A cancers

\

toma
/-'

PHE and _
Paraganglloma (PGL)

Edited by
Karel Pacak and David Taieb
Printed Edition of the Special Issue Published in Cancers

=
www.mdpi.com/journal/cancers rM\D\Py



Pheochromocytoma (PHEO)
and Paraganglioma (PGL)






Pheochromocytoma (PHEO)
and Paraganglioma (PGL)

Special Issue Editors

Karel Pacak
David Taieb

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade



Special Issue Editors

Karel Pacak David Taieb

Eunice Kennedy Shriver NICHD, NTH La Timone University Hospital
USA France

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Cancers
(ISSN 2072-6694) from 2018 to 2019 (available at: https://www.mdpi.com/journal/cancers/special-
issues/PHEO_PGL)

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,
Page Range.

ISBN 978-3-03921-654-3 (Pbk)
ISBN 978-3-03921-655-0 (PDF)

© 2019 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

About the Special Issue Editors . . . . ... ... ... ... ... . . o L o

Karel Pacak and David Taieb
Pheochromocytoma (PHEO) and Paraganglioma (PGL)
Reprinted from: Cancers 2019, 11, 1391, doi:10.3390/cancers11091391 . . . . ... .. ... .. ..

Herui Wang, Jing Cui, Chunzhang Yang, Jared S. Rosenblum, Qi Zhang, Qi Song, Ying Pang,
Francia Fang, Mitchell Sun, Pauline Dmitriev, Mark R. Gilbert, Graeme Eisenhofer,

Karel Pacak and Zhengping Zhuang

A Transgenic Mouse Model of Pacak-Zhuang Syndrome with An  Epasl
Gain-of-Function Mutation

Reprinted from: Cancers 2019, 11, 667, doi:10.3390/cancers11050667 . . . . . ... .. ... .. ..

Mehdi Helali, Matthieu Moreau, Clara Le Fevre, Céline Heimburger, Caroline Bund,
Bernard Goichot, Francis Veillon, Fabrice Hubelé, Anne Charpiot, Georges Noel and

Alessio Imperiale

IBE-FDOPA PET/CT Combined with MRI for Gross Tumor Volume Delineation in Patients with
Skull Base Paraganglioma

Reprinted from: Cancers 2019, 11, 54, d0i:10.3390/cancers11010054 . . . . . . ... .. ... .. ..

Johannes A. Rijken, Leonie T. van Hulsteijn, Olaf M. Dekkers, Nicolasine D. Niemeijer,
C. René Leemans, Karin Eijkelenkamp, Anouk N.A. van der Horst-Schrivers,

Michiel N. Kerstens, Anouk van Berkel, Henri J.L.M. Timmers, Henricus P.M. Kunst,
Peter H.L.T. Bisschop, Koen M.A. Dreijerink, Marieke F. van Dooren, Frederik J. Hes,
Jeroen C. Jansen, Eleonora P.M. Corssmit and Erik F. Hensen

Increased Mortality in SDHB but Not in SDHD Pathogenic Variant Carriers

Reprinted from: Cancers 2019, 11, 103, doi:10.3390/cancers11010103 . . . . . ... ... ... ...

Achyut Ram Vyakaranam, Joakim Crona, Olov Norlén, Per Hellman and Anders Sundin
1 C-hydroxy-ephedrine-PET/CT in the Diagnosis of Pheochromocytoma and Paraganglioma
Reprinted from: Cancers 2019, 11, 847, doi:10.3390/cancers11060847 . . . . . ... ... ... ...

Divya Mamilla, Katherine Araque, Alessandra Brofferio, Melissa K. Gonzales,

James N. Sullivan, Naris Nilubol and Karel Pacak

Postoperative Management in Patients with Pheochromocytoma and Paraganglioma

Reprinted from: Cancers 2019, 11, 936, doi:10.3390/cancers11070936 . . . . . ... .. ... .. ..

Judita Klimova, Tomas Zelinka, Jan Rosa, Branislav Strauch, Denisa Haluzikova,

Martin Haluzik, Robert Holaj, Zuzana Kratka, Jan Kvasnicka, ViktorieDurovcova,

Martin Matoulek, Kvétoslav Novik, David Michalsky, Jifi Widimsky Jr. and Ondfej Petrdk
FGF21 Levels in Pheochromocytoma/Functional Paraganglioma

Reprinted from: Cancers 2019, 11, 485, doi:10.3390/cancers11040485 . . . . . ... .. ... .. ..

Martin Ullrich, Susan Richter, Verena Seifert, Sandra Hauser, Bruna Calsina,

Angel M. Martinez-Montes, Marjolein ter Laak, Christian G. Ziegler, Henri Timmers,

Graeme Eisenhofer, Mercedes Robledo and Jens Pietzsch

Targeting Cyclooxygenase-2 in Pheochromocytoma and Paraganglioma: Focus on
Genetic Background

Reprinted from: Cancers 2019, 11, 743, doi:10.3390/cancers11060743 . . . . . . .. ... ... ...



Lavinia Vittoria Lotti, Simone Vespa, Mattia Russel Pantalone, Silvia Perconti,

Diana Liberata Esposito, Rosa Visone, Angelo Veronese, Carlo Terenzio Paties,

Mario Sanna, Fabio Verginelli, Cecilia Soderberg Nauclér and Renato Mariani-Costantini

A Developmental Perspective on Paragangliar Tumorigenesis

Reprinted from: Cancers 2019, 11, 273, doi:10.3390/cancers11030273 . . . . . ... .. ... .. .. 107

Radovan Bilek, Petr VI¢ek, LiborSafatik, David Michalsky, Kvétoslav Novak,

Jaroslava Duskova, Eliska Vaclavikovd, Jifi Widimsky Jr. and Tomas Zelinka

Chromogranin A in the Laboratory Diagnosis of Pheochromocytoma and Paraganglioma

Reprinted from: Cancers 2019, 11, 586, doi:10.3390/cancers11040586 . . . . . ... .. ... .. .. 128

Nicole Bechmann, Isabel Poser, Verena Seifert, Christian Greunke, Martin Ullrich, Nan Qin,

Axel Walch, Mirko Peitzsch, Mercedes Robledo, Karel Pacak, Jens Pietzsch, Susan Richter

and Graeme Eisenhofer

Impact of Extrinsic and Intrinsic Hypoxia on Catecholamine Biosynthesis in Absence or
Presence of Hif2c in Pheochromocytoma Cells

Reprinted from: Cancers 2019, 11, 594, doi:10.3390/cancers11050594 . . . . . ... ... ... ... 143

Esther Korpershoek, Daphne A.E.R. Dieduksman, Guy C.M. Grinwis, Michael J. Day,
Claudia E. Reusch, Monika Hilbe, Federico Fracassi, Niels M.G. Krol, André G. Uitterlinden,
Annelies de Klein, Bert Eussen, Hans Stoop, Ronald R. de Krijger, Sara Galac and

Winand N.M. Dinjens

Molecular Alterations in Dog Pheochromocytomas and Paragangliomas

Reprinted from: Cancers 2019, 11, 607, doi:10.3390/cancers11050607 . . . . . ... ... .. .. .. 161

Valeria Bisogni, Luigi Petramala, Gaia Oliviero, Maria Bonvicini, Martina Mezzadri,
Federica Olmati, Antonio Concistre, Vincenza Saracino, Monia Celi, Gianfranco Tonnarini,
Gino Iannucci, Giorgio De Toma, Antonio Ciardi, Giuseppe La Torre and Claudio Letizia
Analysis of Short-term Blood Pressure Variability in Pheochromocytoma/Paraganglioma Patients
Reprinted from: Cancers 2019, 11, 658, doi:10.3390/cancers11050658 . . . . . ... .. ... .. .. 172

Jacob Kohlenberg, Brian Welch, Oksana Hamidi, Matthew Callstrom, Jonathan Morris,

Juraj Sprung, Irina Bancos and William Young Jr.

