cancer. Front. Endocrinol. 2018, 9, 277. [CrossRef]

39. Job, S.; Draskovic, I.; Burnichon, N.; Buffet, A.; Cros, J.; Lepine, C.; Venisse, A.; Robidel, E.; Verkarre, V.;
Meatchi, T.; et al. Telomerase activation and atrx mutations are independent risk factors for metastatic
pheochromocytoma and paraganglioma. Clin. Cancer Res. 2019, 25, 760–770. [CrossRef]

40. Kantorovich, V.; Pacak, K. New insights on the pathogenesis of paraganglioma and pheochromocytoma.
F1000Research 2018, 7. [CrossRef]

41. Richter, S.; Klink, B.; Nacke, B.; de Cubas, A.A.; Mangelis, A.; Rapizzi, E.; Meinhardt, M.; Skondra, C.;
Mannelli, M.; Robledo, M.; et al. Epigenetic mutation of the succinate dehydrogenase c promoter in a patient
with two paragangliomas. J. Clin. Endocrinol. Metab. 2016, 101, 359–363. [CrossRef] [PubMed]

42. Schroeder, C.; Faust, U.; Sturm, M.; Hackmann, K.; Grundmann, K.; Harmuth, F.; Bosse, K.; Kehrer, M.;
Benkert, T.; Klink, B.; et al. Hboc multi-gene panel testing: Comparison of two sequencing centers.
Breast Cancer Res. Treat. 2015, 152, 129–136. [CrossRef] [PubMed]

43. Richards, S.; Aziz, N.; Bale, S.; Blick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hedge, M.; Lyon, E.;
Spector, E.; et al. Standards and guidelines fot the interpretation of sequence variants: A joint consensus
recommendation of the American College of Medical Genetics and Genomics and the Association for
Molecular Pathology. Genet. Med. 2015, 17, 405–424. [CrossRef] [PubMed]

44. R Core Team. R: A Language and Environment for Statistical Computing. 2017. Available online:
http://www.r-project.org/ (accessed on 11 March 2019).

45. Povysil, G.; Tzika, A.; Vogt, J.; Haunschmid, V.; Messiaen, L.; Zschocke, J.; Klambauer, G.; Hochreiter, S.;
Wimmer, K. panelcn.MOPS: Copy-number detection in targeted NGS panel data for clinical diagnostics.
Hum. Mutat. 2017, 38, 889–897. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

318



cancers

Article

Catecholamines Induce Left Ventricular Subclinical
Systolic Dysfunction: A Speckle-Tracking
Echocardiography Study
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Abstract: Background: Pheochromocytomas (PHEO) are tumors arising from chromaffin cells
from the adrenal medulla, having the ability to produce, metabolize and secrete catecholamines.
The overproduction of catecholamines leads by many mechanisms to the impairment in the left
ventricle (LV) function, however, endocardial measurement of systolic function did not find any
differences between patients with PHEO and essential hypertension (EH). The aim of the study was to
investigate whether global longitudinal strain (GLS) derived from speckle-tracking echocardiography
can detect catecholamine-induced subclinical impairments in systolic function. Methods: We analyzed
17 patients (10 females and seven males) with PHEO and 18 patients (nine females and nine males)
with EH. The groups did not differ in age or in 24-h blood pressure values. Results: The patients with
PHEO did not differ in echocardiographic parameters including LV ejection fraction compared to the
EH patients (0.69 ± 0.04 vs. 0.71 ± 0.05; NS), nevertheless, in spackle-tracking analysis, the patients
with PHEO displayed significantly lower GLS than the EH patients (−14.8 ± 1.5 vs. −17.8 ± 1.7;
p < 0.001). Conclusions: Patients with PHEO have a lower magnitude of GLS than the patients with
EH, suggesting that catecholamines induce a subclinical decline in LV systolic function.

Keywords: pheochromocytoma; catecholamine; global longitudinal strain; speckle-tracking
echocardiography; subclinical systolic dysfunction

1. Introduction

Pheochromocytomas (PHEO) and functional paragangliomas (PGLs) are rare and mostly
non-metastatic tumors originating from chromaffin cells either from the adrenal medulla (PHEO)
or from the sympathetic nervous system–associated chromaffin tissue (PGLs) [1]. The prevalence
of PHEO and PGLs in non-selected population of patients with arterial hypertension is between 0.2
and 0.6% [2,3] and the prevalence of PHEO is higher than the prevalence of PGLs, when 80 to 85%
of chromaffin-cell tumors are PHEO, whereas 15 to 20% are PGLs [4]. Due to the higher age of the
population and smaller tumor sizes at diagnosis, the incidence has increased in recent years [5].

These tumors have the ability to produce, metabolize, and secrete catecholamines. Catecholamines
produced by the tumor cells are responsible for a large variety of signs, in particular paroxysmal
effects, such as headache, sweating, palpitations, and hypertension because of their effect on
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hemodynamics and metabolism [4,6]. In vitro [7] and in vivo studies [8] showed that catecholamines
influence vascular wall growth and remodeling, independently of their hemodynamic impact.
In general, patients with pheochromocytoma have a higher risk of cardiovascular complications
(even life-threatening like arrhythmias, heart failure and myocardial infarction), than patients with
essential hypertension (EH) [9]. The aforementioned heart failure may be manifested by a decrease
in the ejection fraction (EF) or, in some patients, by a transient left ventricle (LV) dysfunction
due to the so-called catecholamine-induced myocarditis, also called pheochromocytoma-associated
catecholamine cardiomyopathy [10]. Adrenalectomy also leads to an improvement of LV mass in
patients with PHEO in contrast to the impairment of this parameter in EH patients [11]. A reduction of
LV EF or even heart failure are signs of already developed clinical impairment. We therefore focused
on the detection of subclinical impairment before the onset of cardiac damage.

In recent years, global longitudinal strain (GLS) derived from two-dimensional speckle-tracking
echocardiography seems to be a better parameter for evaluating LV systolic performance including
myocardial motion and longitudinal deformation than LV EF [12]. GLS can also detect LV systolic
impairment already in the preclinical stage, when EF remains in normal range [13]. Recently, GLS has
been used for the assessments of LV subclinical systolic function in many indications. In clinical
practice, it is most often the evaluation of various forms of LV hypertrophy such as hypertrophic
cardiomyopathy, amyloidosis [14] or primary aldosteronism [15] and evaluation of cardiotoxicity
in patients with oncological diseases undergoing chemotherapy [16]. Therefore, we designed a
prospective study to detect catecholamines-induced myocardial impairment of LV systolic function in
patients with PHEO already in the subclinical stage.

2. Results

2.1. Characteristic of Groups

The final group included seventeen patients with a diagnosis of PHEO (11 subjects with adrenergic
phenotype and six subjects with noradrenergic phenotype), aged 28 to 67 years (10 females and seven
males) and eighteen patients (nine females and nine males) with a diagnosis of EH. The patient
subgroups do not significantly differ in age, body mass index, in presumptive duration of disease or in
heart rate and blood pressure values measured casually or using 24-h ambulatory monitoring (ABPM).

Thirteen patients with PHEO (76%) had a history of sustained hypertension and used at least one
antihypertensive drug. Four patients with PHEO (24%) had developed only paroxysmal symptoms
in the history and displayed normal blood pressure levels during measurements in the hospital.
On the contrary, two patients with PHEO (12%) showed repeatedly very high blood pressure levels.
The other patients with PHEO showed only a mild form of hypertension. The average values of
heart rate in patients with PHEO were only about +7 mmHg higher than those in patients with EH.
Nevertheless, this slight difference did not achieve statistical significance. The patients with EH
used a higher number of antihypertensive drugs before switching to the treatment with α-blockers
and/or slow-release verapamil than the patients with PHEO (p < 0.01) (Table 1). Significantly higher
proportion of EH patients were treated by β-blockers (p < 0.01), calcium channel blockers (p < 0.01),
and diuretics (p < 0.05). Four patients with PHEO had diabetes (two of them were on insulin and
three of them were on oral antidiabetic drugs) and seven patients in both groups were treated for
dyslipidemia (Table 2).
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Table 1. Clinical characteristic of the study population.

Clinical Characteristic PHEO (n = 17) EH (n = 18) p-Value

Age (years) 50 ± 11 49 ± 6 NS
Gender: F/M (% female) 10/7 (58%) 9/9 (50%) NS

Height (cm) 170 ± 8 173 ± 7 NS
Weight (kg) 82 ± 14 88 ± 11 NS

Body mass index (kg/m2) 29 ± 5 30 ± 4 NS
Systolic office BP (mmHg) 141 ± 13 140 ± 8 NS
Diastolic office BP (mmHg) 88 ± 6 89 ± 5 NS

Heart Rate office (BPM) 81 ± 9 74 ± 8 NS
24 h ABPM systolic BP (mmHg) 127 ± 9 132 ± 8 NS
24 h ABPM diastolic BP (mmHg) 76 ± 7 80 ± 5 NS

24 h ABPM Heart Rate (BPM) 77 ± 10 71 ± 6 NS
Number of used antihypertensive drugs 1.5 ± 1.1 3.6 ± 1.4 <0.001

Manifestation of symptoms (years) 5.8 ± 3.4 6.7 ± 3.6 NS

Variables are shown as means ± SD, or absolute values and relative values in percent. PHEO, pheochromocytoma;
EH, essential hypertension; BP, blood pressure; BPM, beats per minute; ABPM, ambulatory blood pressure
monitoring; NS, non-significant.

Table 2. Use of antihypertensive, antidiabetic and lipid-lowering drugs in the study population.

Antihypertensive, Antidiabetic and
Lipid-Lowering Drugs

PHEO (n = 17) EH (n = 18) p-Value

Diuretics [n (%)] 3 (18) 10 (56) <0.05
β-blockers [n (%)] 3 (18) 11 (61) <0.01

Calcium channel blockers [n (%)] 5 (29) 14 (78) <0.01
Angiotensin-converting enzyme inhibitors [n (%)] 5 (29) 10 (56) NS

Angiotensin receptor blockers [n (%)] 2 (12) 7 (39) NS
α-blockers [n (%)] 4 (24) 2 (11) NS

Central agonists [n (%)] 3 (18) 6 (33) NS
Aldosterone antagonists [n (%)] 1 (6) 4 (22) NS

Statins [n (%)] 7 (41) 7 (39) NS
Insulin [n (%)] 2 (12) 0 (0) NS

Oral antidiabetic drugs [n (%)] 3 (18) 0 (0) NS

Values are presented in absolute numbers (in percents). PHEO, pheochromocytoma; EH, essential hypertension;
NS, non-significant.

2.2. Laboratory Results

The patient subgroups did not differ in lipid parameters, in plasma creatinine or in creatinine
clearance. As expected, all endocrine-related laboratory values in patients with PHEO (fasting plasma
glucose, plasma metanephrines, normetanephrines) were higher than in patients with EH (Table 3).

Table 3. Laboratory data of the study population.

Laboratory Data PHEO (n = 17) EH (n = 18) p-Value

Plasma creatinine (μmol/L) 69 ± 12 75 ± 12 NS
Creatinine clearance (mL/min) 135 ± 34 119 ± 25 NS
Plasma cholesterol (mmol/L) 4.4 ± 0.5 4.8 ± 0.5 NS
HDL cholesterol (mmol/L) 1.5 ± 0.3 1.5 ± 0.3 NS
LDL cholesterol (mmol/L) 2.4 ± 0.5 2.5 ± 0.5 NS

Triglycerides (mmol/L) 1.2 ± 0.5 1.4 ± 0.5 NS
Fasting plasma glucose (mmol/L) 6.0 ± 0.9 5.2 ± 0.5 <0.05
Plasma metanephrines (nmol/L) 4.87 ± 4.30 0.16 ± 0.09 <0.01

Plasma normetanephrines (nmol/L) 13.65 ± 13.80 0.27 ± 0.12 <0.05

Variables are shown as means ± S.D.; PHEO, pheochromocytoma; EH, essential hypertension; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; NS, non-significant.
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2.3. Echocardiography Parameters

The patient subgroups did not differ in the LV and left atrial dimensions, LV mass indexes or
Doppler-derived indexes characterizing diastolic function (Table 4).

Table 4. Echocardiographic parameters and Doppler-derived indexes of the study population.

Echocardiographic Parameters PHEO (n = 17) EH (n = 18) p-Value

IVS (mm) 9.7 ± 1.6 9.6 ± 1.1 NS
LVED (mm) 49.6 ± 4.7 49.3 ± 3.1 NS
LVES (mm) 30.3 ± 2.6 29.1 ± 2.9 NS
PWT (mm) 9.6 ± 1.6 9.8 ± 1.1 NS

RWT 0.39 ± 0.05 0.40 ± 0.05 NS
LA (mm) 38.2 ± 5.1 37.0 ± 2.9 NS

LVMi/BSA (g/m2) 91.2 ± 23.3 86.4 ± 16.2 NS
LVMi (g/m2.7) 42.2 ± 12.1 40.3 ± 9.1 NS

LVEF 0.69 ± 0.04 0.71 ± 0.05 NS
E/A 1.04 ± 0.30 1.06 ± 0.25 NS
E/e’ 8.5 ± 1.9 8.9 ± 1.6 NS

Variables are shown as means ± SD; LVEF, left ventricle ejection fraction; IVS, interventricular septum; LVED,
left ventricle end-diastolic diameter; LVES, left ventricle end-systolic diameter; PWT, posterior wall thickness; RWT,
relative wall thickness; LVMi/BSA, left ventricular mass index to the body surface area; LVMi, left ventricular mass
index to the 2.7th power of height in meters; LA, left atrium; E/e’, Pulsed-Wave Doppler/Tissue Doppler Imaging
ratio of E wave velocity, NS, non-significant.

When evaluating systolic function, the two groups did not differ in LV EF (0.69 ± 0.04 in the PHEO
group vs. 0.71 ± 0.05 in the EH group, p = 0.25), nevertheless, in the speckle analysis, a significantly
lower magnitude of GLS was found in patients with PHEO compared to those with EH.

The patients with PHEO displayed significantly lower strain than those with EH in all three views
including: apical two-chamber view (−14.9 ± 1.6% in the PHEO group vs. −18.2 ± 2.1% in the EH
group, p < 0.001), apical long axis view (−15.0 ± 1.7% in the PHEO group vs. −18.0 ± 1.9% in the
EH group, p < 0.001), apical four-chamber view (−14.5 ± 1.4% in the PHEO group vs. −17.8 ± 1.7%
in the EH group, p < 0.001), and GLS (−14.8 ± 1.5% in the PHEO group vs. −17.8 ± 1.7% in the EH
group, p < 0.001, Figure 1). Comparing the individual LV segments, patients with PHEO showed
a significantly reduced peak longitudinal strain in all segments (apical, mid-ventricular and basal,
p < 0.001) compared to patients with EH (Table 5).

Table 5. Longitudinal strain parameters of the study population.

Longitudinal Strain Parameters PHEO (n = 17) EH (n = 18) p-Value

Global LS (%) −14.8 ± 1.5 −17.8 ± 1.7 <0.001

Basal LV LS (%) −14.8 ± 2.1 −17.3 ± 2.3 <0.05
Mid-ventricular LV LS (%) −15.7 ± 1.9 −18.9 ± 2.1 <0.001

Apical LV LS (%) −16.1 ± 2.6 −19.9 ± 3.9 <0.05

Variables are shown as means ± SD; EF, ejection fraction; GLS, global longitudinal strain, LV LS, left ventricle
longitudinal strain.
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Figure 1. Speckle-tracking analysis in patients with pheochromocytoma and essential hypertension.
The patients with pheochromocytoma showed significantly lower global longitudinal strain (GLS),
strain in apical two-chamber view (2CH), strain in apical long axis view (APLAX), and strain in apical
four-chamber view (4CH).

3. Discussion

Our results demonstrate that the patients with PHEO display a lower magnitude of GLS than
patients with EH, although they display the same hemodynamic parameters and no difference in LVEF.
Our study therefore indicates that the overproduction of catecholamines in patients with PHEO may
cause subclinical LV systolic impairment.

A conventional approach to the assessment of LV systolic function usually involves measurement
of LVEF and endocardial fractional shortening. Both of these methods are derived from endocardial
movement without considering myocardium deformation [17]. However, an evaluation using the EF
cannot detect LV affection in hypertrophic patients and thus distinguish these patients from healthy
controls [18,19].

In contrast to the conventional methods of measuring LV from endocardial movement, methods
taking myocardium deformation into consideration, such as mid-wall endocardial fractional shortening
or speckle-tracking echocardiography, have the advantage of being able to detect systolic function
impairments with a higher degree of sensitivity [12]. For example, in hypertensive patients,
an impairment of LV longitudinal strain and geometric changes (such as concentric remodeling
or hypertrophy) occur prior to a decrease in LVEF [20], and increased afterload-related cardiomyocyte
hypertrophy and collagen deposition in the extracellular matrix may cause the deterioration in strain
in hypertensive myocardium [21].