Efficacy and Safety of Ablative Therapy in the Treatment of Patients with Metastatic
Pheochromocytoma and Paraganglioma

Reprinted from: Cancers 2019, 11, 195, doi:10.3390/cancers11020195 . . . . . ... .. ... .. .. 186

Joakim Crona, Samuel Backman, Staffan Welin, David Taieb, Per Hellman, Peter Stalberg,

Britt Skogseid and Karel Pacak

RNA-Sequencing Analysis of Adrenocortical Carcinoma, Pheochromocytoma and
Paraganglioma from a Pan-Cancer Perspective

Reprinted from: Cancers 2018, 10, 518, doi:10.3390/cancers10120518 . . . . . ... ... .. .. .. 199

Anna Angelousi, Melpomeni Peppa, Alexandra Chrisoulidou, Krystallenia Alexandraki,
Annabel Berthon, Fabio Rueda Faucz, Eva Kassi and Gregory Kaltsas

Malignant Pheochromocytomas/Paragangliomas and Ectopic Hormonal Secretion: A Case
Series and Review of the Literature

Reprinted from: Cancers 2019, 11, 724, doi:10.3390/cancers11050724 . . . . . ... .. ... .. .. 214

vi



Achyut Ram Vyakaranam, Joakim Crona, Olov Norlén, Dan Granberg,

Ulrike Garske-Roméan, Mattias Sandstrom, Katarzyna Fross-Baron,

Espen Thiis-Evensen, Per Hellman and Anders Sundin

Favorable Outcome in Patients with Pheochromocytoma and Paraganglioma Treated
with 77Lu-DOTATATE

Reprinted from: Cancers 2019, 11, 909, doi:10.3390/cancers11070909 . . . . . ... ... ... ...

Annika M.A. Berends, Graeme Eisenhofer, Lauren Fishbein, Anouk N.A. van der
Horst-Schrivers, Ido P. Kema, Thera P. Links, Jacques W.M. Lenders and Michiel N. Kerstens
Intricacies of the Molecular Machinery of Catecholamine Biosynthesis and Secretion
by Chromaffin Cells of the Normal Adrenal Medulla and in Pheochromocytoma
and Paraganglioma

Reprinted from: Cancers 2019, 11, 1121, doi:10.3390/cancers11081121 . . . . ... .. ... .. ..

Alberto Cascon, Laura Remacha, Bruna Calsina and Mercedes Robledo
Pheochromocytomas and Paragangliomas: Bypassing Cellular Respiration
Reprinted from: Cancers 2019, 11, 683, doi:10.3390/cancers11050683 . . . . . ... ... ... ...

Laura Gieldon, Doreen William, Karl Hackmann, Winnie Jahn, Arne Jahn,

Johannes Wagner, Andreas Rump, Nicole Bechmann, Svenja N6lting, Thomas Knésel,

Volker Gudziol, Georgiana Constantinescu, Jimmy Masjkur, Felix Beuschlein,

Henri JLM Timmers, Letizia Canu, Karel Pacak, Mercedes Robledo, Daniela Aust,

Evelin Schrock, Graeme Eisenhofer, Susan Richter and Barbara Klink

Optimizing Genetic Workup in Pheochromocytoma and Paraganglioma by Integrating
Diagnostic and Research Approaches

Reprinted from: Cancers 2019, 11, 809, doi:10.3390/cancers11060809 . . . . . ... .. ... .. ..

Jan Kvasni¢ka, Tomas Zelinka, Ondfej Petrdk, Jan Rosa, Branislav Strauch, Zuzana Kratka,
Tomas Indra, Alice Markvartovd, Jifi Widimsky Jr. and Robert Holaj

Catecholamines Induce Left Ventricular Subclinical Systolic Dysfunction: A Speckle-Tracking
Echocardiography Study

Reprinted from: Cancers 2019, 11, 318, doi:10.3390/cancers11030318 . . . . . ... ... ... ...

Veronika Caisova, Liping Li, Garima Gupta, Ivana Jochmanova, Abhishek Jha, Ondrej Uher,
Thanh-Truc Huynh, Markku Miettinen, Ying Pang, Luma Abunimer, Gang Niu, Xiaoyuan
Chen, Hans Kumar Ghayee, David Taieb, Zhengping Zhuang, Jan Zenka and Karel Pacak
The 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

Reprinted from: Cancers 2019, 11, 654, doi:10.3390/cancers11050654 . . . . . ... ... ... ...

Ying Pang, Yang Liu, Karel Pacak and Chunzhang Yang
Pheochromocytomas and Paragangliomas: From Genetic Diversity to Targeted Therapies
Reprinted from: Cancers 2019, 11, 436, doi:10.3390/cancers11040436 . . . . . ... ... ... ...

vii






About the Special Issue Editors

Karel Pacak is an endocrinologist and tenured Chief of the Section on Medical Neuroendocrinology
at Eunice Kennedy Shriver National Institute of Child Health and Human Development
(NICHD), NIH, Bethesda, MD. He is recognized nationally and internationally for patient-oriented
pheochromocytoma (PHEO) and paraganglioma (PGL) research programs. He and his colleagues
implemented the use of plasma metanephrines in the biochemical diagnosis of these tumors, the
use of 68Ga-DOTATATE in their localization and several new therapeutic options, the latest one
the use of PARP inhibitors together with temozolomide, particularly in succinate dehydrogenase
mutated PHEO/PGL. He and his colleagues also described the role of HIF2A, IRP1, and PHD1
mutations in the pathogenesis of paraganglioma, somatostatinoma, and polycythemia. This lead
to the introduction of a new syndrome now known as the Pacak-Zhuang syndrome. Apart from
but in line with his life’s work, Dr. Pacak has skillfully applied his knowledge for the benefit of the
greater good. He established a new series of international pheochromocytoma conferences (ISP), for
which he has served as the president and principal organizer of the first conference in 2005. He has
received distinguished awards from the International Association of Endocrine Surgeons, Australian
Endocrine Society, Irish Endocrine Society, PheoPara Alliance, American Association of Clinical
Endocrinologists, the Gold Jessenius Medal from the Slovak Academy of Sciences, the Gold Medal
from the Slovak Medical Society, Purkyne Medal from the Czech Medical Society, and the Directors’
award from the NIH and NICHD.

David Taieb is full professor of Nuclear Medicine at Aix Marseille university, France. He is member of
the EANM Oncology & Theranostics Committee. He holds numerous research grants and is co-editor
of 2 textbooks dedicated to Nuclear Endocrinology. He has over 180 peer-reviewed publications.
A major focus of his clinical research in collaboration with the NIH, has been to assess the relationship
between imaging phenotypes and genotypes in pheochromocytoma and paraganglioma (PPGL). In
addition, he is actively involved in radionuclide therapy with a major focus on endocrine neoplasms.
He is also affiliated to INSERM (French Institute of Health and Medical Research) with several
on-going basic research projects on castration-resistant prostate cancer and nanotheranostics. More
recently, he has coordinated the EANM Practice Guideline/SNMMI Procedure Standard 2019 for
radionuclide imaging of PPGL. He became the member of the International Advisory Board for

the 6th international symposium on PPGL.






cancers ﬁw\.@

Editorial

Pheochromocytoma (PHEO) and Paraganglioma
(PGL)

Karel Pacak * and David Taieb 2-*

1 Section on Medical Neuroendocrinology, Head, Developmental Endocrine Oncology and Genetics Affinity

Group. Eunice Kennedy Shriver NICHD, NIH, Building 10, CRC, Room 1E-3140, 10 Center Drive MSC-1109,
Bethesda, MD 20892-1109, USA

Department of Nuclear Medicine, La Timone University Hospital, European Center for Research in Medical
Imaging, Aix-Marseille University, 13100 Marseille, France

*  Correspondence: karel@mail.nih.gov (K.P.); David. TAIEB@ap-hm.fr (D.T.)

Received: 9 September 2019; Accepted: 16 September 2019; Published: 18 September 2019

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, ['!C]-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, [08Ga]-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 ['8F]-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., Epasl 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.
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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 EPASI gene
(encoding HIF2«x) 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 Epu51A529 V mutation (corresponding to human EPAS1A%30V),
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 HIF2« 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 EPAST mutations in the syndrome development and the
great potential of the Epas14%2°V animal model for further pathogenesis and therapeutics studies.

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

1. Introduction

We previously identified anovel 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 EPASI, encoding
hypoxia-inducible factor 2« (HIF2x) [1]. These mutations were found to disturb the hydroxylation
of ODD of the HIF2« protein by prolyl hydroxylase 2 (PHD2), which impairs its binding with von
Hippel-Lindau protein and subsequently increases HIF2« protein stability [1]. This leads to increased
transcription of the genes downstream of the HIF2a/HIF1 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 EPASI 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 JAK2"¢17F 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 VHLR?OW 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]. EPAST 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 HIF2«, on tumorigenesis.

In this study, we aimed to develop a transgenic mouse model to achieve the following aims: (1) to
confirm EPASI 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 Epas14°?°V Animal Model

The syndrome patients were found to carry somatic EPAST mutations in the ODD without other
germline mutations [2]. We thus generated a transgenic mouse model with a somatic heterozygous
EpuslA529V mutation (corresponding to human EPAS14%30V), 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. Epas14°??V 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 Epasl 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 (Epas1"®*) 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 Epas1"¢?* mice.
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Figure 1. Establishment of the Epas 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 Epas1"* mice with E2a-Cre
transgenic mice in C57BL/6 background and generated somatic heterozygous Epas14°2°Y mutant
mice (E2a-Cre; Epas1™*, in brief, Epas14°?°V) (Figure 2A). Genotyping PCR and Sanger sequencing
confirmed the successful deletion of the neomycin cassette in tail DNA of Epas14°2%V
(Figure 2B). To confirm the expression of the Epas1452°V mutant allele, we extracted RNA from
multiple tissues of the Epas14%2V 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 Epas] in lung and heart
(Figure 2C,D), consistent with a previous report [13]. The percentage of Epas14°?°Y mutant allele in
cDNA varied from 20.8% to 49.4% in different tissues (Figure 2E). These results confirmed Cre-mediated
high expression of Epas14°2%Y mutant allele in a wide range of tissues.

mutant mice



Cancers 2019, 11, 667

A529V
loxP
X Epas i ———— 4
> <
F3 R3
Epas1meo* E2a-Cre
WT  MUT
remaining loxP site
A529V allele ‘ ‘ U
“U\‘"H“\ | H \"\
|H A 1 |
WT allele \‘I““‘ i \‘ “‘W“ I N\‘ IH‘\” il ‘\M ‘m“ i ul”“hm” \“
E2a-Cre;Epas1m* [IATIARA AL tm“'t u‘m" AERAIAA ‘
(Epas14s2s)
o 6000 00
S A529V+WT- - A529V+WT+
2 5000
Q
£ 4000
©
2 3000
Q
® 2000
> ] 119
& 1000 | ewia——
2 olas29vwT AB29V-WT+
0 1000 2000 3000 4000
WT allele amplitude
10,0004 60
g
£ 5
g § 40
2 g
2 5
a 2 20
- = 20
w
g 3
u P
<
0- T T
O & N & D & & O & & & D & &
F & & WS & S F F & LSS &
W \L\b @ \Q\’b b?}\ QQ\ W@ ‘&)(\ & \Q{D b@(\ %Q\z
&P PN
& & @ &
& &
3 &
Figure 2. Successful expression of Epas14°29V 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 Epas1452°V
mutant mice. (C) Representative image of Epas14°2%V 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. 1 = 3. (E) Epas14°2° allele frequency in the cDNA derived from each tissue.

2.2. Polycythenia and Elevated EPO in Epas14°?°V Mutant Mice

Red palms in Epas14%??V 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 Epas14°2°Y 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 Epas14°2°Y 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, EpaslA529 V 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
Epas14°2%V 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 pm, bottom, 30 um.

We measured plasma EPO concentrations and observed significantly increased EPO levels in
Epas14%2%V 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 HIF2o(/HIF1f3 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 EpasIA529 V mutation increased EPO expression in the
kidney, leading to polycythemia.

2.3. Biochemistry Characteristics of Epas14°2°V 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
Epas1452%V 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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Epas1/%?"V 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 HIF2« negatively regulates PNMT expression and is thereby responsible
for the immature noradrenergic features of chromaffin cell tumors with high EPAST expression [3,18].
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Figure 4. Epas14°?°Y 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 (400x) and summarized in the right
column. *** p = 0.0005. Scale bars, 30 pm. (D) Increased Sst mRNA in mutant duodenum; n = 3 for
each group. (E) ChIP qPCR with an HIF2e 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 Epas1452%V mutant mice (Figure 4D). To check whether HIF2« binds to the promoter region of
SST, we performed ChIP-gPCR with an HIF2« antibody in the human pancreatic islet cell carcinoma
(somatostatinoma) cell line QGP-1. Both SST primer pairs in the SST promoter region confirmed that
HIF2« 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 HIF2o/HIF13 dimer.

2.4. Inhibition of HIF2a Reduced EPO but Not Polycythemia in Epas14%2°V Mutant Mice

Treatment of the mutant mice for one month with a specific antagonist of HIF2«x, PT2385,
demonstrated effective reduction of EPO levels in the mutant mice (Figure 5A). However,
this antagonism of HIF2« 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 HIF2« increased the erythroid differentiation of the progenitor cells and
further supporting an EPO-independent component of polycythemia in this syndrome [19].
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Figure 5. HIF2« inhibition in the mutant mice. (A,B) PT2385 reduced EPO (A) but not polycythemia
(B) in three—four-month-old Epas14°2V 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 HIF2ox with its specific inhibitor, PT2385, significantly reduced EPO. Increased erythroid
colony number in the CFU assay in mutant mice indicates that somatic Epas1452V
erythrocyte progenitor cells of the bone marrow may also contribute to primary polycythemia in the

mutation in
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syndrome. Thus, the Epas14%2V mutant animal model has great potential for further pathogenesis and
therapeutic studies of the syndrome.

HIF2« plays an essential, tightly regulated role in development [20]. Stabilization of HIF2« 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 Epas] may impact the migration path of these cells and lead to tumors characterized
by clusters of immature cells. The Epas14°?V 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
Epas145?V mice were more significant than what was observed in Epas1C>30WG536W mjce [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 HIF2«.

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 HIF2« 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/Sall and Mlul/Notl 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 (Kpnl-Forward: CGGGGTACCAGTAGATACTCAGGGACACCCAT,
Sall-Reverse: ~ ACGCGTCGACAGTAGATACTCAGGGACACCCAT). The 3’ HR arm is
adjacent to the 5 HR arm sequence and is a 1 kb PCR product including
exon 12 (Mlul-Forward: CGACGCGTGGTGAGTGAGAACAGCAGTCCC, Notl-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; EPAS1"*  in brief, Epas14°?°V) 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 uL whole blood was diluted with 180 uL 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

THC 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 Epas14°2%V 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.
Epas145%9V 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 ug/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-gPCR

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-HIF2« (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 HIF2« 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 Epas14%2°V 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 Epas14°2°V 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 EPAST 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.