It is well known that catecholamine overproduction has an adverse effect on cardiac structure [22].
Catecholamine stimulates cell growth and cardiomyocyte hypertrophy, which may lead to cardiac
wall thickening and LV mass increase. In addition, in animal studies, catecholamine infusion has been
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shown to induce cardiac hypertrophy and myocardial interstitial fibrosis and scarring in both left and
right ventricles [23]. In our previous studies, we found that the patients with PHEO displayed higher
LVMI than patients with essential hypertension in echocardiography and that adrenalectomy led to
a reduction of cardiovascular remodeling [11]. Catecholamine-induced cardiomyocyte hypertrophy,
elevated cardiac wall thickness and collagen deposition in the extracellular matrix may explain the
decrease in GLS in patients with PHEO in the current study. With a more contemporary tool, cardiac
magnetic resonance imaging, Ferreira at al. [24] demonstrated that patients with PHEO had broader
extent of myocardial fibrosis and myocardial dysfunction than patients with EH and elevated LV
mass, and cardiac fibrosis improved after the removal of catecholamine excess (after adrenalectomy).
Taken together, these findings indicate that patients with PHEO had a more severe cardiac fibrosis.
This reduction in GLS is well known from patients with hypertrophic cardiomyopathy in whom
reductions in longitudinal strain may be found prior to the reduction in EF [12].

An important factor is the direct toxic effect of catecholamines on the myocardium. Long-term
high levels of catecholamines lead to β-adrenergic receptor downregulation. This degrades the
function of the myofibers and gradually leads to their necrosis [25]. A similar mechanism,
where β-adrenergic receptors are stimulated, occurs in stress cardiomyopathy, also referred to
as Takotsubo cardiomyopathy [26]. Also, patients with PHEO may develop Takotsubo-like
cardiomyopathy [27] due to the overproduction of catecholamines or develop a different form
of another cardiac dysfunction (inverted Takotsubo cardiomyopathy and diffuse hypokinesis of
LV) [10,28], which may often be transient [29]. Known cardiotoxic effects have been also observed
in different types of chemotherapeutics used in the treatment of oncological diseases (although
not mediated through β-adrenergic receptors), and GLS is used for an early detection of this
cardiotoxicity [30]. It is therefore suggested that the decrease in GLS is related to the direct toxic
effect of catecholamines on the myocardial muscle fibers through β-adrenergic receptors.

Another mechanism that may also play a role in the acceleration of cardiovascular hypertrophy is
the higher fasting plasma glucose concentration in subjects with PHEO [31]. Asymptomatic patients
with type 2 diabetes mellitus have a significant reduction in GLS, which is associated with a worse
prognosis in these groups of patients [32]. Similarly, patients with type 2 diabetes mellitus have lower
GLS after ST-segment elevation myocardial infarction [33] than non-diabetic patients.

Finally, a chronic inflammatory process may also lead to vascular damage [34,35]. In our previous
study, we showed that chronic catecholamine excess in subjects with PHEO was accompanied by an
increase in inflammatory markers, which was reversed by the tumor removal [36]. The decline of GLS
is well documented in patients with the systemic inflammatory response syndrome and the magnitude
of decline of GLS is related to the prognosis of these patients [37], which can be also related to the
results of our work.

There are several limitations to this study. First, the number of patients was relatively small,
which prevented finding any association between GLS and catecholamine overproduction. However,
this is the first study to demonstrate subclinical systolic functional changes in patients with PHEO
using speckle-tracking echocardiography. Further large-scale studies are needed to confirm the link
between the magnitude of GLS and the overproduction of catecholamines. Secondly, we tried to match
the group of subjects with PHEO with the EH group as closely as possible. This is, however, an elusive
goal, because the overproduction of catecholamines leads not only to hypertension and weight loss
but also to abnormalities in glucose metabolism. This makes the exact matching of the two groups
unachievable. Therefore, the possible impact of diabetes on the magnitude of GLS in subject with
PHEO cannot be excluded. On the other hand, EH patients had definitely higher atherogenic risk
profiles, namely longer duration of hypertension, higher 24 h ABPM systolic blood pressure and higher
body weight which may counteract the GLS differences between the two groups. Thirdly, the frequency
of various antihypertensive drugs was not identical in the two groups of patients. Intervention studies
in EH patients found that a therapy with drugs affecting the renin–angiotensin aldosterone system and
calcium channel blockers can have a superior effect on the regression of LV hypertrophy than a therapy
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with diuretics and β-blockers independently of BP lowering. In our study, the proportions of EH
patients on angiotensin-converting enzyme inhibitors or calcium channel blockers therapy were higher
than those of PHEO patients (56% vs. 29% and 78% vs. 29%, respectively). Fourthly, postoperative
speckle-tracking data were not available at the time of the study. Therefore, we could not resolve
whether the impaired subclinical systolic function was reversible or not. A follow-up study involving
postoperative findings of speckle-tracking analysis is under way.

4. Materials and Methods

Patients were recruited from a cohort of almost 1100 patients investigated for severe or resistant
hypertension and for suspected secondary hypertension at our tertiary hospital-based Centre for
Hypertension at the 3rd Department of Medicine, General University Hospital and 1st Faculty of
Medicine, Charles University in Prague between November 2015 and October 2018. Each participant
provided his/her written informed consent, and the study protocol was approved by the local Ethics
Committee which took place during the grant approval (on 21 May 2015, code 20/15).

The diagnosis of PHEO was newly confirmed in 35 patients during the aforementioned
period, which is about 3% rate in this preselected population. The diagnosis of PHEO was
based on elevated plasma metanephrines and normetanephrines above the upper reference limit,
and positive finding of adrenal tumor on computed tomography or magnetic resonance imaging.
After examination all subjects underwent surgical removal of the tumor, and the diagnosis was
confirmed histo-pathologically.

Ten patients were not enrolled due to the poor quality of echocardiography images or impossibility
of GLS determination and seven due to significant comorbidities, including coronary atherosclerosis,
atrial fibrillation or cardiac dysfunction for reasons other than PHEO. One patient was excluded for
persistent overproduction of catecholamines after surgical removal because of the generalization of
metastatic PHEO.

The control group of patients with essential hypertension (EH) was composed of the same
prospective cohort as for the PHEO patients, on the basis of matching age, gender, body mass
index, office and 24 h systolic blood pressure (BP). The patients were selected, after exclusion of
the main forms of secondary hypertension (primary aldosteronism, PHEO, Cushing syndrome,
renal parenchymal disease, renovascular hypertension), non-compliance or drug-induced hypertension.
The subjects were considered hypertensive or pre-hypertensive when their clinic BP, an average
of 3 sphygmomanometric measurements performed on 3 separate days, was ≥140/90 mmHg or
≥130/80 mmHg, respectively [38]. Chronic antihypertensive therapy was discontinued at least 2 weeks
before admission, and patients were switched to the treatment with α-blockers and/or slow-release
verapamil. Diabetes mellitus was defined as medication with oral antidiabetic drugs or repeated fasting
glucose levels of >7.0 mmol/L [39]. There were two insulin-dependent patients in the PHEO group
and none in the control group. All subjects with dyslipidemia (total plasma cholesterol ≥5.0 mmol/L
or low-density cholesterol ≥3.0 mmol/L or high-density lipoprotein cholesterol ≤1.0 mmol/L in men
and ≤1.2 mmol/L in women or triglycerides ≥1.7 mmol/L) were on a diet and received lipid-lowering
therapy [40]. All patients were examined during a short three-day hospitalization.

4.1. BP Measurement

Casual blood pressure was measured using an oscillometric device (Omron M6, Shimogyo-ku,
Kyoto, Japan). The measurement was made in a silent, quiet room with the patient’s arm situated at
the heart level and on chronic antihypertensive treatment during the first ambulatory visit, prior to
switching to the treatment with α-blockers and/or slow-release verapamil. Blood pressure was
measured three times in sitting position after five minutes of rest. The resulting value of causal systolic
and diastolic blood pressure was calculated as the average from the second and third measurements.
The patient’s 24-h blood pressure was measured during their stay in the hospital using an oscillometric
device (SpaceLabs 90207, SpaceLabs Medical, Redmond, WA, USA) already on switched medication.
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4.2. Laboratory

Plasma-fractioned metanephrines (metanephrine and normetanephrine) were quantified by liquid
chromatography with electrochemical detection (Agilent 1100; Agilent Technologies, Wilmington,
DE, USA) in the Laboratory for Endocrinology and Metabolism at the 3rd Department of Medicine,
General University Hospital and 1st Faculty of Medicine, Charles University in Prague [41].

Blood biochemistry, including sodium, potassium, urea, creatinine, total cholesterol, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides, and plasma glucose,
was analyzed using a multianalyzer (Modular SWA; Roche Diagnostics, Basel, Switzerland) in the
Institute of Medical Biochemistry and Laboratory Diagnostics of the General University Hospital and
1st Faculty of Medicine, Charles University in Prague. Creatinine clearance was calculated using the
Cockcroft–Gault equation.

4.3. Echocardiography

M-mode, 2-dimensional, Doppler and speckle tracking echocardiography were performed
according to a standard protocol on Vivid 9 ultrasound system (GE Healthcare, Chicago, IL, USA).
The records were analyzed offline using the EchoPAC working station (v.113, Advanced Analysis
Technologies; GE Healthcare) by one cardiologist (J.K.) blinded to participants final diagnoses due
to at least a fourteen-day period for the analysis of plasmatic metanephrines. M-mode images of the
left ventricle at the mitral valve tip were obtained, guided by 2-dimensional parasternal long-axis and
short-axis view, with the subjects lying down in the left lateral decubitus position at end-expiration.
The LV end-diastolic (LVED) diameter, interventricular septum (IVS) thickness and LV posterior
wall (LVPW) thickness were measured at the end of diastole and relative wall thickness (RWT) was
measured with the formula 2 × LVPW thickness/LVED according to the recommendations of the
American Society of Echocardiography and the European Association of Cardiovascular Imaging [42].

The LVED index was calculated as the LVED diameter indexed to the body surface area in
square meters (LVED diameter/body surface area). LV mass estimation using American Society of
Echocardiography convention was used [43]: LV mass (grams) = 0.8 × 1.04 × [(LVED diameter + IVS
thickness + LVPW thickness)3 − (LVED diameter)3] + 0.6 (with diameters in centimeters). Two variants
of LV mass indexing were used: to the body surface area in square meters and to the 2.7th power
of height in meters. The LV EF was measured by the biplane method of disks (modified Simpson’s
rule) according to the last published recommendations [42]. Before the speckle-tracking analysis was
performed, the image quality, frame rate and foreshortening were optimized. The speckle-tracking
analysis was performed by automated detection of endocardial border after manually defining the
basal and apical points of the LV myocardium. If necessary, a manual adjustment was applied.
The seventeen ventricular segment model was obtained from three projections: apical four-chamber
view, two-chamber view and apical long-axis view and then the GLS was computed as the mean
of peak longitudinal strain values from each of these segments according to consensus of American
Society of Echocardiography and European Association of Echocardiography endorsed by the Japanese
Society of Echocardiography (Figure 2) [44]. As recommended, patients were excluded if tracking was
insufficient in more than one segment because of not clear visualization or artefacts [45]. If tracking
in only one segment was unsuccessful, this segment was discarded and not used when calculating
the GLS. The mid-wall GLS and also peak longitudinal strain in individual segments were evaluated.
Individual segments were unified like basal, mid-ventricular and apical for simplification. The normal
range of GLS using GE Healthcare system was −18.0 to −21.5% ± 3.7% [45].
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4.4. Statistical Analysis

Data were analyzed using the Stata 13.5 program (StataCorp LP, College Station, TX, USA).
Differences between the two groups (PHEO and EH) were analyzed with the help of the χ2 test for
categoric data and with the help of non-paired t-test for normal distribution of variables for the two
patient groups. Depending on the normality/nonnormality of the distributions of particular variables,
the results were given as mean ± SD values or median values (interquartile range). A p-values of <0.05
were considered statistically significant.

   

(a) (b) (c) 

(d) 

Figure 2. Cont.
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(e) 

Figure 2. Distribution of individual left ventricular segments in which peak systolic strain is analyzed in
apical four-chamber view (a), apical two-chamber view (b) and apical long-axis view (c). The resulting
peak systolic strain-expressing curves in individual segments that correspond to the color designation
of the segments in images a-c in a patient with essential hypertension (d) and in a patient with
pheochromocytoma (e). The GLS (or GLPS) is calculated for the whole LV from each segment peak
systolic strain and is expressed as the LV seventeen-segment model also called “bull eye” which
is shown at the bottom right of images d-e. GLPS, global longitudinal peak strain; 4CH, apical
four-chamber view, 2CH, apical two-chamber view; APLAX, apical long-axis view; MID, mid-wall;
AVC, aortic valve closure; ANT-SEPT, anterior-septal; ANT, anterior; LAT, lateral; POST, posterior; INF,
inferior; SEPT, septal; HR, heart rate

5. Conclusions

In conclusion, the patients with PHEO revealed lower magnitudes of GLS than the patients
with EH. This finding is possibly caused by catecholamine-induced subclinical decline in LV
systolic function, nevertheless, the link between the magnitude of GLS and the overproduction
of catecholamines has not been proved in this study. At this stage, we can only express a suspicion of
the diagnosis of PHEO in hypertensive patients based on measured lower magnitudes of GLS during
routine echocardiographic examination.
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Abstract: Therapeutic options for metastatic pheochromocytoma/paraganglioma (PHEO/PGL) are
limited. Here, we tested an immunotherapeutic approach based on intratumoral injections of
mannan-BAM with toll-like receptor ligands into subcutaneous PHEO in a mouse model. This therapy
elicited a strong innate immunity-mediated antitumor response and resulted in a significantly
lower PHEO volume compared to the phosphate buffered saline (PBS)-treated group and in a
significant improvement in mice survival. The cytotoxic effect of neutrophils, as innate immune
cells predominantly infiltrating treated tumors, was verified in vitro. Moreover, the combination of
mannan-BAM and toll-like receptor ligands with agonistic anti-CD40 was associated with increased
mice survival. Subsequent tumor re-challenge also supported adaptive immunity activation, reflected
primarily by long-term tumor-specific memory. These results were further verified in metastatic
PHEO, where the intratumoral injections of mannan-BAM, toll-like receptor ligands, and anti-CD40
into subcutaneous tumors resulted in significantly less intense bioluminescence signals of liver
metastatic lesions induced by tail vein injection compared to the PBS-treated group. Subsequent
experiments focusing on the depletion of T cell subpopulations confirmed the crucial role of CD8+ T
cells in inhibition of bioluminescence signal intensity of liver metastatic lesions. These data call for a
new therapeutic approach in patients with metastatic PHEO/PGL using immunotherapy that initially
activates innate immunity followed by an adaptive immune response.
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1. Introduction

Pheochromocytomas (PHEOs) and paragangliomas (PGLs) are rare catecholamine-producing
neuroendocrine/neural crest cell tumors arising from the adrenal medulla and extra-adrenal paraganglia,
respectively [1]. Approximately 10–30% of all PHEOs/PGLs become metastatic and therapeutic options
for treating metastatic disease are limited [2]. Therefore, efforts to find new and more effective therapies
are urgently needed for patients with either inoperable or metastatic PHEO/PGL.

Immunotherapy, in which immune cells of a patient are used to attack and subsequently eliminate
tumor cells, is currently one of the most extensively studied therapeutic approaches in cancer
research [3,4]. Not much is known about the interaction between PHEO/PGL and a patient’s immune
system. Overall, PHEO/PGL can be considered as immunologically “cold” compared to other cancer
types because of their lack of leukocyte fraction, low amount of neoantigens, and low somatic sequence
mutation rate [5–7]. To date, only one experimental study proposed the use of immunotherapy in
PHEO/PGL, specifically chromogranin A, as a potential treatment target [8]. In this study, immunization
with chromogranin A peptides induced the production of cytotoxic T cells with subsequent elimination
of chromogranin A expressing PHEO cells. Moreover, chromogranin A peptides were suggested as a
potential anti-tumor vaccine in PHEO patients with risk of metastatic disease [8]. Recently, two clinical
trials focusing on the application of checkpoint inhibitors (specifically nivolumab, ipilimumab, and
pembrolizumab) in rare tumors, including PHEO/PGL, were initiated and are in the stage of patient
recruitment (ClinicalTrials.gov Identifier: NCT02834013 and NCT02721732).

Current immunotherapeutic approaches to cancer treatment are based either on the activation of
innate or more frequently adaptive immunity [9–11]. The innate immune system is well conserved,
and its response is uniform, robust, and short-lasting, but it can well contribute to cancer treatment
and the elimination of metastatic lesions [12–14]. Recently, immunotherapy based on the activation of
innate immunity via pathogen-associated molecular patterns (PAMPs) has been tested in melanoma,
which is also a neural crest tumor. Intratumoral application of PAMPs, particularly ligands stimulating
phagocytosis and toll-like receptor (TLR) ligands, resulted in the complete elimination of over 80% of
subcutaneous tumors in the B16-F10 melanoma mouse model [15–17].

Ligands stimulating phagocytosis initiate ingestion of pathogens by phagocytic immune cells [18,19].
PAMP-based immunotherapy uses intratumoral administration of mannan, a simple polysaccharide from
Saccharomyces cerevisiae, as a ligand stimulating phagocytosis [16]. Mannan recognized by mannan-binding
lectin (MBL) activates the complement lectin pathway [20]. This activation results in iC3b molecule
production, followed by iC3b tumor cell opsonization [21,22], and consequently their elimination by
phagocytes, particularly neutrophils, macrophages, and dendritic cells. In this type of immunotherapy,
mannan is bound to a tumor cell membrane by the biocompatible anchor for a membrane called BAM
(Figure 1).