Author Contributions: Conceptualization, Z.Z., K.P., HW. and C.Y.; methodology, HW.,].C., C.Y.,, Q.Z.,, Q.S., Y.P.
and G.E.; validation, HW., EE,, M.S. and P.D.; formal analysis, H.W. and ].C.; resources, Y.P.; writing—original
draft preparation, H.-W.; writing—review and editing, Z.Z., K.P, M.R.G.,].C., Q.Z., PD. and ].S.R.; supervision,
Z.Z. and K.P; project administration, Z.Z., M.R.G. and K.P,; funding acquisition, Z.Z., M.R.G. and K.P.
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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),
I8F_dihydroxyphenylalanine (F-FDOPA) combined positron emission tomography/computed
tomography (PET/CT), and '8F-FDOPA PET/MRI images obtained by rigid alignment of PET
and MRI. GTV was delineated in 16 patients with SBPGLs on MRI (GTVyry), I8E.FDOPA PET/CT
(GTVpgt), and combined PET/MRI (GTVpgr/mr1). GTVper/Mmrr was the union of GTVygry and
GTVpgt after visual adjustment. Three observers delineated GTVr; and GTVpgr,pmr1 independently.
Excellent interobserver reproducibility was found for both GTVygrr and GTVpgr/mrr- GTVpgr and
GTVpgr were not significantly different. However, there was some spatial difference between
the locations of GTVyry, GTVpgr, and GTVpgr/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 8F-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
I8E-FDOPA PET/CT and/or PET/MRI is confirmed, GTVpgr smr1 should be considered for tailored
radiotherapy planning in patients with SBPGL.

Keywords: paraganglioma; head and neck; radiotherapy; 8E_.FDOPA; PET; GTV
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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 '8F-dihydroxyphenylalanine ('8F-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,
I8F-FDOPA is decarboxylated to 1®F-dopamine, transported and stored in secretory vesicles. Indirectly,
in PGLs, '®F-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 HNPGLSs 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 8F-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 '*F-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 **Y-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.

Age, Sex PGL Size (mm), Primary Staging,

Patient (Man/Woman) Symptoms Side (Left/Right) Genetics Recurrence Prior Treatment
1 62, M Tinnitus 10,L Sporadic Primary Staging -
Tinnitus 3 Surgery
2 57, W Ear discharge 23,R SDHC Recurrence PRRT 2
3 57, M Tinnitus 8,R Sporadic Recurrence Surgery
4 58, M Tinnit 8 R Sporadi Recurren Surgery
, us , poradic ecurrence IMRT 3
Tinnitus .
5 43, W Local pain 40,R Sporadic Recurrence Surgery
- . Surgery
6 84, W Tinnitus 31, L Sporadic Recurrence Gamma Knife
7 62, W Asymptomatic 22,L SDHB! Recurrence Surgery
8 67, W Pulsatile tinnitus 8L 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 ?;{l%;r%,
Tinnitus . . .
14 54, M Ear discharge 12,L Sporadic Primary Staging -
15 58, M Pulsatile tinnitus 9,R Sporadic Primary Staging -
16 37, M Dizziness 30, R Sporadic Primary Staging -

Hearing loss

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

2.2. Tumor Volume Assessment
e MRI

The median lesion size was 17 mm (range: 7-40 mm). The median values of GTVyr; were
1.4 cm’® (range: 0.2-8.6 cam?), 1.7 em® (range: 0.3-9.6 cm?), and 1.2 cm® (range: 0.2-8.7 cm?) 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 GTV\ry assessed by the
most experienced radiation oncologist (observer 1) was considered for the definition of both CTVygr;
(median value: 26.2 cm?; range: 11.9-51.2 cm®), and planning target volume (PTVyg;) (median value:
54.1 cm?; range: 21.8-79.1 cm®).

o BE-FDOPA PET/CT and PET/MRI
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Despite substantial heterogeneity of tumoral 'F-FDOPA uptake among the patients studied,
SBPGLs were distinctly detectable by PET/CT in all cases (median value of maximum standardized
uptake value (SUVpay): 11.5; range: 1.4-82.8). The median value of GTVpgr was 0.9 cm? (range:
0.3-17.1 cm®). In this series, although GTVpgr was lower than GTV)g;, no significant difference
was assessed when considering the entire population (p = 0.09), or only previously treated patients
(p =0.12), or only treatment-naive patients (p = 1). GTV1pr (median value: 5.1 cm?; range: 0.3-26.1 cm®)
was significantly larger than both GTVpgr (p = 0.01) and GTVyry (p = 0.006). GTV R 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, GTVtgr has not been further considered and the
GTVper/Mmr1 Was assessed combining GTVyry and GTVpgr after visual adjustment by the radiation
oncologist. The median values of GTVpgr/yr; were 3.2 cm® (range: 0.5-18.8 cm®), 2.7 cm? (range:
0.3-11.8 cm?), and 2.3 cm? (range: 0.4-17.1 cm?) for the three observers. ICC analysis showed excellent
interobserver reproducibility with an agreement coefficient of 0.91. GTVpgr,/\mr1 assessed by the most
experienced radiation therapist (observer 1) was used to estimate both CTVpgr/prr (median value:
33.8 cm’; range: 15-82.7 cm?) and PTVpgr sMR1 (median value: 62.7 cm?; range: 26.5-112.7 cm®).
GTVper/Mmr, CTVper/Mr1, and PTVpgrvrr were significantly larger than GTVyg; (p = 0.00003),
CTVmri (p =0.003), and PTVygy (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 (GTVrpR)
(red contour) evaluated on '8F-dihydroxyphenylalanine (*8F-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 GTVrgR 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/MRL

. GTV 2 (cm®) DSCP
Patient
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
6 493 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
10 144 2.06 3.08 0.53 0.73
11 142 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.

. GTV 2 (cm®) Dscb
Patient
MRI PET/CT PET/MRI MRIvs. 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 ©) 2.92 (2.54) 2.38 (4.12) 4.86 (4.79) 0.41 (0.18) 0.78 (0.18)

2 GTV: gross tumor volume. ® DSC: Dice similarity coefficient. ¢ 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 GTVpgr and GTVyg; was 0.6 cm? (range: 0.1-6.0 cm®), and between
GTVmrr and GTVpgr /gy it was 1.5 cm?® (range: 0.3-9.3 cm®). 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 GTVpgr and GTV)g; 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 cm?; range:
0.3-12.1 cm®) compared to newly diagnosed patients (median: 2.4 cm3; range: 1.2-8.8 cm®). Table 2
summarizes the results of positional GTV analysis and the DSC index.

Uniform expansions of the GTV)g; contours were performed in increments of 1 mm until 100%
of the GTVpgr/Mmr1 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 8 F-FDOPA
PET/MRI primary tumor volume. Finally, a mean contraction of 3.6 mm (median: 3 mm; range:
1-8 mm) of CTVr; made it possible to encompass the GTVpgr/Mmri-

66.666 88.888

At\qgﬂ;—ﬁ‘;iw&

s
Dose (Gy)

Figure 2. GTV delineation and dose-volume histogram (DVH) based on MRI (A), 18E_-FDOPA PET/CT
(@), and '8F-FDOPA PET/MRI (M) for a representative case. Contrast-enhanced T1-weighted MRI (A),
18E_.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), '8F-FDOPA PET/CT (green contour), and combined I8E-FDOPA PET/MRI images
(orange contour). (E) Radiation treatment planning based on MRI, 8 F-FDOPA PET/CT, and combined
I8E.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/MRIL
Axial slice of combined '8 F-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), '#F-FDOPA
PET/CT (C, green volume), and combined 18E-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 '¥F-FDOPA PET /MRI were able to respect
clinical objectives despite the size discrepancy existing between GTVyrr and GTVpgr/mri- PTVMrr
and PTVpgr,mprr 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 GTVpgr/pri 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) ! 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 9.3 102.4 102.5

! 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).

: 4 5 6 (o
MRI PET/MRI MRI PET/MRI MRI PET/MRI
Ptl2 23/R Brainstem 429 45.8 11.7 12.3
R Parotid 21.2 18.8 4.1 3.7 15 1
RIAC7 44.8 45.6 443 443
Mandible 45.6 453 3.1 3.3
Pt3 8/R Brainstem 46.9 47.0 126 13.1
R Parotid 46.4 46.0 3.6 3.7 49 55
LIAC* 2.5 2.8 22 2.7
L Cochlea * 3 3.3 23 25
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Table 4. Cont.

% 4 5 6 (o
Table1 o e o N, OAR® Dinax * (Gy) Dinean ® (Gy) V15Gy © (%)
MRI PET/MRI MRI PET/MRI MRI PET/MRI
Pt5 40/R Brainstem 46.7 46.7 18.9 19.8
R Parotid 46.7 46.9 14.8 193 35.8 50.9
RIAC 44.8 449 444 444
Mandible 45 45.8 2.6 3

1Pt patient; 2R: right; L: left; 3 OAR: organ at risk; 4 Dpnax: dose maximum; ° Dmean: mean dose; 6 V15Gy: the
volume receiving doses above 15 Gy; 7 IAC: internal auditory canal. * RIAC 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, '¥F-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, GTVpgt and GT Vg1
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. GTVpgr/pmrr, which was defined as the union of GTVyg; and GTVpgr 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 18E_-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 ®F-FDOPA PET/CT to MRI was evaluated for radiotherapy planning of
gliomas. In these patients, '®F-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 ®F-FDOPA PET/CT in
patients with SBPGL, warranting further investigations, longitudinal patient follow-up, and histopathology
correlation. Overlap differences between GTVyr; and GTVpgr 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
SUVax-based segmentation algorithm was used to outline the target volume on PET/CT images,
taking into account the value of 40% of SUVax according to '®F-Fluorodeoxyglucose (**F-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
I8F-Fluoroethyl-L-tyrosine ("8F-FET) PET in patients with brain tumors [17], a threshold value of 1.6

23



Cancers 2019, 11, 54

over the background uptake was taken as the reference for a semi-automatic definition of tumor
volume (GTVrpgr). Based on the assumption that the TBR contrast of 18E_FDOPA uptake in brain
tumor is similar to that of F-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, GTVtpR assessed
in a similar manner was significantly larger than that obtained using 40% of tumor SUVmax or MRI.
Moreover, GTVrpR 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 ¥F-FDOPA uptake (range: 1.4-82.8) could contribute to explaining
the difficulty in properly defining GTVrgR, 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 18E-FDOPA PET studies (1.76 + 0.60) [18].
Finally, optimal '®F-FDOPA PET/CT segmentation algorithms for SBPGL GTVpgr 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 naive 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 GTVpgr and
GTVpmrr were more pronounced for relapsing tumor compared to newly diagnosed lesions. In those
patients, an average 46% of the 1®F-FDOPA PET/CT target volume extended outside GTVyg; 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 18E-FDOPA, 18F-FDG, and 68Ga—DOTA—pepticles 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, MR, and '8F-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 CTV)gr;, we encompassed every
GTVpgr/Mmri- 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 F-FDOPA PET/CT were retrospectively reviewed. Only patients with
confirmed SBPGLs, with positive I8E_.FDOPA PET/CT findings, and who underwent MRI within less
than 3 months of '®F-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. '®F-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). 8E_-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 '8F-FDOPA was intravenously injected without carbidopa premedication. Whole-body
I8E-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 '®F-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, '®F-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 F-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 (GTVugri), BE_FDOPA PET/CT (GTVpgr), 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, "®F-FDOPA PET/CT results were not available
before GTV gy definition. Similarly, GTVyg; data were not accessible before GTVpgr,pmry delineation.
GTVyrr was delineated using axial contrast-enhanced T1-weighted MRI images. GTVpgr was assessed
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on axial images using the automatic assistant arbitrarily calibrated at 40% of SUV yax of the primary
tumor (Syngo.via VB10B, Siemens) according to the '8F-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 (GTVgRr). To measure
background activity, a large region of interest above the upper ventricle and including both gray
and white matter was used. Lastly, GTVpgr,/pmr1 was the union of GTVyry and GTVpgr 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 GTVyr; and GTVpgr contours and
between GTVyrr and GTVpgr/pmrr 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 x (A N B)/(A + B), where A and B represent two volumes, (A N 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 (CTVyry, PTVMri),
18F—FDOPA PET/CT (CTVPET/ PTVPET)r and matched PET/MRI data set (CTVPET/MRII 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
GTVpgr data were combined with GTVyr;. 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 GTVyr; and GTVpgr/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 GTVygr; and
GTVpgr, and between GTVyrr and GTVpgr/\vry, 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 IBF_-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 "8 F-FDOPA PET/MRI is further confirmed in a large
patient population, combined GTVpgr/\mrr 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 123 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)-Phel-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).
. . . SDHB SDHD
Clinical Characteristics =192 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 SODHB 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%
CI0.39-2.23), 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 SOHB 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/PHEOQO 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 (1 = 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)
c423+1G> A p-? 45 (23.4)
c.654G > A p-(Trp218*) 19 (9.9)
€.653G > C p-(Trp218Ser) 11(5.7)
c.574T > C p-(Cys192Arg) 8(4.2)
c200+1G>A p-? 6(3.1)
137G > A p-(Arg46GIn) 4(2.1)
c.328A>C p-(Thr110Pro) 4(21)
c418G>T p-(Val140Phe) 4(2.1)
725G > A p-(Arg242His) 3(1.6)
c.649C>T p-(Arg217Cys) 3 (1.6)
¢.590C > G p-(Pro197Arg) 3(1.6)
€.686_725del p-(Glu229fs) 3(1.6)
c343C>T p-(Argl15%) 3(1.6)
c292T > 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)
¢.713delT p-(Phe238fs) 1(0.5)
c.727T > A p-(Cys243Ser) 1(0.5)
c761C>T p-(Pro254Leu) 1(0.5)
c.626C>T p-(Pro209Leu) 1(0.5)
¢.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)
cl1A>G p-? 1(0.5)
c119A>C p.(Lys40Thr) 1(0.5)
c274G>T p-(Asp92Tyr) 175 (74.7)
c416T > C p-(Leul39Pro) 34 (14.6)
c.284T > C p-(Leu95Pro) 6 (2.6)
Deletion promoter, exon 1 and 2 p-? 4(1.7)
c242C>T p-(Pro81Leu) 3(1.3)
¢.337_340delGACT p-(Asp113fs) 2(0.9)
c.122dupC p-(Glud2fs) 2(0.9)
Exon 1. c3G>C p-(MetlIle) 1(0.4)
Exon 2: ¢.169_169 + 9del10, splice donor mutation p-? 1(0.4)
Intron 2 ¢.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 'C-hydroxy-ephedrine
(M'C-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. ''C-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 "C-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
N C-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 (R> = 0.22,
p = 0.016). 'C-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 'C-HED uptake were not helpful for tumor characterization.

Keywords: pheochromocytoma; paraganglioma; PET-CT; 1! C-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 '8F-fluoro-deoxy-glucose (F-FDG) provides information on
tumor metabolism [12], whereas more specialized tracers target specific pathways such as
123]-meta-iodo-benzoguanidine (***I-MIBG) [13] for scintigraphy, !*F-dihydroxy-fluoro-L-phenylalanine
(18F-DOPA) [14—19],18F-Dopamine (18F-DA) [20-23],8Ga-DOTA-somatostatin analogs [15,24-27] and
1C- hydroxy ephedrine ('C-HED) [28-32] for PET/CT. ''C-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 ' C-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 (1 = 68), elevated biochemistry (1 = 29) or borderline biochemistry (1 = 57) and radiologically
uncharacterized tumors (1 = 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 ''C-HED-PET/CT.

2.2. Diagnostic Performance

A flow chart of the study is presented in Figure 1. The results of U C-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, '!C-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 ''C-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. ''C-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
Positive 25 1
11 ~
C-HED-PET/CT Negative 1 75

Table 2. 1!C-HED-PET/CT results in the 41 patients operated on, with correlation to findings at surgery
and histopathology (gold standard).