TLRs are expressed on the surface of various cells, mainly those belonging to the innate immune
system. These receptors recognize their specific ligands and initiate immune system mobilization [23–25].
This process is well supported by previous reports showing that the intratumoral application of
TLR ligands increased the number of tumor-infiltrating leukocytes in melanoma and renal cell
carcinoma mouse models [15–17,26]. Resiquimod (R-848), polyinosinic-polycytidylic acid (poly(I:C)),
and lipoteichoic acid (LTA) are TLR ligands used in the present study. R-848 is an imidazoquinoline
compound with anti-viral effects that activates immune cells via TLR7/TLR8 in humans and TLR7 in
mice [27]. Poly(I:C) is a synthetic analog of dsRNA that activates immune cells via TLR3 [28]. LTA is a
constituent of the cell wall of Gram-positive bacteria that activates immune cells via TLR2 [29].
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Figure 1. Mechanisms of tumor cell elimination during immunotherapy based on intratumoral
application of mannan-BAM+TLR ligands (MBT). After intratumoral application of mannan with a
biocompatible anchor for membrane-BAM, the hydrophobic part of BAM is incorporated into the lipid
bilayer of tumor cells. Mannan attached to membranes activates innate immunity by the interaction of
mannan with mannan binding lectin (MBL). This interaction initiates activation of the complement
lectin pathway. This results in iC3b production and opsonization of tumor cells followed by migration
of immune cells (macrophages, dendritic cells, or granulocytes) and phagocytosis activation. Further,
simultaneous intratumoral application of TLR ligands (resiquimod (R-848), polyinosinic-polycytidylic
acid (poly(I:C)), and lipoteichoic acid (LTA)) causes a strong attraction of immune cells (macrophages,
dendritic cells, or granulocytes) to the tumor.

Thus, in the present study, we aimed to evaluate the therapeutic effects of intratumorally
administered mannan-BAM and TLR ligands (MBT) in a subcutaneous and metastatic mouse PHEO.
Specifically, we focused on the initial activation of innate immunity, an assessment of its role in the
elimination of PHEO, and the detection of the potential role of subsequent engagement of adaptive
immunity in elimination of distant metastatic PHEO organ lesions. This model was established
using B6(Cg)-Tyrc-2J/J mouse strains with subcutaneously and/or intravenously injected experimental
PHEO cells called mouse tumor tissue (MTT)-luciferase cells [30,31]. Subsequently, the intratumoral
application of MBT resulted in a significantly lower PHEO volume compared to the phosphate buffered
saline (PBS)-treated group and in an improvement in mice survival. As neutrophils infiltrated the
treated subcutaneous PHEOs, their role in this therapeutic model was established by measuring
neutrophil cytotoxic activity and neutrophil-tumor cell interactions with MTT-luciferase and hPheo1
cell lines. An additional boost of MBT with anti-CD40 (this combination is henceforth referred to as
MBTA) significantly improved the effect of the MBT application on the survival of experimental mice.
Since re-challenge experiment suggested potential engagement of adaptive immunity, the therapy
was tested in metastatic PHEO with a positive effect on the bioluminescence signal intensity of PHEO
metastatic organ lesions compared to the PBS-treated group. Finally, the crucial role of CD8+ cells in
the inhibition of bioluminescence signal intensity of metastatic organ lesions was further supported by
the antibody-dependent CD4+/CD8+ cell depletion experiment.
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2. Results

2.1. A Syngeneic PHEO Mouse Model for Immunotherapy Evaluation

Since there is a very limited number of animal models for PHEO, we first decided to establish
a PHEO mouse model that is appropriate for immunotherapy evaluation. Female B6(Cg)-Tyrc-2J/J
mice were subcutaneously injected with 3 × 106 MTT-luciferase cells in 0.2 mL of DMEM without
additives in the right lower dorsal site or intravenously with 1.5 × 106 MTT-luciferase cells in 0.1 mL
of PBS in a lateral tail vein. Subcutaneous PHEO tumors reached a mean volume of 118 mm3 (range
8.5–407.2 mm3) 45 days after tumor cell injection. Mice with intravenously injected tumor cells had
detectable metastatic organ lesions 14 days after tumor cell transplantation. These metastatic organ
lesions were located predominantly in the liver; small lesions were also detected in bones and lymph
nodes (Figure 2A).

 
Figure 2. Subcutaneous and metastatic PHEO in mouse model suitable for immunotherapy testing
established using MTT-luciferase cells. (A) B6(Cg)-Tyrc-2J/J mice were subcutaneously (n = 24) or
intravenously (n = 10) injected with MTT-luciferase cells. (B) Subcutaneous MTT-luciferase tumors
reached a mean volume of 118 mm3 45 days after tumor cell injection. No tumors were detected for
30 days after tumor cells injection. (C) Metastatic organ lesions were detectable 14 days after intravenous
tumor cells injection using bioluminescence imaging. Metastatic organ lesions were predominantly
located in the liver; small lesions were also detected in bones and lymph nodes. (D) Tumor-bearing
mice, either with subcutaneous tumors or metastatic organ lesions, had significantly higher urine
norepinephrine levels than those without tumors (* p < 0.05; ** p < 0.01 against no tumor).

Subcutaneous PHEO tumors were not measurable until 30 days after tumor cell injection. However,
40 days after tumor cell injection, the tumor volume increased significantly (Figure 2B). A diameter size
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of 2 cm was reached after 57 days (range 49–85 days) in most of the experimental mice. Subcutaneous
tumors development was observed in 100% of mice. Metastatic organ lesions, after intravenous
PHEO tumor cell injection, were detectable in 65% of mice 14 days after tumor cell injection using
bioluminescence imaging. On the 21st day, 95% of mice had detectable metastatic liver lesions
(Figure 2C).

To further characterize the established PHEO mouse model, urine catecholamine levels
(norepinephrine, dopamine, and epinephrine) were measured in B6(Cg)-Tyrc-2J/J tumor-bearing
mice (subcutaneous tumor and metastatic organ lesions) after the injection of MTT-luciferase cells.
Norepinephrine levels were significantly higher in tumor-bearing mice (subcutaneous tumor and
metastatic organ lesions) compared to non-tumor-bearing mice (no tumor) (Figure 2D). Dopamine levels
did not reveal any significant changes when comparing groups of tumor-bearing mice (subcutaneous
tumor and metastatic organ lesions) to non-tumor-bearing mice (no tumor) (Figure S1A). Epinephrine
levels were higher in mice with metastatic organ lesions compared to non-tumor-bearing mice (no
tumor) and tumor-bearing mice (subcutaneous tumor) (Figure S1B).

2.2. MBT Immunotherapy Stabilize Tumor Volume and Improves Mice Survival

To evaluate the effect of MBT in PHEO, we applied MBT into subcutaneous PHEO tumors (on
specific days as described in Materials and Methods). MBT application resulted in a significant
stabilization of subcutaneous PHEO volume compared to the PBS-treated group (Figure 3A,B).

 

Figure 3. Intratumoral application of MBT in subcutaneous PHEO. B6(Cg)-Tyrc-2J/J mice were
subcutaneously injected with MTT-luciferase cells. After tumors grew to the desired size (about
100 mm3), mice were randomized into two groups (n = 5/group): (i) the group treated with MBT; (ii) the
group treated with PBS. MBT and PBS were given intratumorally on days 0, 1, 2, 8, 9, 10, 16, 17, 18, 24,
25, and 26. Tumor volume was measured with a caliper. (A) The tumor volume growth is presented as
a growth curve (* p < 0.05 against PBS) and (B) as an area under the curve (AUC) (* p < 0.05 against
PBS). (C) The survival analysis for the two groups are presented as a Kaplan–Meier curve (* p < 0.05
against PBS).

In addition, intratumoral application of MBT resulted in significantly longer survival of the treated
mice. The median survival increased from 16 days (range 15–26 days) in the PBS-treated group to
50 days (range 34–87 days) in the MBT-treated group (Figure 3C).
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2.3. Significant Participation of Innate Immunity in Subcutaneous PHEO Volume Stabilization

In the subsequent experiment, we used B6.CB17-Prkdcscid/SzJ mice lacking functional T and B
cells to verify the role of innate and adaptive immunity in the PHEO volume stabilization during
MBT therapy. Subcutaneous PHEOs were treated intratumorally with MBT or PBS on specific days
as described in Materials and Methods. Intratumoral application of MBT resulted in PHEO volume
stabilization compared to the PBS-treated group (Figure 4A,B). Since we started this experiment with a
lower tumor volume than in the previous experiment (about 50 mm3), most of the experimental mice
(five of six mice from both the MBT- and PBS-treated groups) survived during the whole course of the
therapy (30 days). On the 30th day of therapy, mice from both groups were sacrificed, and subcutaneous
tumors were harvested and then analyzed. The MBT-treated tumors were significantly smaller than
the PBS-treated tumors (Figure 4C). Additional immunohistochemical analysis showed higher levels
of tumor-infiltrating leukocytes (CD45+ cells) in the MBT-treated group compared to the PBS-treated
group (Figure 4D).

Figure 4. Significance of innate immunity in MBT immunotherapy in subcutaneous PHEO.
B6.CB17-Prkdcscid/SzJ mice were subcutaneously injected with MTT-luciferase cells. After tumors grew
to the desired size (about 50 mm3), mice were randomized into two groups (n = 6/group): (i) the group
treated with MBT and (ii) the group treated with PBS. MBT and PBS were given intratumorally on days
0, 1, 2, 8, 9, 10, 16, 17, 18, 24, 25, and 26. Tumor volume was measured with a caliper. (A) The tumor
volume growth is presented as a growth curve (** p < 0.01 against PBS) and (B) as an area under the
curve (AUC) (* p < 0.05 against PBS). (C) Surviving mice were sacrificed on the 30th day of therapy
(five mice from the MBT-treated group and five mice from the PBS-treated group), and tumors were
documented. (D) Hematoxylin and eosin (H&E) staining and CD45+ immunohistochemistry staining
were performed on tumor cryosections (a thickness of 8 μm). Bar = 20 μm.

2.4. Characterization of Tumor-Infiltrating Leukocytes and Tumor Environment during MBT Immunotherapy

2.4.1. Flow Cytometry Analysis of Tumor-Infiltrating Leukocytes in the MBT-Treated Tumors

To identify immune cells infiltrating subcutaneous PHEO tumors during MBT therapy, we performed
a flow cytometry analysis of tumor-infiltrating leukocytes. Since we limited the number of mice per
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group (n = 3/group), we decided to present tumor-infiltrating leukocytes data as individual values
for each mouse, with a color legend based on the size of the analyzed tumors. The flow cytometry
analysis of tumor-infiltrating leukocytes showed increased levels of CD45+ cells in the MBT-treated
group. This trend culminated on the 15th day of therapy (Figure 5A). T cells (CD3+) were the most
common leukocytes in the MBT-treated tumors (Figure 5A). The analysis of CD3+ subpopulations
revealed increased levels of Th cells (CD4+) (Figure S2A) and Tc cells (CD8+) (Figure S2B) in the
MBT-treated group. Furthermore, a significant increase in granulocytes was observed on the 3rd and
19th days of therapy (Figure 5A). No significant changes were observed in B cells (CD19+) (Figure S2C),
monocytes/macrophages (F4/80+) (Figure S2D), or natural killer (NK) cells (Figure S2E).

2.4.2. Histological Analysis of Tumor-Infiltrating Leukocytes in the MBT-Treated Tumors

To verify the flow cytometry results of tumor-infiltrating leukocytes, we performed hematoxylin
and eosin (H&E) staining and immunohistochemistry staining on the same tumors, which were
originally used for the flow cytometry analysis (Figure 5B). Tumors harvested on the 19th day of
therapy are presented in Figure 5B as a representative example of infiltrating CD45+ cells and their
subpopulations. H&E staining showed extensive necrotic areas in tumor tissues in the MBT-treated
group. In contrast, no or very small necrotic areas were detected in the PBS-treated group. CD45+

immunostaining revealed higher levels of tumor-infiltrating leukocytes during the whole course of
therapy in the MBT-treated group compared to the PBS-treated group (Figure 5B). CD45+ cells were
predominantly localized in necrotic areas of the tumor. Furthermore, CD3+ immunohistochemistry
staining revealed higher T cell infiltration in the MBT-treated group during the entire course of therapy
compared to the PBS-treated group (Figure 5B). Ly6G/Ly6C immunostaining revealed increased
infiltration of neutrophils on the 19th day of therapy in the MBT-treated group (Figure 5B).

2.4.3. Interferon Gamma (IFN-γ) and Interleukin 10 (IL-10) Levels Detection in the
MBT-Treated Tumors

The high levels of IFN-γ (Figure 5C), low levels of IL-10 (Figure 5C), and high ratio of IFN-γ/IL-10
(Figure 5C) revealed a Th1 shift in the tumor microenvironment in the MBT-treated tumors.

2.5. In Vitro Analysis of Neutrophil Cytotoxic Effects toward PHEO Cells and Neutrophil-PHEO Cell
Interactions Based on Labeling of Tumor Cells with Mannan-BAM

To verify the positive effect of mannan-BAM binding to PHEO cells on their recognition by
innate immune cells, we measured (i) cytotoxic activity of neutrophils on PHEO cells with or without
mannan-BAM and (ii) neutrophil-PHEO cell interactions. The cytotoxic experiments using PHEO
cell lines (MTT-luciferase and hPheo1) revealed an increased cytotoxic effect of neutrophils toward
PHEO cells labeled by mannan-BAM compared to the cells without mannan-BAM (Figure 6A,B).
Microscopic evaluation of neutrophils and mannan-BAM-labeled PHEO cells showed enhanced
frustrated phagocytosis and neutrophil rosette formation in the mannan-BAM group (Figure 6C).
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Figure 5. Flow cytometry and immunohistochemistry analysis of tumor-infiltrating leukocytes in
the MBT-treated tumors. B6(Cg)-Tyrc-2J/J mice were subcutaneously injected with MTT-luciferase
cells. After tumors grew to the desired size (about 100 mm3), mice were randomized into two groups
(n = 24/group): (i) the group treated with MBT and (ii) the group treated with PBS. MBT and PBS
were given intratumorally on days 0, 1, 2, 8, 9, 10, 16, 17, 18, 24, 25, and 26. Three mice from both
groups were sacrificed on days 3, 7, 11, 15, and 19. One half of the harvested subcutaneous tumors was
used for flow cytometry analysis of tumor-infiltrating leukocytes and the second half was used for
immunohistochemistry analysis of tumor-infiltrating leukocytes. Three mice were sacrificed on day 0
and used as an additional control—gray triangles (no application of any compounds into the tumor).
(A) The analysis of tumor-infiltrating CD45+ and CD3 + cells revealed their elevation on the 15th and
19th days of therapy in the MBT-treated group. Granulocytes (Ly6G+ cells) were elevated on the 3rd
and 19th days of therapy in the MBT-treated group. The results are presented as individual values for
each mouse, with a color legend based on the size of the analyzed tumors. (* p < 0.05 against PBS).
(B) Hematoxylin and eosin (H&E) staining and CD45+, CD3+, and Ly6G/Ly6C immunohistochemistry
staining were performed on tumor cryosections (a thickness of 8 μm). Bar = 20 μm. (C) IFN-γ levels,
measured by ELISA from tumor supernatants collected during tumor-infiltrating leukocyte analysis
revealed significantly higher levels in the MBT-treated group compared to the PBS-treated group.
The IL-10 analysis revealed low levels in both the MBT-treated group and the PBS-treated group.
The IFN-γ/IL-10 ratio was significantly higher in the MBT-treated group compared to the PBS-treated
group (* p < 0.05 against PBS).
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Figure 6. Neutrophil cytotoxicity against PHEO cells labeled with mannan-BAM and neutrophil-PHEO
cell interactions. Mouse neutrophils (isolated from bone marrow of B6(Cg)-Tyrc-2J/J non-tumor-bearing
mice) and human neutrophils (isolated from whole blood of healthy donors) were activated by
cytokines (granulocyte-macrophages colony-stimulatory factor (GM-CSF), tumor necrosis factor alpha
(TNFα), and laminarin) and cultivated with MTT-luciferase and hPheo1 tumor cells with or without
mannan-BAM attached to their surface. Mouse neutrophils were mixed with MTT-luciferase cells
and human neutrophils were mixed with hPheo1 cells. After two hours of incubation, neutrophils
were stained with anti-mouse or anti-human CD45 antibody. One microliter of DAPI was used for
the staining of dead cells. Live tumor cells were measured using a BD FACSCanto II analyzer and
evaluated using FlowJo software. (A) Analysis of mouse neutrophil cytotoxicity against MTT-luciferase
cells revealed a statistically significant increase in neutrophil cytotoxicity toward MTT-luciferase cells
with mannan-BAM attached to the tumor cell membrane (* p < 0.05 against MTT-luciferase (MTT-Luc)
group, ## p < 0.01 against MTT-luciferase activated neutrophils group (MTT-Luc+actN)). (B) Analysis
of human neutrophil cytotoxicity against hPheo1 cells revealed a statistically significant increase in
neutrophil cytotoxicity toward hPheo1 cells with mannan-BAM attached to the tumor cell membrane
(** p < 0.01 against hPheo1+neutrophils group (hPheo1+N), # p < 0.05 against hPheo1+activated
neutrophils group (hPheo+actN)). (C) Frustrated phagocytosis (black arrows) and neutrophil rosettes
(white arrows) were detected in the group with mannan-BAM attached to the tumor cell membrane.
Bar = 100 μm.