Gold standard
Positive Negative
Positive 25 1
11 _
C-HED-PET/CT Negative 1 14

102 HED-PET/CT

68 Symptoms
29 elevated + 57 borderline Biochemistry
26 radiologically equivocal tumors

26 76
1C-HED-PET/CT 1C.HED-PET/CT
Positive Negative
| | [ I
32 AAA :
36 Sympathetic
* 3 Metastases . :
20 PCC 6 PGL : hyperactivity without|
(Table 3) (Table 4) 2 Hy[_)erplas.las tumor
3 Benign lesions
** (Table 5) (Not tabulated)

Figure 1. Flowchart of the 102 study patients. ''C-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 'C-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 (1 = 20). Table 4
displays the results for the patients with extra-adrenal tumors, which on subsequent histopathology
were diagnosed as PGLs (1 = 6). Table S1 (Supplementary Materials) gives the results for the 40 patients
with 'C-HED-negative adrenal tumors. The remaining 36/102 patients without an adrenal tumor on
CT, and in whom ?C-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 (*'C-HED-positive) together with an adrenocortical
adenoma (1'C-HED-negative) in the same adrenal (collision tumor). The only patient for whom
UC-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 1! C-HED-negative tumor in the neck was diagnosed
with a ''C-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 !'C-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.

Incidenta  Systolic

NA A- AN

PatNo. Age Sex Clinical Information loma BP Diagnosis (PAD) Ref Ref Ratio
. - . LPCC
1 45 F Sweating, palpitations anxiety Y 220 RAAA 11.5 1.00 0.09
2 73 F Palpitations, headache, HT, alpha Y 150 R PCCH+AAA 200 350 175
blocker
3 67 F Sweating, headache, alpha blocker Y 150 RPeC 1.33 1.00 0.75
& ni L AAA : : -
4 8 F Anxiety, palpitations, muscle Y 150 pcC 128 100 008
fasciculations, alpha blocker
5 85 F Rectal cancer Incidentaloma Y 140 pee z"rlet:‘;ym 107 100 009
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 3.50 191
10 58 F Palpitations, alpha blocker Y 130 PCC 1.33 1.00 0.75
11 28 F No symptoms Y 120 PCC 1.56 213 1.37
12 30 F Palpitations, panic attack N 110 PCC 1.33 3.02 227
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 0 F Palpitations, sweating, headache, N 130 PCC with cystic 268 9.80 366
tremor areas
17 58 F Sweating, paﬁ’(‘f&“e‘;“s HT, alpha N 170 PCCwithnecrosis 883 395 447
18 64 M HT, alpha blocker N 220 PCC with necrosis 22.3 107 4.77
Headache, flushing, sweating, L PCC*

19 61 F palpitations, alpha blocker N 230 R hyperplasia 114 389 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.

Clinical Inci-denta Systolic Diagnosis  P-met-tyramine

PatNo. Age Sex Information loma BP Location (PAD) (<0.2) NA A A/NARatio

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

n Headache, N 20 Preaortic  PGL ND 183 067 004
palpitations
Palpitations, .

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

24 71 M Abdominal pain N 130 Pre-aortic PGL 11 0.50  0.67 133

25 56 M Abdominal pain Y 180 Pre-aortic PGL 0.5 250 0.67 0.27

26 70 M  Unclear symptoms N 135 Neck PGL 0.8 233 0.67 0.29

Out of 40 patients with 'C-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
1 C-HED-positive adrenals were found in one patient who underwent surgery and multinodular
hyperplasia was diagnosed an histopathology and constituted the only false positive ' C-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. "C-HED Accumulation and Uptake Measurements

H1C-HED was found to generally accumulate throughout the extent of the whole tumor, but in
five patients showed heterogeneous, predominately peripheral !C-HED uptake, because of extended
tumor necrosis (Figure 2).

() ] ®) ©

Figure 2. Transverse ''C-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 "C-HED-PET measurements are shown in Tables S2 and S3 (Supplementary Materials).
For the PCCs and PGLs (1 = 26), no correlation was found between tumor SUVmax and tumor size
(R? = 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 'C-HED-positive tumors, norepinephrine somewhat correlated
with the systolic BP (R? =022, 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, 1 C-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 'C-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 'C-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 'C-HED-PET and ' C-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 ''C-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, "' C-HED was not compared with other PET tracers. ''C-HED is not
generally available and the 20 min half-life of ''C is another inconveniency. PET tracers labeled with
I8F or %8Ga (110 and 68 min half-life, respectively) are advantageous in this respect. The common
metabolic PET tracer F-FDG shows low specificity and lower diagnostic yield than ¥F-DOPA and
%8Ga-DOTA-somatostatin analogs [35]."8F-FDG has, however, been shown to be highly sensitive in the
detection of SDHB-related PCCs/PGLs [36]. The sensitivity of 18E-DOPA-PET/CT depends on the tumor
type and, in a direct comparison, ®®Ga-DOTATATE has the advantage of fairly high availability and was
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better than 18E-DOPA at visualizing PCCs but less sensitive for HNPGLs [15]. In 101 PCC/PGL patients,
I8E-DOPA showed 93% sensitivity and 88% specificity [37]. In a comparative PET/CT study in PCC/PGL
patients, 5F-DA was considered the preferred tracer, followed by F-DOPA and '8F-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). 1 C-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 ''C-HED-positive patient (2, Table 2) harboring
a PCC together with a benign adrenocortical adenoma (“collision tumor”) (Figure 3).

.
»
G
(A) (B) ©

Figure 3. '!C-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 1!C-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, '!C-HED-PET/CT can be useful to identify the PCC in
cases of bilateral adrenal tumors and tumors of extra-adrenal origin. Further, 1 C-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 HC-HED negative
primary HNPGL but with a ' C-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 ' C-HED-positive and the fact that the metastasis showed
C-HED uptake is intriguing and difficult to explain. Notably, '8F-FDG-PET/CT in this patient showed
both lesions to be '8F-FDG avid. Sympathetic paragangliomas were, however, all visualized ''C-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 1 C-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 '®F-FDG and
8Ga-DOTA-somatostatin analog is therefore warranted.
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Figure 4. "'C-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 1 C-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. "'C-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 ''C-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 ''C-HED exceeding the normal physiological uptake was
regarded as pathological. A tumor with a 'C-HED uptake higher than that of the contralateral normal
adrenal was considered 'C-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 1'C-HED uptake in tumors utilized the standardized uptake value (SUV), which
was calculated for each pixel by dividing its radioactivity concentration (Bg/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 SUV pax/normal liver SUV pean. In patients
with adrenal tumors, the SUV yax 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 to!' C-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, ?'C-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. 1C-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
(x1, 02, B1, B2) 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
Vascular smooth muscle Vasoconstriction
EPI>NE>>Iso R - R
* = T
o« Phenylephrine Liver Glycogenolysis, gluconeogenesis
Intestinal smooth muscle Hyperpolarization and relaxation
Heart Chronotropic, arrhythmias
Pancreatic islets (/cells) Decreased insulin secretion
* EPI>NE>>Iso Platelets Aggregation
o Clonidine 578
Nerve terminals Decreased release of NE
Vascular smooth muscle Vasoconstriction
Iso>EPI=NE . . .
B1 Dobutamine Heart Chronotropic and inotropic
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Table 1. Cont.

Adrenoceptor

Subtype Agonists Tissue Responses
Juxtaglomerular cells
Iso>EPI>>NE Smo.oth muscle (Va'scula'r, Increased renin secretion
B2 K bronchial, and gastrointestinal) .
Terbutaline Relaxation
Skeletal muscle
Liver *
Glycogenolysis, uptake of K*
[ Iso=NE>EPI Adipose tissue Glycogenolysis, gluconeogenesis

lipolysis

* At least three subtypes each of o;— and ay—adrenoceptor are known, but distinctions in their mechanisms of action

and tissue locations have not been clearly defined. T In some species (e.g., rat), metabolic responses in the liver
are mediated by oj—adrenoceptor, whereas in others (e.g., dog), ,—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 r—-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.

Adrenergic Impulses

Cholinergic Impulses

Effector Organs
Receptor Type * Responses " Responses "
Heart *
. hi hy ——, 1
SA node B1, B2 Chronotropic ++ Chronotrophy vaga
arrest +++
. . . Inotropic ——, shortened
At Inot d chi t ++ !
ria B1, B2 notropic and chronotropic AP duration ++
AV node B Ba Increase in autonr}aticity and Chronotropic ——, AV
chronotropic ++ block +++
His-Purkinje system B1, B2 nierease mn automatICIty and Little effect
chronotropic +++
inotropic, chronotropic . .
. . light d.
Ventricles B1, B2 automaticity, and rate of Stig ecreasen
1 . contractility
idioventricular pacemakers +++
Arterioles
Coronary 1, &, B Constriction +, dilations § ++ Constriction +
Skin and mucosa o1, X Constriction +++ Dilation !
- oo
Skeletal muscle 1, Bo Constr1ct10n$:f11at10n t Dilation **+
Cerebral o Constriction (slight) Dilation !
Pulmonary 1, B2 Constriction +, dilations § Dilation !
Abdominal viscera 1; P2 Constriction +++, dilation $+ -
Salivary glands 1, & Constriction +++, Dilation++
Renal 1, o, B1, B2 Constriction +++, dilation 5+ -
Veins (systemic)
Veins o, 0, B2 Constriction ++, dilation++ -
Lung
Tracheal and b hial . .
rachealand bronchia B2 Relaxation + Contraction ++
muscle
. D d tion, i d . .
Bronchial glands 1, B2 ecreased secretion, Increase Stimulation +++
secretion
Stomach
Mobility and tone o1, o, B2 Decrease (usually) "'+ Increase +++
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Table 2. Cont.

Adrenergic Impulses Cholinergic Impulses

Effector Organs
Receptor Type * Responses " Responses *
Sphincters o Contraction (usually) + Relaxation (usually) +
Secretion Inhibition Stimulation +++

Intestine

Mobility and tone 1, %, B1, B2 Decrease (usually)+ Increase +++

Sphincters o Contraction (usually) + Relaxation (usually) +
Secretion o) Inhibition Stimulation ++
Gallbladder and ducts
Bo Relaxation + Contraction +
Kidney
Renin Secretion o1, B1 Decrease +, increase ++ -
Urinary bladder
Detrusor B2 Relaxation (usually) + Contraction +++
Trigone and sphincter o« Contraction ++ Relaxation ++
Ureter
Mobility and tone 1 Increase Increase (+)
Adrenal medulla
Secretion of epinephrine
_ and norepinephrine
(primarily nicotinic and
secondarily muscarinic)
Skeletal muscle
By Increased cpntrictilit}c _
glycogenolysis, K™ uptake
Liver
b g —
Pancreas
Acini o4 Decreased secretion + Secretion ++
Islets (B cells) %) Decreased secretion +++ -
B2 Increased secretion + -

* Where a designation of subtype is not provided, the nature of the subtype has not been determined unequivocally.
T 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 f1—-adrenoceptor predominates in the human heart. Recent evidence indicates
some involvement of 3,—adrenoceptor. § Dilation predominates in situ due to metabolic autoregulatory phenomena.
I Cholinergic vasodilation as these sites is of questionable physiologic significance. ® Over the usual concentration
range of physiologically released, circulating epinephrine, f—adrenoceptor response (vasodilation) predominates
in blood vessels of skeletal muscle and liver, a—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. T It has been proposed that adrenergic fibers terminate at inhibitory
B-adrenoceptors on smooth muscle fibers and at inhibitory a—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. «- and (-adrenoceptor responses have not been determined in
human beings. A $3—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 «- and -adrenoceptors. EPI has
more potent effects on $p-adrenoceptors than NE, but equivalent effects on (31-adrenoceptor, along
with dominant effects on a-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 3;-adrenoceptors of skeletal muscle vasculature
causing vasodilation leading to hypotension. In contrast, NE released from sympathetic nerve endings
within the effector sites causes «;-adrenoceptor mediated vasoconstriction, leading to hypertension
and its profound action on (31-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 x-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 pg/24 h,
large postural drop in blood pressure (>10 mmHg) after x-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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Postoperative hypertension*
BP>130/80 mm Hg

PO

Resume home medicaﬁon*J

v
Nicardipine
Clevidipine
Labetalol | increased
Esmolol heart rate
Nitroglycerin®
Hydralazine”

Magnesium sulfate”

Phentolamine®

Figure 1. Postoperative management of hypertension following tumor resection. # Residual or
metastatic disease causing an increased blood pressure is treated using x—adrenoceptor blocker.
If necessary, -adrenoceptor blocker and/or calcium channel blocker is added. [-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 . . Route of
Medication Mechanism of Action Administration Dose
«- and B-adrenoceptor blockers
Phentolamine Competitive a;- and xp-adrenoceptor blocker v Bolus dose 5 g
P 1 2 P Maintenance dose 0.5 mg/min
~ . Starting dose 0.5 ml/kg
Esmolol {31-adrenoceptor antagonist v Maintenance dose 50-300 pg/kg/min
Metoprolol 31-adrenoceptor antagonist v 5 mg every 5 mins as tolerated up to 15
P 1 P 8 mg total dose
Selective a:- and nonselective Loading dose 10-20 mg, double initial
Labetalol 1 v dose every 10 mins until target blood

{-adrenoceptor antagonist

pressure is attained

Calcium channel blockers

. L NE mediated transmembrane calcium influx
Nicardipine . v
into vascular smooth muscles

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

15 mg/h
S Increase cardiac output Starting dose 1-2 mg/h
Clevidepine Decrease afterload v Maintenance dose 4-6 mg/h

Others

. . Venous dilator
Nitroglycerin Decrease preload v

Starting dose 5-10 pg/min (increase the
dose by 5 pg/min every 5 mins until
desired effect is achieved)

Hydralazine Decrease arterial vascular resistance v

10 mg over 2 mins, additional doses as
needed

eInhibition of release catecholamines
Magnesium sulfate  eDirect inhibition of catecholamines receptors v
eEndogenous calcium antagonist

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. «- and B-Adrenoceptor Antagonist

a-adrenoceptor antagonists are categorized according to specific receptor activity: Non-selective

antagonists such as phenoxybenzamine and phentolamine and selective «;-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 x;-adrenoceptor blockade. Therefore, it is recommended to be
used in combination with esmolol (Brevibloc), a rapidly acting cardio-selective 3;-adrenoceptor
antagonist [30]. The negative inotropic and chronotropic effect with no direct vasodilatory action of
esmolol makes a good pair with direct acting x-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 ug/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 pg/kg/min [31,32].
At higher doses, esmolol inhibits 3,-adrenoceptors located in the musculature of bronchi and blood
vessels. Moreover, as patients’ oral intake improves, cardio-selective (31-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 x-adrenoceptor
blocker induced tachyarrhythmia [33,34].

Labetalol (Normodyne or Trandate) is a combined selective «;- and non-selective 3-adrenoceptor
blocker with « to $ 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 «- and (3-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 -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 «- and f-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 «- and 3-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 ug/min, which can be increased to a maximum of
100 pg/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]. Tt 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 3-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 ;-adrenoceptor mediated vasoconstriction [2].
Moreover, profound irreversible x-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 «;-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 x-adrenoceptor agonists such as phenylephrine are not used because of remnant effects
of preoperative a-adrenoceptor blockade. Finally, the ultimate goal of managing hypotension is both
restoration of adequate and prevention of inadequate tissue perfusion (Figure 2).