2.6. Anti-CD40 Addition Improved Survival in the MBT-Treated Mice

In order to increase the therapeutic effect of MBT in the PHEO mouse model, we decided
to combine MBT with an immunostimulatory monoclonal antibody: anti-CD40. Anti-CD40 is an
agonist antibody binding to CD40 transmembrane protein expressed on a variety of cells such as
macrophages, dendritic cells, and some tumor cells. The interaction of anti-CD40 with CD40 on the
surface of immune cells supports their activation and enhances the immune response (Figure 7A).
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Interestingly, the beneficial effect of anti-CD40 addition into the MBT therapeutic mixture was not
evident during the first 14 days of the therapy (Figure 7B,C). However, the combination of MBT with
anti-CD40 (MBTA), in the long term, increased mice survival when compared to the group treated
only with MBT (Figure 7D). Moreover, five of eight mice from the MBTA-treated group manifested a
complete elimination of subcutaneous tumor, compared to only two of eight mice from the MBT-treated
group. A re-challenge experiment, performed with these mice manifested a complete elimination of
tumors, revealed resistance against PHEO tumor cell re-injection in both groups, MBT and MBTA
(Figure 7E). Interestingly, re-challenged mice initially developed small detectable tumors in the first
14 days; however, after that, all tumors were eradicated with the simultaneous development of skin
lesions. These skin lesions were subsequently also eliminated and the whole re-challenged area
healed completely.

Figure 7. The effect of anti-CD40 addition into MBT therapeutic mixture and re-challenge experiment.
B6(Cg)-Tyrc-2J/J mice were subcutaneously injected with MTT-luciferase cells. After tumors grew to the
desired size (about 100 mm3), mice were randomized into four groups (n = 8/group): (i) the group
treated with MBTA, (ii) the group treated with MBT, (iii) the group treated with anti-CD40, and (iv) the
group treated with PBS. Therapy was given intratumorally on days 0, 1, 2, 8, 9, 10, 16, 17, 18, 24, 25, and
26. (A) Anti-CD40 is an agonist antibody binding to transmembrane protein CD40. CD40 is expressed
on variety of cells, such as macrophages, dendritic cells, and some tumor cells. (B) The tumor volume
growth is presented as a growth curve and (C) as an area under the curve (AUC). (D) The survival
analysis is presented as a Kaplan–Meier curve (p = 0.056). (E) Mice with complete tumor elimination
from the groups treated with MBTA (n = 5) and with MBT (n = 2) were re-challenged on day 120 (since
the start of the therapy) by 3 × 106 MTT-luciferase cells. All animals rejected injected tumor cells.

2.7. MBTA Therapy in Metastatic PHEO

Our results from the re-challenge experiment suggested that MBTA therapy activate not only
innate immunity but also adaptive immunity. Therefore, we decided to evaluate MBTA therapy in
metastatic PHEO. Metastatic PHEO was established by prior subcutaneous injection of MTT cells
into the right flank of experimental mice followed by intravenous injection of MTT-luciferase cells
into the lateral tail vein (2 weeks after subcutaneous injection). These mice, which developed both
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subcutaneous tumors as well as metastatic organ lesions (predominantly in the liver), were selected for
the subsequent experiment (Figure 8A).

 

Figure 8. MBTA therapy in metastatic PHEO and the crucial role of CD8+ T cells. (A) B6(Cg)-Tyrc-2J/J
mice were subcutaneously injected with MTT cells, with subsequent injection of MTT-luciferase cells
into the lateral tail vein (2 weeks after subcutaneous injection). When mice developed subcutaneous
tumors (around 250 mm3) together with metastatic lesions (predominantly in the liver), they were
randomized into two groups: (i) the group treated with MBTA (n = 13) and (ii) the group treated
with PBS (n = 12). Therapy was given intratumorally on days 0, 1, 2, 8, 9, 10, 16, 17, 18, 24, 25, and
26. (B,C) An in vivo bioluminescence assay showed bioluminescence signal intensity inhibition of
metastatic organ lesions in the MBTA-treated group compared to the PBS-treated group (p/sec/cm2/sr =
photons/second/cm2/steradian). (D) The survival analysis is presented as a Kaplan–Meier curve
(**** p < 0.0001 against PBS). (E) Immunohistochemistry analysis of CD3+ cells in metastatic organ
lesions in the MBTA- and the PBS-treated group revealed strong infiltration by CD3+ cells in the
MBTA-treated group. Bar = 20 μm. For the CD4+ and CD8+ T cell depletion experiment, mice with both
subcutaneous PHEO tumor and metastatic organ lesions were randomized equally into five groups
(n = 6/group): (a) the group treated with MBTA, (b) the group treated with MBTA with intraperitoneal
application of anti-CD4, (c) the group treated with MBTA with intraperitoneal application of anti-CD8,
(d) the group treated with MBTA with intraperitoneal application of anti-CD4 and anti-CD8, and (e) the
group treated with PBS. (F,G) An in vivo bioluminescence assay showed the important role of CD8+

cells in bioluminescence signal intensity inhibition of metastatic organ lesions during MBTA therapy.
Part F is presented without SEM as a result of extensive overlap of SEM error bars. (H) The survival
analysis is presented as a Kaplan–Meier curve (* p < 0.05, *** p < 0.001 against MBTA).

When MBTA therapy was tested in this metastatic PHEO (MBTA was applied intratumorally into
subcutaneous tumors), we detected lower bioluminescence signal intensity of metastatic organ lesions
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in the MBTA-treated group compared to the PBS-treated group (Figure 8B,C). In addition, the survival
in the MBTA-treated group increased significantly (median survival: 37 days) compared to the
PBS-treated group (median survival: 19 days, p < 0.0001). Moreover, one mouse from the MBTA-treated
group survived for more than 100 days since the beginning of the therapy and manifested a complete
regression of metastatic organ lesions (Figure 8D). Histologic sections of metastatic liver lesions showed
stronger T cell (CD3+) infiltration in the MBTA-treated group compared to the PBS-treated group
(Figure 8E).

We further evaluated the role of T cells, specifically CD4+ and CD8+ T cells, in MBTA therapy.
The CD4+ and CD8+ T cell depletion in metastatic PHEO revealed the importance of CD8+ T cells in
inhibition of bioluminescence signal intensity of metastatic organ lesions (Figure 8F,G). When CD8+

T cells, alone or simultaneously with CD4+ T cells, were depleted in the MBTA-treated group, the
bioluminescence signal intensity of metastatic organ lesions was comparable to the PBS-treated group
(Figure 8F,G). The same effect was reflected in survival analysis where the depletion of CD8+ T cells
alone (MBTA-CD8) or with CD4+ T cells (MBTA-CD4/CD8) significantly decreased the survival of
treated mice (Figure 8H).

3. Discussion

In the present study, we showed that the application of mannan anchored to a tumor cell
membrane via BAM along with TLR ligands (R-848, poly(I:C), LTA) (a combination referred as MBT)
resulted in the stabilization of subcutaneous PHEO volume and significantly improved mice survival.
The crucial role of initial activation of innate immunity during MBT therapy was further verified
using B6.CB17-Prkdcscid/SzJ mice lacking functional T and B cells. Similar to B6(Cg)-Tyrc-2J/J mice,
in B6.CB17-Prkdcscid/SzJ mice, the subcutaneous PHEO volume remained stable in the MBT-treated
group compared to the PBS-treated group. Flow cytometry analysis of tumor-infiltrating leukocytes and
in vitro experiments in this model showed the potential role of granulocytes (specifically neutrophils)
in innate immunity-induced PHEO elimination. An additional combination of MBT with agonistic
anti-CD40 antibody (MBTA) resulted in increased mice survival and increased incidence of complete
subcutaneous PHEO elimination. Interestingly, a re-challenge experiment in animals with the complete
elimination of subcutaneous PHEO showed a generation of an excellent memory immune response with
subsequent rejection of MTT-luciferase cells. To verify the activation of specific immunity (which was
suggested by the observed immune memory response), we performed an experiment in a metastatic
PHEO mouse model, where MBTA therapy resulted in lower bioluminescence signal intensity of
metastatic organ lesions compared to the PBS-treated group. The subsequent CD4+ and CD8+ T
cell depletion experiment confirmed the role of CD8+ T cells in this bioluminescence signal intensity
inhibition of metastatic organ lesions.

As a first step, we developed a mouse model of PHEO for immunotherapy testing with an option
to inject PHEO tumor cells subcutaneously or intravenously. We used the B6(Cg)-Tyrc-2J/J mouse strain
injected with MTT or MTT-luciferase cells. MTT cells were originally developed from liver metastases
arising from MPC cells injected intravenously [31]. Moreover, this PHEO mouse model is known to
release catecholamines from experimental tumors resembling PHEOs found in patients. However,
there are two main limitations arising from the practical use of this PHEO mouse model: (i) a long
waiting period from tumor cell injection to tumor formation and (ii) very inconsistent tumor growth,
which caused difficulties with the randomization of mice into the groups, resulting in lower numbers
of mice per group.

After establishing a subcutaneous PHEO mouse model, we initiated the evaluation of MBT
immunotherapy in PHEO. The MBT immunotherapy was previously tested in a melanoma mouse
model and a very challenging pancreatic adenocarcinoma mouse model. Specifically, in the melanoma
mouse model, MBT immunotherapy resulted in an 83% survival rate of treated mice with a potential
anti-metastatic effect [17]. In pancreatic adenocarcinoma, MBT immunotherapy resulted in the
suppression of metastases growth, but no increase in the survival rate of treated mice was detected [17].
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In a PHEO mouse model, MBT therapy resulted in a subcutaneous PHEO volume stabilization
compared to the PBS-treated group. The strategy of promoting an anti-tumor immune response using
TLR ligands is well known and was previously successfully tested in many types of tumors [32–34].
However, our concept is unique, because of the specific combination of TLR ligands (particularly
TLR2, TLR3, and TLR7/8), which seems to have an extraordinary effect on innate immunity activation
and tumor elimination, as previously presented in melanoma and pancreatic adenocarcinoma mouse
models [15–17]. Moreover, an additional anti-tumor effect of TLR ligands in this novel concept is
provided by a combination with phagocytosis-stimulating ligands, such as mannan, bound to the
tumor cell surface [15–17].

To further investigate the role of innate and adaptive immunity in the stabilization of subcutaneous
PHEO volume during MBT immunotherapy, we used mice lacking functional T and B cells
(B6.CB17-Prkdcscid/SzJ mice) and, therefore, lacking basic adaptive immunity function. The stabilization
of PHEO volume in mice lacking adaptive immunity treated with MBT was comparable to the
stabilization of PHEO volume in a mouse model with a fully functional immune system. These results
clearly suggest that innate immunity is crucial for stabilization of subcutaneous PHEO volume during
MBT immunotherapy.

In order to characterize the underlying innate immunity mechanisms and tumor environment
during MBT therapy in subcutaneous PHEO, we analyzed tumor-infiltrating leukocytes in the MBT-
and the PBS-treated groups. In the MBT-treated group, we observed a higher level of tumor-infiltrating
leukocytes compared to the PBS-treated group. Tumor-infiltrating leukocytes were mainly represented
by T cells and granulocytes. As demonstrated in previous experiments with mice lacking functional T
and B cells, T cells do not seem to have an important role in the initial elimination of subcutaneous
PHEO, so we decided to further focus on the role of granulocytes in this model.

The high ratio of IFN-γ and IL-10 in the MBT-treated tumors indicates that the Th1 polarization
of the tumor environment. In general, the tumor environment can be characterized by Th1 or Th2
polarization. Th2 polarization is considered to favor tumor growth (e.g., promoting angiogenesis,
inhibiting cell-mediated immunity and tumor cell killing), whereas Th1 polarization exerts antitumor
effects [35]. It was also described previously that PHEO/PGL tumors present high levels of M2
macrophage fractions, leading to Th2 polarization and the promotion of tumor angiogenesis [6].
TLRs are known to play crucial roles in immune response polarization. The activation of TLR3 and
TLR7 triggers Th1 polarization in a tumor through increased IL-12, IL-23, and type I IFN production [36].

In vitro cytotoxicity experiments confirmed the importance of mannan-BAM bound to the PHEO
cell membrane. The decision to use neutrophils, as the most abundant granulocytes, for these in vitro
experiments was based on our tumor-infiltrating leukocyte analysis results as described previously.
The increase in neutrophil cytotoxicity was dependent on the presence of mannan-BAM attached to
the PHEO cells. Moreover, the presence of complement proteins in the tumor-neutrophils reaction
environment (ensured by non-heat inactivated fetal bovine serum (FBS) addition) was crucial for the
recognition of tumor cells with mannan-BAM and subsequent neutrophil cytotoxicity toward them.

Moreover, the participation of frustrated phagocytosis in PHEO cell elimination was fully
dependent on the presence of mannan-BAM. The same findings were observed in the melanoma model
when mannan-BAM was used [37].

From the aforementioned results, we concluded that MBT immunotherapy is effective for the
stabilization of subcutaneous PHEO volume and for improvement in survival in mouse models with a
robust initial activation of innate immunity. However, the biggest challenge in PHEO is metastatic
disease. Therefore, in the next part of our study, we focused on how to simultaneously boost activation
of adaptive immunity in MBT immunotherapy to achieve a systematic anti-tumor response with
subsequent metastatic organ lesion elimination.

In the first step, we chose the anti-CD40 antibody to boost activation of adaptive immunity.
The Anti-CD40 agonistic antibody supports the activation of antigen presenting cells, such as B and T
cells, dendritic cells, and macrophages, and so establishes an effective humoral and cellular immune
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response [38]. The combination of anti-CD40 with MBT applied in a pancreatic adenocarcinoma mouse
model resulted in an 80% survival rate, which represented significant improvement compared to the
MBT therapy without anti-CD40 [17]. In a PHEO mouse model, the combination of the anti-CD40
antibody with MBT increased the incidence of complete elimination of subcutaneous tumors and
improved the overall survival of the treated mice. This effect can be explained by the support of
tumor antigen presentation and the stronger participation of adaptive immunity via anti-CD40 [39].
A similar effect was previously reported, when the combination of TLR ligands with anti-CD40
significantly stimulated CD8+ T cell responses and induced the migration of activated dendritic cells
with a promotion in their capacity to present antigens [40,41]. The activation of adaptive immunity
with the subsequent generation of a memory immune response was further verified by a re-challenge
experiment in animals with a complete elimination of subcutaneous PHEO from the MBT- and
MBTA-treated groups. All re-challenged mice rejected injected PHEO cells, which suggests that
the MBT-treated mice also manifest partial activation of adaptive immunity. However, anti-CD40
beneficially boosted adaptive immunity, since 62.5% of mice in the MBTA-treated group completely
eliminated subcutaneous PHEO compared to only 25% of mice in the MBT-treated group.

To further support our hypothesis of the adaptive immunity activation during MBTA
immunotherapy, we tested MBTA immunotherapy in metastatic PHEO. MBTA immunotherapy
resulted in a lower bioluminescence signal intensity of metastatic organ lesions compared to the
PBS-treated group and in a significant prolongation of mice survival. Moreover, in this experiment,
we observed an interesting phenomenon. Mice with fast initial elimination of subcutaneous tumors
(complete elimination in the first week of MBTA therapy) manifested decreased bioluminescence signal
intensity inhibition of metastatic organ lesions compared to those where subcutaneous tumors persisted
during the first three weeks of MBTA therapy. This observation can be explained by insufficient
activation of adaptive immunity caused by short-lasting tumor antigen stimulation since the main
source of tumor antigens (the subcutaneous tumor) was eliminated very shortly after MBTA therapy
initiation. This is also consistent with principles of tumor vaccines, where repeated applications of
these vaccines are usually needed to develop a strong adaptive immune response [42,43]. Since we
partially predicted this situation, we decided in advance to enroll mice with higher subcutaneous
tumor volume (around 250 mm3) compared to the previous experiments to provide enough tumor
mass for tumor antigen release and adaptive immunity stimulation. The crucial role of T cells in the
inhibition of bioluminescence signal intensity of metastatic organ lesions was further verified in the
CD4+ and CD8+ T cell depletion experiment. The depletion of CD8+ T cells, alone or both CD4+ and
CD8+ T cells resulted in decreased survival and decreased bioluminescence signal intensity inhibition
of metastatic organ lesions compared to the group treated by MTBA without depletion. These finding
are consistent with several studies, where the importance of CD8+ T cells on visceral disease was also
highlighted [44,45].

Although the presented data may be important for future metastatic PHEO/PGL treatment, one
important concern must be addressed. This therapy requires a direct application of MBT or MBTA
into a tumor. Initially, this could be considered a limitation, particularly for metastatic PHEO/PGL,
because metastases are exclusively found in deep organs, lymph nodes, or bones. However, current
interventional radiology approaches are capable of treating metastases, even in those problematic
locations [46]. Moreover, local therapy offers certain advantages over systemic therapies, such as a
delivery of higher concentrations of the drug into the tumor, minimal systemic side effects, no required
tumor antigen identification, in situ vaccination by tumor authentic antigens, no pretreatment biopsy,
no major histocompatibility complex (MHC) restriction, polyclonal T and B cell stimulation, and low
cost [4,47].

We also acknowledge that there are unanswered questions regarding the underlying immune
mechanisms during the presented therapy. Therefore, our future directions involve a deeper
understanding of adaptive immunity participation during MBTA therapy and its maximal boost for
better control of metastatic organ lesion growth. Moreover, a possible combination of MBTA therapy
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with other therapies will be considered. There may be great potential in the combination of MBTA
with checkpoint inhibitors, as MBTA can support the initial infiltration of leukocytes into the tumor or
metastatic organ lesions. This can be especially beneficial, since PHEO/PGL are tumors with a low
lymphocyte fraction [6] and the prediction for checkpoint inhibitor therapy, as a single treatment,
is thus not favorable [48–50]. Interestingly, certain subsets of PHEO/PGL tumors showed programed
cell death 1 (PD-L1) and programed cell death 2 (PD-L2) expression [51]. In these specific PHEO/PGL
subsets, the combination of MBTA with checkpoint inhibitor therapy can potentially intensify the
therapeutic response. The doors are also open to a possible combination of MBTA therapy with
radiotherapy and/or chemotherapy [52].

4. Materials and Methods

4.1. Mannan-BAM Synthesis

Mannan-BAM synthesis was performed as previously reported [15–17]. Mannan was obtained
from Sigma-Aldrich, Saint Louis, MO, USA. BAM was obtained from NOF Corporation, White Plains,
NY, USA.

4.2. Cell Lines

MTT, MTT-luciferase, and human hPheo1 cell lines were used in this study [30,31]. MTT and
MTT-luciferase cells are rapidly growing cells derived from liver metastases of MPC cells, and
MTT-luciferase cells are transfected by a luciferase plasmid [30,31]. hPheo1 (obtained from University
of Texas, Southwestern Medical Center, Dr. Hans Kumar Ghayee, D.O., MTA# 41611) is a progenitor
cell line derived from human PHEO [53].

MTT and MTT-luciferase cells were maintained in Dulbecco’s modified eagle media (DMEM)
(Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (Gemini, West Sacramento,
CA, USA) and penicillin/streptomycin (100 U/mL; Gemini). In MTT-luciferase cells, geneticin (750 μg/mL;
Thermo Fisher Scientific, Waltham, MA, USA) was used for stable cell line selection. hPheo1 cells were
maintained in RPMI (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum
and penicillin/streptomycin (100 U/mL). Both cell lines were cultured at 37 ◦C in humidified air with
5% CO2.

All cell lines used were routinely tested for mycoplasma using the MycoAlertTM detection kit
(Lonza, Walkersville, MD, USA). Cell authentication was performed per ATCC guidelines using
morphology, growth curves, and mycoplasma testing. After thawing, cells were cultured for no longer
than 3 weeks.

4.3. Establishment of a PHEO Mouse Model and Tumor Cell Injection

Female B6(Cg)-Tyrc-2J/J and B6.CB17-Prkdcscid/SzJ mice were purchased from the Jackson Laboratory,
Bar Harbor, ME, USA. B6(Cg)-Tyrc-2J/J mice were used for subcutaneous and metastatic PHEO and
represent mouse models with fully functional immune systems. B6.CB17-Prkdcscid/SzJ mice lacking
functional T and B cells were used for subcutaneous PHEO and represent mouse models with
dysfunctional adaptive immunity. Mice were housed in specific pathogen-free conditions and all
experiments were approved by the Eunice Kennedy Shriver National Institute of Child Health and
Human Development animal protocol (ASP: 15 028).

For subcutaneous PHEO, B6(Cg)-Tyrc-2J/J and B6.CB17-Prkdcscid/SzJ mice were subcutaneously
injected in the right lower dorsal site with 3 × 106 and 1.5 × 106 MTT-luciferase cells in 0.2 mL of DMEM
without additives, respectively. For metastatic PHEO, B6(Cg)-Tyrc-2J/J mice were also subcutaneously
injected in the right lower dorsal site with 3 × 106 MTT cells in 0.2 mL of DMEM without additives
and were simultaneously injected intravenously with 1.5 × 106 MTT-luciferase cells in 0.1 mL of PBS.
MTT cells without luciferase where used for the establishment of subcutaneous PHEO to prevent the
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possibility that the signal from MTT-luciferase cells in large subcutaneous tumors will cover the signal
from small metastatic organ lesions during bioluminescence imaging.

For a re-challenge experiment, 3 × 106 MTT-luciferase cells in 0.2 mL of DMEM without additives
were injected subcutaneously on day 120 since the beginning of therapy in the animals manifested a
complete elimination of tumors due to used immunotherapy.

4.4. Treatment

Treatment in subcutaneous PHEO was initiated when subcutaneous tumors reached an average
volume of 100 mm3 in B6(Cg)-Tyrc-2J/J mice. In B6.CB17-Prkdcscid/SzJ mice, lacking functional T and B
cells, the treatment was initiated with a lower tumor volume (average volume of 50 mm3) to prevent
the potential early reach of a tumor endpoint size as a result of the rapid growth of subcutaneous
PHEO in mice with a specific immunity disfunction. Treatment in metastatic PHEO was initiated
when subcutaneous tumors reached an average volume of 250 mm3 with a simultaneous presence
of detectable signal in organs using bioluminescence imaging. This greater starting tumor volume
was purposely chosen to ensure enough tumor mass for tumor antigen gradual release during the
whole course of the therapy. Mice, with both subcutaneous PHEO and metastatic PHEO, were treated
intratumorally (into the subcutaneous tumor) on days 0, 1, 2, 8, 9, 10, 16, 17, 18, 24, 25, and 26 with
50 μL of the following mixtures: (a) 0.5 mg of R-848 hydrogen chloride (HCl) (Tocris, Minneapolis,
MN, USA), 0.5 mg of poly(I:C) (Sigma-Aldrich), 0.5 mg of LTA/mL (Sigma-Aldrich), and 0.2 mM
mannan-BAM (MBT), and later on in combination with anti-CD40, clone FGK4.5/FGK45 (BioXCell,
West Lebanon, NH, USA) (MBTA), in PBS; and (b) PBS.

4.5. Tumor Size Evaluation

Subcutaneous tumor volume was measured every other day with a caliper and calculated as
V = (π/6) AB2 (A and B = the largest and the smallest dimension of the tumor, respectively) [54].
Survival curves are based on the time of death caused by tumor growth or on the time of sacrifice of
mice reaching the maximally allowed tumor size of 2 cm in diameter.

In metastatic PHEO, mice were imaged by an IVIS system (Bruker, Billerica, MA, USA) once
a week to detect a bioluminescence signal intensity of metastatic organ lesions, and the signal was
evaluated using Bruker MI SE software.

4.6. Urine Catecholamine Determination

Urine specimens from B6(Cg)-Tyrc-2J/J tumor-bearing mice were collected after subcutaneous
or intravenous injection of MTT-luciferase cells. B6(Cg)-Tyrc-2J/J mice without tumors were used
as controls. All specimens were collected at the same time of the day to prevent any variance in
catecholamine levels caused by circadian rhythms. Urine catecholamines (norepinephrine, epinephrine,
and dopamine) were analyzed by liquid chromatography with electrochemical detection as described
previously [55].

4.7. Analysis of Tumor Infiltrating Leukocytes and Spleen Leukocytes

B6(Cg)-Tyrc-2J/J tumor-bearing mice were euthanized by cervical dislocation. Tumors were
harvested from the body. Tumors were washed in cold DMEM and cut into small pieces. For tumor
cell dissociation, a tumor dissociation kit (Miltenyi Biotech, Auburn, CA, USA) was used. One hour
after incubation in 37 ◦C with constant agitation, samples were centrifuged. Supernatant was collected
and used for the detection of cytokines (interferon gamma (IFN-γ) and interleukin 10 (IL-10)) by an
enzyme-linked immunosorbent assay (ELISA). The tumor cell pellet was passed through a 70 μm
strainer. The red blood cells were removed using ammonium-chloride-potassium (ACK) lysing buffer
(Thermo Fisher Scientific). Leukocytes (CD45+ cells) and their subpopulations were stained using
the following antibodies: APC anti-mouse CD45, clone: 30-F11 (BioLegend, Dedham, MA, USA);
Brilliant Violet 650 anti-mouse CD19, clone: 6D5 (BioLegend); FITC anti-mouse CD3, clone: 17A2
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(BioLegend); Brilliant Violet 605 anti-mouse CD4, clone: RM4-5 (BioLegend); APC/Cy7 anti-mouse
CD8a, clone: 53-6.7 (BioLegend); PE/Cy7 anti-mouse Ly-6G/Ly-6C (GR-1), clone: RB6-8C5 (BioLegend);
PE anti-mouse NK-1.1, clone: PK136 (BioLegend); and Brilliant Violet 421 anti-mouse F4/80, clone:
BM8 (BioLegend). LIVE/DEAD® fixable yellow dead cell stain (Invitrogen, Carlsbad, CA, USA) was
used to eliminate dead cells. Samples were measured using a BD Fortessa analyzer (San Jose, CA,
USA) and evaluated with FlowJo software (Ashland, OR, USA). CountBright absolute counting beads
(Invitrogen) were used to count absolute numbers of individual CD45+ cells.

4.8. Cytokine Assay

Supernatant collected during the analysis of tumor infiltrating leukocytes was used to measure
INF-γ and IL-10 levels in the tumors during the therapy. The following ELISA kits were used for
the detection: IFN-γ Mouse ELISA Kit, Extra Sensitive (Thermo Fisher), and Mouse IL-10 ELISA Kit
(LSBio, Seattle, WA, USA).

4.9. Immunohistochemistry

Tumor tissue samples embedded in Tissue-Tek optimum cutting temperature (OCT) were sectioned
by a microtome-cryostat (8 μm). Formalin fixed, paraffin-embedded tissue specimen was prepared
for 5 μm sections. Frozen sections were fixed in HistoChoice MB tissue Fixative solution (Ambresco,
Cleveland, OH, USA). Subsequently in both frozen and paraffin-embedded sections, peroxidase activity
was inhibited by 3% hydrogen peroxide. Additionally, samples were blocked using SuperBlock blocking
buffer (Thermo Fisher Scientific). Anti-mouse CD45 antibody, anti-mouse Ly6G/Ly6C antibody, and
anti-mouse CD3 antibody (Abcam, Cambridge, MA, USA) were used for immunohistochemistry
staining. The signal was developed by diaminobenzidine (DAB) substrate (Dako, Santa Clara,
CA, USA).

4.10. Neutrophil Cytotoxicity toward PHEO Cells

Bone marrow from B6(Cg)-Tyrc-2J/J non-tumor-bearing mice was used as a source of mouse
neutrophils. Bone marrow isolation was performed according to Stassen et al. [56]. Untouched mouse
neutrophils were isolated by magnetic-activated cell sorting using a neutrophil isolation kit (Miltenyi
Biotec). Human neutrophils were isolated from whole blood of healthy donors received from the
National Institutes of Health (NIH) Blood Bank using an EasySep Direct Human Neutrophils Isolation
kit (Stemcell Technologies, Cambridge, MA, USA). Both human and mouse neutrophils were activated
for 20 min by a mixture of GM-CSF (12 ng/mL) (Sigma-Aldrich), TNFα (2.5 ng/mL) (Sigma-Aldrich),
and 2 μM laminarin (Sigma) as previously described [57].

MTT-luciferase or hPheo1 cells were incubated with 0.02 mM mannan-BAM in culture medium
for 30 min in 37 ◦C. After incubation and washing by centrifugation, mouse MTT-luciferase cells
were co-cultured with activated or non-activated murine neutrophils and human hPheo1 cells with
activated or non-inactivated human neutrophils for 2 h in 37 ◦C. The tumor cell/neutrophil ratio was
1:5 (50,000 tumor cells to 250,000 neutrophils). Dead cells were stained with DAPI (1 μM) (Invitrogen).
APC anti-mouse CD45 antibody, clone 30-F11 (BioLegend), and APC anti-human CD45 antibody,
clone H130 (BioLegend), were used to stain leukocytes (in this specific case neutrophils). CountBright
absolute counting beads (Invitrogen) were used to count absolute numbers of live tumor cells in the
samples. Samples were measured by FACSCantoII. FlowJo software was used for analysis.

4.11. Imaging of PHEO Cell–Neutrophil Interactions

Adhered hPheo1 or MTT-luciferase cells were incubated with 0.02 mM mannan-BAM in culture
medium for 30 min in 37 ◦C. Following incubation, unbound mannan-BAM was washed by
centrifugation and human neutrophils were added to the hPheo1 cells and mouse neutrophils
to the MTT-luciferase cells (the ratio of tumor cells to neutrophils was 1:2 (50,000 tumor cells:100,000
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neutrophils). Neutrophils and hPheo1/MTT-luciferase cell interactions were documented after 2 h of
co-culturing in 37 ◦C. A Leica DMRB microscope and Leica LAS AF software were used for analysis.

4.12. Depletions

Cellular subsets were depleted by administering 300 μg of depleting antibody intraperitoneally
twice weekly starting one day prior to immunotherapy: CD8+ T-cells with anti-CD8α, clone 2.43
(BioXCell), and CD4+ T-cells with anti-CD4, clone GK1.5 (BioXCell). Cellular depletion of CD8+ and
CD4+ T-cells were confirmed by flow cytometry of PBMC blood levels (Figure S3). Samples were
measured by FACSCantoII. FlowJo software was used for analysis.

4.13. Statistical Analysis

Data were analyzed using STATISTICA 12 (StatSoft, Tulsa, OK, USA) or Prism 7 (GraphPad
Software, San Diego, CA, USA). Individual data sets were compared using a dependent/independent
Student’s t-test. Analyses across multiple groups and times were performed using repeated measures
ANOVA (for data with normal distribution) with individual groups assessed using Tukey’s multiple
comparison. For data without normal distribution, non-parametric ANOVA was used with individual
groups were assessed by Kruskal–Wallis test. Kaplan–Meier survival curves were compared using a
log-rank test. Error bars indicate the standard error of the mean (SEM). * p< 0.05; ** p< 0.01; *** p < 0.001;
**** p < 0.0001. # p < 0.05; ## p < 0.01.

5. Conclusions

We demonstrate here promising therapeutic effects of enhanced innate immunity with subsequent
activation of adaptive immunity using intratumoral application of ligands stimulating phagocytosis
combined with TLR ligands in subcutaneous and metastatic PHEO in mouse models. This effect was
verified in vitro in mouse PHEO and human PHEO cell lines. We suggest that this immunotherapeutic
approach could potentially become a novel treatment option in patients with metastatic PHEO/PGL.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/5/654/s1.
Figure S1: Urine dopamine and epinephrine levels in the subcutaneous and metastatic PHEO, Figure S2: Tumor
CD4+, CD8+, CD19+, F4/80+, and NK cells levels in the course of MBT therapy, Figure S3: Depletion of CD4+
and CD8+ T cells during MBTA therapy.

Author Contributions: Conceptualization: V.C., J.Z., and K.P.; methodology: V.C., J.Z., and K.P.; validation: V.C.;
formal analysis: V.C.; investigation: V.C., L.L., G.G., I.J., TT.H., L.A. and M.M.; resources: G.N., X.C., H.K.G.,
and K.P.; writing—original draft preparation: V.C.; writing—review and editing: V.C., L.L., G.G., A.J., O.U., Y.P.,
H.K.G., D.T., Z.Z., J.Z., and K.P.; visualization: V.C.; supervision: J.Z. and K.P.; project administration: V.C. and
K.P.; funding acquisition: K.P.

Funding: This research was supported by the Intratumoral Research Program of the National Institutes of Health,
Eunice Kennedy Shiver National Institutes of Child Health and Human Development (grant number ZIAHD008735).

Acknowledgments: The authors would like to thank Pradeep K. Dagur, and Ankit Saxena, for their technical
assistance during flow cytometry analyses, as well as the staff of the Flow Cytometry Core, National Heart, Lung,
and Blood Institute, NIH, MD 20892. The authors would also like to thank Dale Kiesewetter, Laboratory of
Molecular Imaging and Nanomedicine, National Institute of Biomedical Imaging and Bioengineering, National
Institutes of Health, Bethesda, Maryland, MD, USA, for his assistance during the bioluminescence imaging of
experimental mice.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lenders, J.W.; Eisenhofer, G.; Mannelli, M.; Pacak, K. Phaeochromocytoma. Lancet 2005, 366, 665–675.
[CrossRef]

2. Crona, J.; Taieb, D.; Pacak, K. New Perspectives on Pheochromocytoma and Paraganglioma: Toward a
Molecular Classification. Endocr. Rev. 2017, 38, 489–515. [CrossRef]

349



Cancers 2019, 11, 654

3. Mellman, I.; Coukos, G.; Dranoff, G. Cancer immunotherapy comes of age. Nature 2011, 480, 480–489.
[CrossRef]

4. Marabelle, A.; Tselikas, L.; de Baere, T.; Houot, R. Intratumoral immunotherapy: Using the tumor as the
remedy. Ann. Oncol. 2017, 28, xii33–xii43. [CrossRef] [PubMed]

5. Fishbein, L.; Leshchiner, I.; Walter, V.; Danilova, L.; Robertson, A.G.; Johnson, A.R.; Lichtenberg, T.M.;
Murray, B.A.; Ghayee, H.K.; Else, T.; et al. Comprehensive Molecular Characterization of Pheochromocytoma
and Paraganglioma. Cancer Cell 2017, 31, 181–193. [CrossRef] [PubMed]

6. Thorsson, V.; Gibbs, D.L.; Brown, S.D.; Wolf, D.; Bortone, D.S.; Ou Yang, T.H.; Porta-Pardo, E.; Gao, G.F.;
Plaisier, C.L.; Eddy, J.A.; et al. The Immune Landscape of Cancer. Immunity 2018, 48, 812–830. [CrossRef]

7. Wood, M.A.; Paralkar, M.; Paralkar, M.P.; Nguyen, A.; Struck, A.J.; Ellrott, K.; Margolin, A.; Nellore, A.;
Thompson, R.F. Population-level distribution and putative immunogenicity of cancer neoepitopes.
BMC Cancer 2018, 18, 414. [CrossRef] [PubMed]

8. Papewalis, C.; Kouatchoua, C.; Ehlers, M.; Jacobs, B.; Porwol, D.; Schinner, S.; Willenberg, H.S.; Anlauf, M.;
Raffel, A.; Eisenhofer, G.; et al. Chromogranin A as potential target for immunotherapy of malignant
pheochromocytoma. Mol. Cell. Endocrinol. 2011, 335, 69–77. [CrossRef]

9. Gubin, M.M.; Zhang, X.; Schuster, H.; Caron, E.; Ward, J.P.; Noguchi, T.; Ivanova, Y.; Hundal, J.; Arthur, C.D.;
Krebber, W.J.; et al. Checkpoint blockade cancer immunotherapy targets tumour-specific mutant antigens.
Nature 2014, 515, 577–581. [CrossRef]

10. Rosenberg, S.A.; Restifo, N.P. Adoptive cell transfer as personalized immunotherapy for human cancer.
Science 2015, 348, 62–68. [CrossRef]

11. Corrales, L.; Matson, V.; Flood, B.; Spranger, S.; Gajewski, T.F. Innate immune signaling and regulation in
cancer immunotherapy. Cell Res. 2017, 27, 96–108. [CrossRef] [PubMed]

12. Coley, W.B. The treatment of malignant tumors by repeated inoculations of erysipelas. With a report of ten
original cases. 1893. Clin. Orthop. Relat. Res. 1991, 3–11.

13. Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783–801.
[CrossRef]

14. Herr, H.W.; Morales, A. History of bacillus Calmette-Guerin and bladder cancer: An immunotherapy success
story. J. Urol. 2008, 179, 53–56. [CrossRef]

15. Janotova, T.; Jalovecka, M.; Auerova, M.; Svecova, I.; Bruzlova, P.; Maierova, V.; Kumzakova, Z.; Cunatova, S.;
Vlckova, Z.; Caisova, V.; et al. The use of anchored agonists of phagocytic receptors for cancer immunotherapy:
B16-F10 murine melanoma model. PLoS ONE 2014, 9, e85222. [CrossRef]

16. Caisova, V.; Vieru, A.; Kumzakova, Z.; Glaserova, S.; Husnikova, H.; Vacova, N.; Krejcova, G.; Padoukova, L.;
Jochmanova, I.; Wolf, K.I.; et al. Innate immunity based cancer immunotherapy: B16-F10 murine melanoma
model. BMC Cancer 2016, 16, 940. [CrossRef]

17. Caisova, V.; Uher, O.; Nedbalova, P.; Jochmanova, I.; Kvardova, K.; Masakova, K.; Krejcova, G.; Padoukova, L.;
Chmelar, J.; Kopecky, J.; et al. Effective cancer immunotherapy based on combination of TLR agonists with
stimulation of phagocytosis. Int. Immunopharmacol. 2018, 59, 86–96. [CrossRef]

18. Stahl, P.D.; Ezekowitz, R.A. The mannose receptor is a pattern recognition receptor involved in host defense.
Curr. Opin. Immunol. 1998, 10, 50–55. [CrossRef]

19. Freeman, S.A.; Grinstein, S. Phagocytosis: Receptors, signal integration, and the cytoskeleton. Immunol. Rev.
2014, 262, 193–215. [CrossRef]

20. Garred, P.; Genster, N.; Pilely, K.; Bayarri-Olmos, R.; Rosbjerg, A.; Ma, Y.J.; Skjoedt, M.O. A journey through
the lectin pathway of complement-MBL and beyond. Immunol. Rev. 2016, 274, 74–97. [CrossRef]

21. Fujita, T.; Matsushita, M.; Endo, Y. The lectin-complement pathway-its role in innate immunity and evolution.
Immunol. Rev. 2004, 198, 185–202. [CrossRef] [PubMed]

22. Reis, E.S.; Mastellos, D.C.; Ricklin, D.; Mantovani, A.; Lambris, J.D. Complement in cancer: Untangling an
intricate relationship. Nat. Rev. Immunol. 2018, 18, 5–18. [CrossRef] [PubMed]

23. Medzhitov, R. Toll-like receptors and innate immunity. Nat. Rev. Immunol. 2001, 1, 135–145. [CrossRef]
[PubMed]

24. Takeda, K.; Akira, S. Toll-like receptors in innate immunity. Int. Immunol. 2005, 17, 1–14. [CrossRef]
[PubMed]

25. Kawasaki, T.; Kawai, T. Toll-like receptor signaling pathways. Front. Immunol. 2014, 5, 461. [CrossRef]
[PubMed]

350



Cancers 2019, 11, 654

26. Kauffman, E.C.; Liu, H.; Schwartz, M.J.; Scherr, D.S. Toll-like receptor 7 agonist therapy with imidazoquinoline
enhances cancer cell death and increases lymphocytic infiltration and proinflammatory cytokine production
in established tumors of a renal cell carcinoma mouse model. J. Oncol. 2012, 2012, 103298. [CrossRef]
[PubMed]

27. Wu, J.J.; Huang, D.B.; Tyring, S.K. Resiquimod: A new immune response modifier with potential as a vaccine
adjuvant for Th1 immune responses. Antiviral. Res. 2004, 64, 79–83. [CrossRef]

28. Matsumoto, M.; Seya, T. TLR3: Interferon induction by double-stranded RNA including poly(I:C). Adv. Drug
Deliv. Rev. 2008, 60, 805–812. [CrossRef]

29. Seo, H.S.; Michalek, S.M.; Nahm, M.H. Lipoteichoic acid is important in innate immune responses to
gram-positive bacteria. Infect. Immun. 2008, 76, 206–213. [CrossRef]

30. Martiniova, L.; Lai, E.W.; Elkahloun, A.G.; Abu-Asab, M.; Wickremasinghe, A.; Solis, D.C.; Perera, S.M.;
Huynh, T.T.; Lubensky, I.A.; Tischler, A.S.; et al. Characterization of an animal model of aggressive metastatic
pheochromocytoma linked to a specific gene signature. Clin. Exp. Metastasis 2009, 26, 239–250. [CrossRef]

31. Korpershoek, E.; Pacak, K.; Martiniova, L. Murine models and cell lines for the investigation of
pheochromocytoma: Applications for future therapies? Endocr. Pathol. 2012, 23, 43–54. [CrossRef]
[PubMed]

32. Cai, Z.; Sanchez, A.; Shi, Z.; Zhang, T.; Liu, M.; Zhang, D. Activation of Toll-like receptor 5 on breast cancer
cells by flagellin suppresses cell proliferation and tumor growth. Cancer Res. 2011, 71, 2466–2475. [CrossRef]
[PubMed]

33. Liu, C.Y.; Xu, J.Y.; Shi, X.Y.; Huang, W.; Ruan, T.Y.; Xie, P.; Ding, J.L. M2-polarized tumor-associated
macrophages promoted epithelial-mesenchymal transition in pancreatic cancer cells, partially through
TLR4/IL-10 signaling pathway. Lab. Invest. 2013, 93, 844–854. [CrossRef] [PubMed]

34. Sagiv-Barfi, I.; Czerwinski, D.K.; Levy, S.; Alam, I.S.; Mayer, A.T.; Gambhir, S.S.; Levy, R. Eradication of
spontaneous malignancy by local immunotherapy. Sci. Transl. Med. 2018, 10. [CrossRef]

35. Johansson, M.; Denardo, D.G.; Coussens, L.M. Polarized immune responses differentially regulate cancer
development. Immunol Rev. 2008, 222, 145–154. [CrossRef] [PubMed]

36. Napolitani, G.; Rinaldi, A.; Bertoni, F.; Sallusto, F.; Lanzavecchia, A. Selected Toll-like receptor agonist
combinations synergistically trigger a T helper type 1-polarizing program in dendritic cells. Nat. Immunol.
2005, 6, 769–776. [CrossRef]

37. Waldmannova, E.; Caisova, V.; Faberova, J.; Svackova, P.; Kovarova, M.; Svackova, D.; Kumzakova, Z.;
Jackova, A.; Vacova, N.; Nedbalova, P.; et al. The use of Zymosan A and bacteria anchored to tumor cells
for effective cancer immunotherapy: B16-F10 murine melanoma model. Int. Immunopharmacol. 2016, 39,
295–306. [CrossRef]

38. Vonderheide, R.H.; Glennie, M.J. Agonistic CD40 antibodies and cancer therapy. Clin. Cancer Res. 2013, 19,
1035–1043. [CrossRef]

39. Elgueta, R.; Benson, M.J.; de Vries, V.C.; Wasiuk, A.; Guo, Y.; Noelle, R.J. Molecular mechanism and function
of CD40/CD40L engagement in the immune system. Immunol. Rev. 2009, 229, 152–172. [CrossRef]

40. Ahonen, C.L.; Doxsee, C.L.; McGurran, S.M.; Riter, T.R.; Wade, W.F.; Barth, R.J.; Vasilakos, J.P.; Noelle, R.J.;
Kedl, R.M. Combined TLR and CD40 triggering induces potent CD8+ T cell expansion with variable
dependence on type I IFN. J. Exp. Med. 2004, 199, 775–784. [CrossRef]

41. Scarlett, U.K.; Cubillos-Ruiz, J.R.; Nesbeth, Y.C.; Martinez, D.G.; Engle, X.; Gewirtz, A.T.; Ahonen, C.L.;
Conejo-Garcia, J.R. In situ stimulation of CD40 and Toll-like receptor 3 transforms ovarian cancer-infiltrating
dendritic cells from immunosuppressive to immunostimulatory cells. Cancer Res. 2009, 69, 7329–7337.
[CrossRef]

42. Lutz, E.; Yeo, C.J.; Lillemoe, K.D.; Biedrzycki, B.; Kobrin, B.; Herman, J.; Sugar, E.; Piantadosi, S.; Cameron, J.L.;
Solt, S.; et al. A lethally irradiated allogeneic granulocyte-macrophage colony stimulating factor-secreting
tumor vaccine for pancreatic adenocarcinoma. A Phase II trial of safety, efficacy, and immune activation.
Ann. Surg. 2011, 253, 328–335.

43. Srivatsan, S.; Patel, J.M.; Bozeman, E.N.; Imasuen, I.E.; He, S.; Daniels, D.; Selvaraj, P. Allogeneic tumor cell
vaccines: The promise and limitations in clinical trials. Hum. Vaccin. Immunother. 2014, 10, 52–63. [CrossRef]

44. Yu, P.; Lee, Y.; Wang, Y.; Liu, X.; Auh, S.; Gajewski, T.F.; Schreiber, H.; You, Z.; Kaynor, C.; Wang, X.; et al.
Targeting the primary tumor to generate CTL for the effective eradication of spontaneous metastases.
J. Immunol. 2007, 179, 1960–1968. [CrossRef]

351



Cancers 2019, 11, 654

45. Lengagne, R.; Graff-Dubois, S.; Garcette, M.; Renia, L.; Kato, M.; Guillet, J.G.; Engelhard, V.H.; Avril, M.F.;
Abastado, J.P.; Prevost-Blondel, A. Distinct role for CD8 T cells toward cutaneous tumors and visceral
metastases. J. Immunol. 2008, 180, 130–137. [CrossRef] [PubMed]

46. Lubner, M.G.; Brace, C.L.; Hinshaw, J.L.; Lee, F.T., Jr. Microwave tumor ablation: Mechanism of action,
clinical results, and devices. J. Vasc. Interv. Radiol. 2010, 21, S192–S203. [CrossRef] [PubMed]

47. Brody, J.D.; Ai, W.Z.; Czerwinski, D.K.; Torchia, J.A.; Levy, M.; Advani, R.H.; Kim, Y.H.; Hoppe, R.T.;
Knox, S.J.; Shin, L.K.; et al. In situ vaccination with a TLR9 agonist induces systemic lymphoma regression:
A phase I/II study. J. Clin. Oncol. 2010, 28, 4324–4332. [CrossRef]

48. Maleki Vareki, S. High and low mutational burden tumors versus immunologically hot and cold tumors and
response to immune checkpoint inhibitors. J. Immunother. Cancer 2018, 6, 157. [CrossRef]

49. Gujar, S.; Pol, J.G.; Kroemer, G. Heating it up: Oncolytic viruses make tumors ’hot’ and suitable for checkpoint
blockade immunotherapies. Oncoimmunology 2018, 7, e1442169. [CrossRef]

50. Vonderheide, R.H. The Immune Revolution: A Case for Priming, Not Checkpoint. Cancer Cell 2018, 33,
563–569. [CrossRef]

51. Pinato, D.J.; Black, J.R.; Trousil, S.; Dina, R.E.; Trivedi, P.; Mauri, F.A.; Sharma, R. Programmed cell death
ligands expression in phaeochromocytomas and paragangliomas: Relationship with the hypoxic response,
immune evasion and malignant behavior. Oncoimmunology 2017, 6, e1358332. [CrossRef] [PubMed]

52. Dwary, A.D.; Master, S.; Patel, A.; Cole, C.; Mansour, R.; Mills, G.; Koshy, N.; Peddi, P.; Burton, G.;
Hammoud, D.; et al. Excellent response to chemotherapy post immunotherapy. Oncotarget 2017, 8,
91795–91802. [CrossRef] [PubMed]

53. Ghayee, H.K.; Bhagwandin, V.J.; Stastny, V.; Click, A.; Ding, L.H.; Mizrachi, D.; Zou, Y.S.; Chari, R.; Lam, W.L.;
Bachoo, R.M.; et al. Progenitor cell line (hPheo1) derived from a human pheochromocytoma tumor. PLoS ONE
2013, 8, e65624. [CrossRef]

54. Li, J.; Piao, Y.F.; Jiang, Z.; Chen, L.; Sun, H.B. Silencing of signal transducer and activator of transcription 3
expression by RNA interference suppresses growth of human hepatocellular carcinoma in tumor-bearing
nude mice. World J. Gastroenterol. 2009, 15, 2602–2608. [CrossRef] [PubMed]

55. Eisenhofer, G.; Goldstein, D.S.; Stull, R.; Keiser, H.R.; Sunderland, T.; Murphy, D.L.; Kopin, I.J.
Simultaneous liquid-chromatographic determination of 3,4-dihydroxyphenylglycol, catecholamines, and
3,4-dihydroxyphenylalanine in plasma, and their responses to inhibition of monoamine oxidase. Clin. Chem.
1986, 32, 2030–2033.

56. Stassen, M.; Valeva, A.; Walev, I.; Schmitt, E. Activation of mast cells by streptolysin O and lipopolysaccharide.
Methods Mol. Biol. 2006, 315, 393–403.

57. Dewas, C.; Dang, P.M.; Gougerot-Pocidalo, M.A.; El-Benna, J. TNF-alpha induces phosphorylation of
p47(phox) in human neutrophils: Partial phosphorylation of p47phox is a common event of priming of
human neutrophils by TNF-alpha and granulocyte-macrophage colony-stimulating factor. J. Immunol. 2003,
171, 4392–4398. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

352



cancers

Review

Pheochromocytomas and Paragangliomas: From
Genetic Diversity to Targeted Therapies

Ying Pang 1,†, Yang Liu 2,†, Karel Pacak 1 and Chunzhang Yang 2,*

1 Section on Medical Neuroendocrinology, Eunice Kennedy Shriver National Institute of Child Health and
Human Development, National Institutes of Health, Bethesda, MD 20892, USA; ying.pang@nih.gov (Y.P.);
karel@mail.nih.gov (K.P.)

2 Neuro-Oncology Branch, Center for Cancer Research, National Cancer Institute, Bethesda, MD 20892, USA;
yang.liu5@nih.gov

* Correspondence: yangc2@nih.gov; Tel.: +1-240-760-7083
† These authors contributed equally to the work.

Received: 14 March 2019; Accepted: 26 March 2019; Published: 28 March 2019

Abstract: Pheochromocytoma and paraganglioma (PCPGs) are rare neuroendocrine tumors that arise
from the chromaffin tissue of adrenal medulla and sympathetic ganglia. Although metastatic PCPGs
account for only 10% of clinical cases, morbidity and mortality are high because of the uncontrollable
mass effect and catecholamine level generated by these tumors. Despite our expanding knowledge of
PCPG genetics, the clinical options to effectively suppress PCPG progression remain limited. Several
recent translational studies revealed that PCPGs with different molecular subtypes exhibit distinctive
oncogenic pathways and spectrum of therapy resistance. This suggests that therapeutics can be
adjusted based on the signature molecular and metabolic pathways of PCPGs. In this review, we
summarized the latest findings on PCPG genetics, novel therapeutic targets, and perspectives for
future personalized medicine.

Keywords: pheochromocytoma; paraganglioma; neuroendocrine tumor; targeted therapy;
therapy resistance

1. Introduction

Pheochromocytomas and paragangliomas (PGPCs) are catecholamine-producing tumors that
arise from adrenal medulla, or from extra-adrenal ganglial sympathetic/parasympathetic chains (of
chromaffin or non-chromaffin origin), respectively. Tumor-associated secretion of catecholamine causes
symptoms of hyperactivity in the sympathetic nervous system including paroxysmal hypertension,
headache and diaphoresis. PCPGs result from genetic abnormalities, mostly disruption/mutation
in single disease-related genes [1]. Approximately 30–35% of patients with PCPG carry germline
mutations in over 20 susceptible genes [2]. In pediatric patients, or in patients who developed
the origin tumor in their childhood, approximately 69–87.5% of cases carry germline mutations [3].
Germline mutations may lead to clinical syndromes with symptoms that affect multiple organs, such as
von Hippel-Lindau disease, multiple endocrine neoplasia type 2 syndrome, and neurofibromatosis
type 1 [4]. On the other hand, somatic mutations in key oncogenic pathways, such as SDHx, VHL,
HIF2A, H-RAS, NF1, RET, or MAX, predispose PCPG formation [5].

Despite our expanding understanding of PCPG genetics and transcriptomics, therapies against
this malignancy, especially those against PCPG metastatic lesions, are limited. In addition to
surgical resection and radiation therapy, combination chemotherapy that includes cyclophosphamide–
vincristine–dacarbazine (CVD) is recommended for advanced PCPG. However, retrospective studies
showed that CVD-based treatment provides limited benefit to patient quality of life and overall
survival [6]. There is an urgent need to decipher the molecular signature of PCPG for optimized
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therapeutic regimens, which may result in improved selectivity and efficacy of treatment. In this
review, we summarized the latest reports on PCPG genetics, clinical findings and management, and
emerging targeted therapies against PCPG subtypes.

2. Genetics of PCPGs

Transcriptomic analysis of patient-derived specimens revealed distinctive gene-expression
signatures among histologically similar PCPGs. Based on mRNA-expression signatures, PCPGs
can be divided into two main categories: Cluster I and Cluster II diseases (Figure 1). Cluster I disease
exhibits metabolic reprogramming and pseudo hypoxic signaling commonly linked to mutations
in oxygen-sensing genes or those encoding key enzymes in the Krebs cycle such as VHL, SDHx,
HIF2A, EGLN1/2 and FH. Cluster I disease is further stratified into respective subgroups based on
differentially-expressed genes. PCPGs showing mutation of SDHx and VHL are sub-characterized
into Cluster IA and Cluster IB, respectively [5]. In contrast, Cluster II PCPGs are commonly
related to genetic mutations affecting kinase signaling, gene translation, protein synthesis and neural
differentiation; the genes showing mutations include NF1, RET, KIF1Bβ, TMEM127 and MAX. Cluster
II disease is further categorized into Cluster 2A (in which patient show mutations in RET, NF1, and
TMEM127 ), Cluster 2B (sporadic tumors) and Cluster 2C (patients with mutations in 3.7% VHL and
11.1% RET, and sporadic tumors) [5]. Recent findings show that mutations in the Wnt/Hedgehog
pathway are involved in a new molecular subtype of PCPGs [7]. Fishbein et al. discovered that the
in-frame RNA fusion transcripts of the UBTF-MAML3 gene and somatic CSDE1 mutation may drive
activation of the Wnt and Hedgehog pathways, and trigger PCPG oncogenesis [8]. In addition to
assessing mutations in coding sequences, analysis of somatic copy-number alterations and miRNA
profiling are increasingly used to determine sub-clusters in PCPGs [9].

Figure 1. Schematic illustrations of cancer-associated mutations in pheochromocytomas and
paragangliomas (PCPGs). Cluster I PCPGs exhibit dysfunction in the Krebs cycle and hypoxia sensing
pathways. Loss-of-function mutations in SDHx, FH, EGLN1 or VHL are commonly identified in this
disease cluster. HIF2A mutations that activate hypoxia signaling are also found in Cluster I disease.
Cluster II PCPGs exhibit abnormal kinase activity. This is caused by mutations of major regulators
in the feedback loop, such as NF1, MAX and TMEM127. Gain-of-function mutations in RET prompt
cellular proliferation and survival by initiating kinase pathways such as Ras/MEK and PI3K/Akt.

2.1. SDHx

Germline mutations in SDHx are attributed to approximately half of hereditary PCPGs and are
detected in 15% of total patients [10]. Germline mutations in SDHx are commonly accompanied
by the loss of heterozygosity on the other healthy allele, which leads to substantial loss of SDH
catalytic activity [11]. Familial PCPGs, caused by SDHx germline mutations, usually show earlier
onsets and more severe clinical presentations (including bilateral or multiple tumors) compared with
those observed in sporadic cases [12]. In 2000, SDHC and SDHD were first identified as susceptibility
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genes for hereditary PCPGs [13,14]. SDHC mutations account for 6% of PCPGs, and patients usually
present head and neck paragangliomas (HNPGL), while PHEO and PGL occur far less frequently [15].
SDHD-mutant PCPGs typically show multiple HNPGL, but PGL and PHEO in other locales have also
been described; less than 5% of patients with SDHD mutations develop metastatic lesions [15]. Overall,
the penetrance of SDHD-mutant PCPGs is approximately 71% at age 60 and increases to 90% in the
following 10 years [16]. Germline mutations of SDHD exhibit ‘parent-of-origin’ expression phenotype,
with tumor onset only when mutations are inherited from the paternal DNA [17,18]. This phenomenon
has also been described in other PCPG predisposition genes such as SDHAF2 and MAX [19–21].
In 2001, mutations in SDHB were also discovered in patients with familial PCPG [22]. SDHB-mutant
tumors can occur at adrenal, extra-adrenal and pelvic locations, but mainly develop in the abdomen.
Several studies demonstrated that compared with other molecular subtypes, SDHB-mutant PCPGs are
associated with increased incidence of early onset (25–30 years old), increased metastatic risk and poor
prognosis [23]. In 2009, SDHAF2, also known as SDH5, was identified as the driver gene for HNPGL
without PHEO, which occurs via compromised flavination of the SDH complex [19]. In patients with
familial PCPGs who carry SDHAF2 germline mutations, 91% present with more than one HNPGL, and
no metastatic tumors have been reported [24]. Mutations in SDHA have not been identified as a cancer
susceptibility gene in PCPG until recently [20]. Approximately 3% of patients with sporadic PCPG
carry SDHA germline mutations [25]. Somatic mutations in SDHx are rare and occur in approximately
1% of patients with PCPG [5].

SDHx genes encode succinate dehydrogenase (SDH), also known as mitochondrial complex II.
SDH consists of four subunits: SDHA, SDHB, SDHC and SDHD. SDHA is a flavoprotein that contains
a flavin adenine dinucleotide (FAD) cofactor. SDHB contains three iron-sulfur clusters, which assist
electron transfer via the SDH complex. SDHC and SDHD subunits anchor the entire SDH complex to
the inner mitochondrial membrane. Mechanistically, SDHA converts succinate into fumarate, which
converts FAD to FADH2. The electrons from FADH2 are then transferred via iron-sulfur clusters in
SDHB, eventually forming the ubiquinone pool via SDHC/D subunits. SDH complex plays key roles
in energy metabolism by participating in both the Krebs cycle and electron transport chain. Deleterious
mutations in SDHx lead to deficiencies in energy metabolism and accumulation of succinate, which
promotes susceptibility to PCPGs, renal cell carcinoma and mitochondrial encephalopathy. Studies
using in vivo and in vitro models have shown that loss of succinate dehydrogenase activity results in:
(i) abnormal activation of hypoxia-signaling pathway in the presence of oxygen (pseudohypoxia) and
angiogenesis [26]; (ii) increased production of reactive oxygen species (ROS) [27]; and (iii) impeded
repair and hypermethylation of DNA [28]. The distinctive signatures in tumor biology have supplied
valuable clues for developing future molecular-targeted therapeutics against SDHx-mutant PCPGs.

2.2. Von Hippel-Lindau (VHL)

Germline mutations in the VHL gene cause the von Hippel-Lindau syndrome (VHL disease).
VHL disease is an autosomal dominant disorder associated with retinal, cerebellar, brainstem and
spinal hemangioblastoma, as well as with neuroendocrine tumors, renal cell carcinoma (RCC) and
multiple pancreatic cysts [29]. PHEO is present in approximately 7–20% of patients with VHL, who
are then diagnosed with VHL syndrome type 2; patients diagnosed with type 1 VHL do not present
with PHEO [30]. PHEO usually occurs as bilateral or multifocal tumors in the second decade of life in
patients with VHL. Although VHL mutations lead to early onset of symptoms, they rarely develop into
metastatic disease. In addition to the VHL syndrome, Chuvash polycythemia is a type of inherited
hematopoetic disease caused by a specific germline VHL mutation (p.R200W). The mutation leads to
activation of the hypoxia inducible factors (HIF) signaling pathway under normal oxygen level and
increased concentration of erythropoietin, causing overproduction of red blood cells [31]. Germline
VHL pathogenic mutations are also reported in patients with PHEO and polycythemia, causing by
stabilized HIF-2α and elevated production of erythropoietin [32].
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Approximately 14% of sporadic PCPGs are found in patients carrying somatic VHL mutations, and
this is consistently accompanied by the loss of the 3p chromosome [5]. Our previous study has shown
that somatic VHL gene mutations are also involved in tumorigenesis in hereditary MEN 2A-associatd
PHEO [33]. Somatic VHL mutations play roles in HNPGL by stimulating the HIF-1α/miR-210
pathway [34]. Although the relationship between somatic VHL mutations and prognosis is unclear,
different VHL variants may contribute to the differential clinical phenotype and prognosis. In our
recent study, we established a VHL knockout mouse model and found that retinal hemangioblastomas
are derived from the hemangioblast cell lineage [35].

VHL is a tumor-suppressor gene that is located on chromosome 3p25.3 and encodes the
pVHL protein. The pVHL protein functions as an E3 ligase that ubiquitinates its client proteins.
For example, pVHL recognizes the hydroxylated HIF-α oxygen-sensing domains (ODD) domain
and recruits other components of the E3 ligase complex such as Elongin B, Elongin C, RBx 1 and
Cul2. The VHL-Elongin B/C (VBC) complex processes HIF-α for ubiquitination and subsequent
proteasomal degradation. Under hypoxic conditions, VHL recognition of HIF-α is compromised due
to reduced ODD hydroxylation. HIF-α is then stabilized and initiates transcription of hypoxia-related
genes. Pathogenic VHL mutations lead to compromised VBC activity and abnormal oxygen sensing.
Consequent transcription of hypoxia-related genes, such as EPO and VEGFA, serves as oncogenic
factors for VHL-related symptoms such as hemangioblastomas and PHEO. Moreover, mutations in
VHL may disrupt the binding of Elongin C and p53, leading to deregulation of cellular apoptosis and
consequent tumorigenesis [36].

2.3. HIF2A

Hypoxia inducible factors (HIFs), transcriptional factors that govern cellular responses to low
oxygen, were first described by Semenza in 1995 [37]. HIFs are composed of α and β subunits.
The α subunits are nuclear factors that are sensitive to the oxygen level in the microenvironment,
whereas β subunits are constitutively expressed and serve as cofactors for HIF-α. Under normoxia,
the ODD in HIF-α are rapidly hydroxylated by prolyl hydroxylase, which alters the conformation
of HIF-α. Hydroxylated HIF-α is recognized by the VBC complex and is rapidly degraded
via the ubiquitin proteasome pathway [38]. Under hypoxic or pseudohypoxic conditions, the
function of prolyl hydroxylase is compromised, leading to stabilization and accumulation of HIF-α.
HIF-α is then translocated into the nucleus as a heterodimer HIF-β, initiating transcriptional
activation of hypoxia-related genes involved in biological reactions such as angiogenesis, glycolysis
and erythropoiesis.

Overexpression of HIF-1/2α is frequently identified in most human cancers, and activation of
tumorigenesis and angiogenesis [39]. Low oxygen concentration activates the hypoxia-signaling
pathway in tumors, especially in regions with minimal oxygen penetration. On the other hand, the
hypoxia pathway can also be activated under normoxia due to genetic abnormalities in key regulatory
genes of the oxygen-sensing pathway. Elevated expression of HIF-1α is associated with poor outcomes
in multiple human cancers such as those of head and neck, breast and colorectal cancers [40]. HIF-2α
overexpression is associated with higher metastatic potential and with metastases-presenting tumors
such as melanoma and glioma [41]. HIF-2α overexpression may be preferentially linked with metastatic
progression and poor prognosis in patients [41].

Mutations in HIF2A have been identified in human diseases such as polycythemia, PCPG and
somatostatinoma [42,43]. HIF2A mutations present as somatic mutations or somatic mosaicism,
affecting multiple lineages of somatic cells [44]. HIF2A mutations are mainly located on exon 12,
resulting in amino-acid substitutions in the ODD domain of HIF-2α. Alterations in peptide sequences
lead to compromised prolyl hydroxylation, VBC recognition and transcription of hypoxia-related
genes. Accordingly, HIF2A-mutated PHEO/PGLs show increased expression of hypoxia-related genes
such as EPO, EDN1 and VEGFA, which may be linked to polycythemia and oncogenesis [43].
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2.4. Neurofibromin 1 (NF1)

The NF1 syndrome, also known as von Recklinghausen disease, is caused by germline mutations
in NF1. Mutations in NF1 are involved in numerous types of tumors such as desmoplastic melanoma,
glioblastomas, neuroblastomas, PCPGs, gastrointestinal tumors, ovarian tumors and urinary tract
transitional cell carcinoma [45]. Approximately 0.1–6% of patients with NF1 present with PHEO [46].
Patients with NF1 usually develop PHEO after their third decade of life. Approximately 80% of these
patients present solitary adrenal tumors, and 10% present with bilateral adrenal tumors. Additionally,
over 10% of patients with NF1 and PHEO develop metastatic tumors, and most of these metastatic
tumors are distant from the primary location [47]. A common feature observed in patients with
NF1-related PCPGs is a significantly up-regulated level of catecholamine in plasma and urine [48].

Somatic mutations in NF1 occur in 20–25% of patients with PCPGs. NF1 is the most frequently
occurring susceptibility gene in all sporadic PCPGs. An integrative genomic study has shown that
26% of sporadically occurring tumors show loss of one allele in NF1. Additionally, 91% of tumors in
patients with NF1-related PCPGs show somatic truncating mutations on the other wild-type allele [48].
However, a genetic-mapping study has shown that only 20% of patients with NF1-related PCPGs
show deletion of the other allele [5], indicating that other molecular pathways may be involved in
NF1-mediated oncogenesis.

NF1 is a tumor-suppressor gene located on chromosome 17q11.2. The NF1 gene spans approximately
300 kb in genomic DNA, contains 58 coding exons and encodes 2818 amino acids. Currently,
genetic detection and characterization of NF1 mutations in patients is challenging because of the
large size of the NF1 gene, presence of multiple pseudogenes, and a wide spectrum of mutations
without obvious hotspots. NF1 encodes neurofibromin, a GTPase-activating protein (GAP) that
negatively regulates the Ras/MAPK pathway. The 20 to 27 exons of NF1 encode a GAP-associated
domain, which hydrolyses Ras-GTP to its inactive GDP-bound form, thereby deactivating the Ras
signaling pathway. Loss-of-function mutations in NF1 lead to uncontrollable activation of kinase and
tumorigenesis. Several genetically-engineered NF1 mouse models have shown pigmentary lesions,
skeletal abnormalities, and tumors.

2.5. RET

Germline mutations in RET are linked with multiple endocrine neoplasia type 2 (MEN2). MEN2
is a rare autosomal dominant syndrome that is classified into MEN2A (Sipple syndrome), MEN2B
(Gorlin syndrome) and familial medullary thyroid carcinoma (FMTC). Patients with MEN2 have a
nearly 100% risk for developing medullary thyroid carcinoma (MTC) and 57% risk for developing
PHEO [49]. Additionally, patients with MEN2A can also develop primary hyperparathyroidism, while
those with MEN2B can develop Marfanoid habitus, mucosal neuromas and ganglioneuromatosis.
Although mutations in RET have been detected on all exons, 95% of patients with MEN2A carry RET
mutations on exon 10 (codons 609, 611, 618 and 620) or exon 11 (codon 634). Similarly, most mutations
in patients with MEN2B occur on exon 16 (codon 918) [50]. The most common RET mutations in
PHEO-related syndrome usually occur on exon 10, 11, 13 and 16. However, penetrance and age of
onset are not necessarily associated with types of RET mutations [51]. Carriers of codon 634 germline
mutations present with much younger mean age of onset, and have a higher risk of developing PHEO,
than do carriers of other mutations. In patients with MEN2, most PCPG-related PHEOs occur on the
adrenal glands, and more than half of these are bilateral; parasympathetic head and neck PGLs have
been found, but are very rare [52]. These patients rarely develop metastatic PCPGs, and mean age of
onset is approximately 36 years old [53].

The RET proto-oncogene is located on chromosome 10q11.2 and contains 21 exons. RET encodes
transmembrane receptor tyrosine kinase (RTK), which binds to growth factors such as glial derived
neurotrophic factor (GDNF). The RET protein contains an extracellular portion, a single transmembrane
domain and an intracellular portion. There are 12 autophosphorylation sites on the intracellular portion,
and phosphorylated tyrosine may be the docking site for multiple intracellular-signaling pathway
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proteins, including those involved in cell growth and differentiation [54]. Genetic alterations in RET
include gain-of-function mutations, which lead to constitutive RTK activation and tumorigenesis such
as those observed in patients with MEN2A.

2.6. MAX

Germline mutations in MAX were first implicated in susceptibility to hereditary PHEO in a
whole-exome sequencing study. Loss-of-function mutations in MAX are also a risk for metastatic
PHEO [21]. Most of the MAX mutations occur on the highly-conserved basic helix-loop-helix
leucine-zipper (bHLHZ) domain. Loss of heterozygosity on the wild-type allele is also detected
in the tumors of patients with germline missense mutations in MAX. Although metastatic PHEOs are
rare, except in patients carrying SDHB mutations, Mendez found that approximately 37% of patients
with MAX mutations present with metastases at diagnosis [21]; this suggests MAX mutations may
be risk factors for metastatic disease. Somatic MAX mutations are detected in patients with sporadic
PCPGs at an incidence of 1.65% [55]. Tumors with MAX mutations show substantial upregulation of
normetanephrine expression, with almost normal or slighted increased levels of metanephrine.

The MAX gene is located on chromosome 14q23, which encodes the transcriptional regulator MAX.
MAX belongs to the family of bHLHZ transcriptional factors. It can form heterodimers with MYC or
MAX dimerization protein 1 (MXD1), which controls the transcription of numerous downstream genes
that regulate cellular proliferation, differentiation and apoptosis [56]. The highly-conserved bHLHZ
domain of MAX is vital for the protein-DNA and protein-protein interactions. Furthermore, casein
kinase II phosphorylation sites on MAX modulate DNA-binding kinetics of MAX-MAX or Myc-MAX
dimerization [57]. Therefore, alteration in MAX, especially mutations on the bHLHZ domain and
casein kinase II phosphorylation sites, can induce the dysfunction of the MYC/MAX/MXD1 axis and
consequent tumorigenesis.

2.7. Harvey Rat Sarcoma Viral Oncogene Homologue (HRAS)

The first somatic mutation in HRAS in a patient with pheochromocytoma was reported by
Yoshimoto et al. in 1992 [58]. Missense gain-of-function mutations in HRAS have been detected in
various types of human tumors; the hotspots for HRAS mutations are G13R and Q61K [1]. Until now,
HRAS somatic mutations were found in approximately 5% of sporadic patients with PCPGs and
present as mostly benign tumors [1]. No germline HRAS mutation has been discovered in patients
with PCPGs thus far. The other two proteins in the RAS family, NRAS and KRAS, have never been
described as susceptibility factors for PCPGs.

HRAS is located on the chromosome 11p15.5. HRAS encodes GTPase HRas, also known as
transforming protein p21. HRas is activated via binding to GTP. The activity of HRas can be inactivated
by GTP hydrolysis to GDP [9]. Activation of the HRas signaling pathway stimulates downstream
pathways such as Ras/Raf/Erk and PI3K/Akt/mTOR, which are vital for cellular proliferation and
oncogenic transformation.

3. Current Therapies and Limitations

The goal of anti-PCPG therapies is to effectively control tumor growth and other disease-related
symptoms. Alpha-blockers, calcium channel blockers, or β-blockers are the first line treatment to
control hypertension and prevent hypertensive crisis. When β blockers are used without prior
alpha blockade, there is a theoretical risk of hypertensive crisis due to alpha adrenergic receptor
mediated vasoconstriction without the opposition of the β2-adrenergic receptor mediated vasodilation.
For benign and locally invasive PCPGs, surgical intervention, including minimal invasion endoscopic
surgery, is considered standard therapy. Laparoscopic surgery can be used for patients with
bilateral and extra-adrenal PCPGs, with laparotomy showing similar outcomes. For multifocal and
metastatic cases, and for tumors larger than 7 to 8 cm, surgical procedures are usually preferable for
ensuring complete removal of all suspected tumors. When surgery is not applicable, radio-and/or

358



Cancers 2019, 11, 436

chemotherapies are considered alternative approaches. For the metaiodobenzylguanidine (MIBG)
scintigraphy-positive patients, 131iodine-meta-iodobenzylguanidine (131I-MIBG) therapy is considered
a priority. MIBG positive patients with metastatic PCPG have been demonstrated to benefit
from 131I-MIBG-based treatment, showing symptomatic and hormonal responses [59]. However,
dose-dependent side effects of this therapy, such as severe thrombocytopenia, hypothyroidism and
neutropenia, are also observed [60]. Most importantly, 131I-MIBG-based treatment is less likely to
achieve complete response. In a study that included 243 patients, 3% of patients showed complete
response, while 27% and 52% of patients showed partial response and stable disease, respectively [61].

Overexpression of somatostatin receptors in PCPGs promotes application of radiolabeled
somatostatin agonists, for imaging and treatment of the PCPGs patients. 123I-Tyr-octreotide and
111In-pentetreotide were first introduced as the radiolabeled somatostatin agonists. However, the 90Y
and 177Lu peptide-labelled somatostatin radionuclides were recommended by European centers to
replace the old ones, due to higher uptake ratio and less side effects [62,63]. Besides, the 90Y is more
effective on larger tumors due to higher energy β emission, while the 177Lu is favorable for smaller
tumors. Less side effects were also found in 177Lu compared to 90Y, especially in the aspect of renal
toxicity [64]. A successful phase III clinical trial NETTER-1 regarding the 177Lu-DOTATATE showed
to prolong the median progression-free survival to 40 months in mid-gut neuroendocrine tumors,
compared to a long-acting somatostatin analogue, octreotide-LAR (median progression-free survival:
8.4 months) [65]. For inoperable PCPGs patients, the 177Lu-DOTATATE is under a phase II clinical
trial to evaluate the safety, tolerability and overall survival (NCT03206060). However, radiolabeled
somatostatin agonists are only applied for somatostatin receptor positive patients and side effects still
need further evaluation.

Chemotherapy is another valuable treatment modality for controlling tumor growth in
patients with metastatic PCPGs. Most traditional chemotherapy regimens, such as those using
cyclophosphamide, vincristine and dacarbazine (CVD), have been used to treat patients with PCPGs
over the past 30 years. Although clinical studies have shown that 33–57% of patients with PCPGs
respond to CVD or similar regimens, a 22 year-long follow-up study found there were no significant
differences in patient survival between CVD responders and CVD non-responders. Overall, the present
options of chemotherapy do not provide survival benefits for advanced PCPG, and their value remains
limited [6].

4. Targeted Molecular Therapies

Current knowledge of signatures involved in the molecular signaling, metabolism and resistance
mechanisms of PCPGs suggests that therapeutic regimens can be optimized to each molecular subtype.
Profiling of gene expression and methylation can serve as a powerful tool for characterizing disease
clusters and for guiding targeted therapy for improved selectivity and efficacy. In the following
sections, we introduce the latest advances in targeted therapeutics against PHEO/PGL.

4.1. Antiangiogenic Therapies

Antiangiogenic therapies have been proposed for targeting pseudohypoxic and angiogenic
phenotypes in Cluster I PCPGs, which are commonly accompanied by mutations in SDH or VHL [66].
Humanized VEGF-A monoclonal antibodies (such as bevacizumab) and tyrosine kinase inhibitors
(such as sunitinib and sorafenib) are used in current antiangiogenic therapies. These regimens are
approved by the FDA for the treatment of patients with advanced renal cell carcinoma, which includes
patients with mutations in SDHB [67,68]. Interestingly, several case studies on sunitinib have shown
partial response or stable disease in patients with Cluster I PCPGs. This indicates that patients
with Cluster I PCPGs may show improved responses to antiangiogenic therapies [69–74]. Several
ongoing clinical trials are aiming to further validate the efficacy of sunitinib-based therapy in patients
with progressive PCPGs. For example, a randomized double-blind phase II clinical trial, called
the FIRSTMAPPP (First Randomized STudy in MAlignant Progressive Pheochromocytomas and
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Paragangliomas) study (NCT01371201), is currently conducting recruitment to evaluate the efficacy of
sunitinib vs placebo in patients with progressive malignant PCPGs. A single arm, nonrandomized
phase II study (NCT00843037) aims to evaluate the response and toxicity profile of sunitinib in a cohort
of 25 patients with malignant PCPGs. Another tyrosine kinase inhibitor, Axitinib (AG-013736), is
currently under evaluation in a phase II nonrandomized clinical trial including 14 patients with PCPGs
(NCT01967576). Moreover, a phase II clinical trial is ongoing to determine the efficacy of Lenvatinib,
a multiple kinase inhibitor against VEGFR1, VEGFR2 and VEGFR3 in patients with metastatic or
advanced PCPGs (NCT03008369).

4.2. Hypoxia-Inducible Factor (HIF) Inhibitors

The abnormal activation of hypoxia signaling is a hallmark of Cluster I PCPGs. HIF inhibitors
may potentially be used in therapy against Cluster I PCPGs. HIF inhibitors, such as PX-12 and PX-478,
have been studied in various tumor xenograft models [75,76]. Recently, PT2339 and PT2385, two
selective HIF-2α antagonists, were developed and evaluated for their anti-tumor effects. PT2399
showed a stronger suppression effect than that of sunitinib in cell lines derived from VHL-mutated
clear cell renal cell carcinomas (ccRCCs) [77]. An ongoing phase I clinical trial (NCT02293980),
designed to evaluate the efficacy of PT2385, indicated that complete response, partial response
and stable disease were achieved in 2%, 12% and 52% of patients with ccRCCs [78]. A phase II
clinical trial (NCT03108066) is currently ongoing to evaluate the use of PT2385 in patients with
VHL-associated ccRCCs. These compounds have not been evaluated in patients with PCPGs;
however, the tumor-suppressing effects of these compounds on HIF-driven solid tumors are promising,
suggesting that HIF-2α inhibitors can be used to treat patients with Cluster I PCPGs in the future.
Recently, anthracyclines (daunorubicin, doxorubicin, epirubicin and idarubicin) have been reported to
suppress cell growth of metastatic PCPGs by inhibiting both HIF-1 and 2α, indicating a new therapeutic
option for patients with metastatic PCPGs, especially those with alterations in HIF pathways [79].

4.3. mTOR Inhibitors

Hyperactivation of kinase activity is commonly detected in the Ras/Raf/Erk or PI3K/Akt/mTOR
pathways of patients with Cluster II PCPGs and mutations in RET, NF1, TMEM127 and
MAX, [46,55,80–82]. Inhibitors of pro-survival kinase signaling have been proposed for targeted
therapeutics. For example, treatment with mTORC1 inhibitor everolimus (RAD001) has been evaluated
in patients with progressive PHEO. However, this therapy showed unfavorable results, with disease
progression in all four recruited patients [83]. In another phase II study (NCT01152827), five out
of seven patients with PCPGs achieved stable disease [84]. In 2013, a selective ATP-competitive
dual mTORC1/2 small molecule inhibitor was evaluated in a mouse model of sporadic PHEO, and
PHEO associated with VHL or SDHB mutations. The results showed promising therapeutic effects
of AZD8055, indicated by decreased tumor size and metastatic burden in athymic nude mice [85].
Moreover, combining AZD8055 with an Erk inhibitor AEZS-131 may prevent the compensatory
feedback loop and overcome resistance [86].

4.4. DNA Demethylation

Mutations in SDHx result in accumulation of succinate, an oncometabolite that inhibits
2-oxoglutarate (2-OG)-dependent dioxygenases, resulting in a global DNA and histone
hypermethylation phenotype [87,88]. Demethylating agents may rectify the hypermethylation
phenotype in SDH- or FH-mutated PCPGs. For example, DNA-demethylating agent decitabine
suppresses cellular proliferation and metastasis in SDHB-knockout chromaffin cells [87]. SGI-110,
a DNA methyltransferase inhibitor, is currently under investigation in a phase II non-randomized
trial (NCT03165721) for treatment of patients with PCPGs associated with SDH deficiency. Further
preclinical studies are needed to assess the safety profile and therapeutic efficacy of these compounds
before proceeding to clinical trials.
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4.5. DNA-Alkylating Agents

Temozolomide (TMZ) is an FDA-approved DNA-alkylating agent used for treatment of
glioblastoma in combination with radiotherapy. TMZ generates DNA alkylation at O6-guanine,
N7-guanine and N3-adenine, which causes base-pair mismatch and leads to the death of tumor
cells. In some tumor cells, the expression of O6-methylguanine-DNA methyltransferase (MGMT) can
directly remove the alkyl group from O6-guanine, resulting in resistance to TMZ. However, tumors
with mutations in genes encoding Krebs-cycle enzymes, such as IDH1/2 and SDHx, often show CpG
island methylator phenotype (CIMP), which results in hypermethylation of the MGMT promoter
and reduced expression of MGMT [87,89]. Loss of MGMT expression predisposes patients to a better
therapeutic response to TMZ because of reduced methyltransferase activity. Several studies have
shown the remarkable sensitivity of IDH1/2-mutant glioblastoma to TMZ [90,91]. Similarly, TMZ
exerts strong therapeutic effect on metastatic neuroendocrine carcinoma, especially that with mutations
in SDHB [92]. A phase II clinical trial (NCT00165230) is currently evaluating the efficacy of TMZ
combined with thalidomide in therapy against neuroendocrine tumors. Additionally, one out of three
patients with PCPGs shows response to radiotherapy [93]. Clinical trials with larger patient cohorts
are needed to further evaluate the efficacy of TMZ in patients with PCPGs.

4.6. PARP Inhibitors

Mutations in enzymes encoding Krebs-cycle enzymes, such as SDHx, are associated with
hereditary PCPGs that are characterized by increased level of succinate. High level of succinate
serves as an intrinsic inhibitor of homologous recombination (HR)-based DNA repair; this occurs
via inhibition of the lysine demethylases KDM4A and KDM4B [94]. Moreover, SDH deficiency in
Cluster I PCPGs is associated with alterations in NAD+/NADH metabolism and potentiation of the
PARP-mediated DNA repair pathways [95]. These findings indicate that SDH-deficient tumor cells
are highly sensitive to treatment with PARP inhibitors. Combinations of PARP inhibitors with other
genotoxic agents may be a promising approach for treating patients with Cluster I PCPGs. Olaparib,
an FDA-proved PARP inhibitor, markedly potentiates the therapeutic effect of TMZ in SDHB-mutant
preclinical models; this occurs via induction of DNA lesions and inhibition of tumor growth in vitro
and in vivo [94,95].

4.7. Histone Deacetylase Inhibitors

Histone deacetylase (HDAC) inhibitors were also reported to have anti-tumor effect in PCPGs.
HDAC inhibitors have been shown to induce cell cycle arrest and apoptosis in PCPGs through
activation of Notch1 signaling or inhibition of nuclear factor erythroid 2-related factor 2/heme
oxygenase 1(Nrf2/HO-1) pathway [96–99]. Additionally, our previous study demonstrated that
HDAC inhibitors improved the stability of SDHB protein, and therefore supported the function of
mitochondrial complex II, which might limit disease progression of PCPGs with SDHB deficiency [100].

4.8. Immunotherapy

The pseudo-hypoxia phenotype may alter the immune system through inactivation of cytotoxic
T-cell lymphocytes, activation of immune-suppressive monocytes and increased expression of the
immune checkpoint protein programmed death-ligand 1 (PD-L1) and its receptor [101–103]. Thus,
immunotherapy has been considered as a candidate therapeutic approach for Cluster I PCPGs. A study
of 14 patients with progressive metastatic PCPGs treated with interferon alpha-2b resulted in 12 patients
with disease stabilization and two with partial responses [104]. Two phase II clinical trials of checkpoint
inhibitors (Nivolumab, ipilimumab and pembrolizumab) are currently ongoing in patients with rare
tumors, including metastasis PCPGs (NCT02834013, NCT02721732).
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4.9. Other Potential Therapies

Our previously study indicated that cells with high baseline level of reactive oxygen species
(ROS), such as IDH-mutated glioma, dependency on antioxidative pathways are crucial to maintain
ROS homeostasis. Blockade of antioxidative pathways showed promising therapeutic effects in
IDH-mutated cancers [105]. Similarly, evidence has shown that the deficiency in SDH and accumulation
of succinate may lead to elevated generation of ROS [27,106]. Our recent data indicated that SDHB
deficient PCPG cells developed addiction to the Nrf2 antioxidative pathway and Nrf2 blockade might
be a novel therapeutic approach to this type of PCPGs.

5. Future Directions

Despite our increased understanding of PCPG biology and advancements in translational
medicine, the underlying pathogenetic mechanisms and molecular pathways of PCPG require further
investigation. Cell-based and preclinical mouse models do not fully recapitulate the molecular
subtypes of human cancers, posing a challenge in studies on PCPG. PCPG cell lines, derived from
heterozygous NF1-knockout mouse (MTT and MPC cells) and representative rat pheochromocytoma
(PC12 cells), are widely accepted and used in molecular biology studies; however, generating cell
lines from patient-derived PCPGs remains challenging. Currently, only one progenitor cell line
(hPheo1 cells) derived from a human pheochromocytoma tumor has been established successfully [107].
This illustrates an urgent need to develop patient-derived cell lines, especially those for modeling
Cluster I PCPG in vitro.

With the rapid development of genomic sequencing platforms, large-scale sequencing projects
have illustrated the genomics, methylomics and epigenenomic changes of PCPG. The concept of
personalized medicine has been brought into vision to treating individuals based on their specific
genetic and micro-environmental background. By altering specific signaling pathways, enzymes and
receptors, targeted therapies can be optimized for each individual, with reduced side effects with
respect to normal tissues. To this end, tumoral genetic and molecular profiles should be investigated in
future clinical studies and trials. On the other hand, continuous investigation of molecular mechanisms
involved in PCPG oncogenesis is highly important. Detailed understanding of PCPG genetics and
key oncogenic pathways will lead to novel therapeutic targets. Overall, understanding the genetic
background, developing effective molecular-targeted agents and optimizing the design of clinical trials
will improve prognosis and survival in patients with PCPG.

6. Conclusions

In this review, we briefly summarized the latest knowledge of PCPG molecular subtypes and
their implications to clinical management. PCPGs generate tumors with genetic alterations; therefore,
detailed genetic analysis should be recommended for all patients with PCPGs to better characterize
the potential therapeutic vulnerabilities in each case. Therapeutic regimens with long-term efficacy
are needed to improve patient survival and quality of life. Development of patient-derived cell lines
and disease-relevant preclinical animal models will generate novel therapeutic targets for future
management of PCPGs.
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