Postoperative
hypotension”
BP <90/60 mm Hg

|

Intravenous fluids
Blood transfusion
(if indicated)

]

Pressors:
Norepinephrine
Epinephrine

Vasopressin

Inotropes:
Dobutamine
Milrinone

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 an - and 3-adrenoceptor agonist with stronger affinity towards «;-adrenoceptor
and mild to moderate (3;-adrenoceptor and minimal 3,-adrenoceptor agonist effects [65]. Itis considered
a first-line agent if intravenous fluid therapy fails to correct hypotension. The loading dose of NE
is 8-12 pg/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 pg/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 3;-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 «- and 3-adrenoceptor agonist with dose-dependent actions. Mixed actions of
epinephrine cause an increase in both mean arterial blood pressure by vasoconstriction (ot;-adrenoceptor
effect) and cardiac output (31-adrenoceptor effect) [68,69]. The starting dose of infusion is 14 pg/min
and can be titrated up by 1-2 pg/min every 20 min until the desired effect is achieved. Total infusion
dose should not exceed >10 pg/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 V), receptors in the following ways: (1) Increased systemic vascular resistance by V; receptor
stimulation on arterial smooth muscle cells and (2) water reabsorption at collecting ducts by stimulation
of V; 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 3-adrenoceptor blocker discontinuation and
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residual effect of x-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 3-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, 3-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 (-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 ug/kg over one minute with maintenance doses of 50-200 pg/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 3-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).

tachycardia
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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. T Treatment in intensive care unit usually begins with calcium channel blockers.
If heart rate is not well controlled, B-adrenoceptor blockers such as esmolol or metoprolol is added.
In patients with increased blood pressure along with increased heart rate, use of combined a—and
-adrenoceptor blocker such as labetalol is recommended. Moreover, 3-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 3-adrenoceptor blockers used
preoperatively as well as anemia, hypovolemia, pain, and anxiety. @cx-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 3-adrenoceptor blockers. Ivabradine selectively inhibits I¢ 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., f-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 3-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 3-adrenoceptors on the
heart while EPI increases heart rate by directly stimulating 3-adrenoceptors on the heart [83]. DA has a
dose range of 2-20 pg/kg/min whereas EPI is given at a dose of 2-20 pg/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

B-adrenoceptor blocker

Lowering heart rate, pain
resolution, ST-segment
normalization

1-5 mg IV, incrementally repeat as needed up to 15

Metoprolol mg total dose
25-50 mg PO three to four times a day
Esmolol 10-50 mg IV bolus, infusion up to 200 pg/kg/min
Morphine sulfate 2-5 mg IV, repeat as needed Pain control
0.4 mg sublingual every five minutes up to a total of
three doses. Pain elimination by coronary
Nitroglycerin Transdermal patch starting at 0.2 mg/h and increasing vasodilation and ST-segment

50 pg/min IV, titrate upwards as mean arterial
pressure tolerates

to 0.6 mg/h with drug-free period from 6 to 8 PM

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 (Al) 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 Al 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 Al 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 Al 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 pg/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 Al, 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 3-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 (3-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 B-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, x-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]. a-adrenoceptor blockers

68



Cancers 2019, 11, 936

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 ;- and ap-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 Recom ded First Line Manag 1t

eIncomplete tumor removal
eTumor present at unknown location
eMetastatic tumor

Hypertension eExcessive vasopressor use
eSurplus IV fluids administration
ePain medication
eUnderlying essential hypertension

Nicardipine
Labetalol

eChronically low circulating plasma volume
eProlonged (preoperative) a-adrenoceptor blockade action
Hypotension e Abrupt decrease in serum catecholamines levels 1V fluids #
eDownregulation of adrenoceptors
eBlood loss

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:

Tachyarrhythmia:

eElevated sympathetic activity from increased catecholamines

levels and pain

eUse of inotropes for postoperative hypf)tens%on Expert consultation.

eRebound effect of preoperative discontinuation of - .

Stable wide complex tachycardia:
. {3-adrenoceptor blockers .
Arrhythmia Expert consultation
Hemodynamically unstable tachycardia:
Electrical cardioversion

Bradyarrhythmia:

eProgression of native conduction disease Treatment of underlying abnormalities
eElectrolyte disturbance Atropine

eSinus node dysfunction Dopamine

eHeart block Epinephrine

eExcessive medication used such as 3-adrenoceptor blockers

Increased catecholamines causes myocyte injury by:
eHemodynamic compromise

eTachycardia

eIncreased oxygen consumption

eCoronary artery vasoconstriction

12-lead EKG
Expert consultation

Myocardial
infarction

eDesensitized adrenoceptors on myocardium

Heart failure Expert consultation

eCardiomyopathy
eUncontrolled hypertension
Cerebrovascular . . . .
accident eThrombotic or embolic occlusion of cerebral artery Expert consultation

eRupture of intracranial artery leading to hemorrhage
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Table 5. Cont.

Complication Reason Recommended First Line Management

Adrenocortical oPHEOQ resection with concomitant cortisol hypersecretion

R .- Hydrocortisone Fludrocortisone
insufficiency

eBilateral adrenalectomy

eHypoperfusion of renal bed (hypotension, hypertension and Antihypertensive medication (if hypertension

. R X exits)
Renal Failure massive bleeding) . 1V fluid therapy based on electrolytes
eSecondary to rhabdomyolysis e
Hemodialysis
eHyperinsulinemia from increased catecholamine secretion 50% Dextrose (0.5 ml ampules)
Hypoglycemia (predominantly 3-adrenergic) Maintenance fluid must include 5-20%
eSudden withdrawal of catecholamines dextrose.

eHypomotility from increased catecholamines
eMesenteric vasoconstriction (predominantly a-adrenergic) Laxatives diet with high fiber content, enema
eUse of opioid analgesics

Intestinal
pseudo-obstruction

# 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 x-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 -adrenoceptor in bladder and x-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 a-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 (HbAlc) 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 HbAlc 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 r
Female (1, %) 21 (81) 18 (86) 21 (53) 0.008
Age (years) 485+ 10 54.6 + 14 524+ 14 0.262
Body mass index (kg/m?) 239+3 449 £ 91 251+4 <0.001
Body fat percentage (%) 275+ 11 51.4 4 111 295+ 8 <0.001
Resting energy expenditure (Kcal/day) 1467 + 165 1943 4 398 ** 1691 + 327 <0.001
REE/BEE (%) 98.7 £ 8 101.9 + 181 1103 £ 12 ¢ 0.007
Systolic blood pressure (mmHg) 114.7 £ 15 1329+ 171 131.7 +£18° 0.002
Diastolic blood pressure (mmHg) 71.3 £ 15 78.8 + 10 759 +£11 0.106
Mean arterial pressure (mmHg) 85.7 £ 12 96.8 + 111 948+ 13° 0.013
Pulse pressure (mmHg) 50149 54.0 + 10 55.7 £ 12 0.439
Fasting blood glucose (mmol/L) 42(0.9) 6.0(3)* 58(2.1)° <0.001
HbA1lc (mmol/mol) 34.0 (6) 44.0 (25)* 42.0 (16) ® <0.001
Insulin (mIU/L) 6.1 (4) 163 (9) 373) <0.001
HOMA-IR 12(1) 49 (7)t* 0.95 (1) <0.001
Total cholesterol (mmol/L) 5.1+0.8 49 +1 46+1 0.180
HDL cholesterol (mmol/L) 1.6 £04 1.1+03%* 1.5+05 <0.001
LDL cholesterol (mmol/L) 3+£07 29409 26+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 (1, %) - 18 (86) 26 (65) 0.185
Diabetes Mellitus (1, %) - 11 (52) 13 (33) 0.757
Obesity (1, %) - 21 (100) 6 (15) -
Dyslipidemia (1, %) - 18 (86) 23 (58) 0.718
Metabolic syndrome (1, %) - 19 (90) 20 (50) 0.118
Use of PAD (1, %) - 10 (48) 10 (26) 0.025
Use of insulin (1, %) - 4(19) 3(8) -
Use of statins (11, %) - 10 (48) 16 (40) 0.863
Number of antihypertensives (1) - 238+ 15 185+ 1.1 0.038
Use of alpha blockers (11, %) - 4(19) 28 (70) -
Use of beta blockers (1, %) - 12 (57) 14 (35) 0.017

* <0.001 for Obese vs. Controls; T <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; HbAlc, 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 Aftern =27 p

Female (1, %) 15 (56) 15 (56) -
Age (years) 519 +13 53.0£13 <0.001
Body mass index (kg/m2) 24743 262+ 4 <0.001
Body fat percentage (%) 293£9 323+£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 £ 12 965 £7 <0.001
Systolic BP (mmHg) 131.8 £ 19 1249 + 17 0.084
Diastolic BP (mmHg) 757 £11 745+ 11 0.598
MAP (mmHg) 944 +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
HbA1lc (mmol/mol) 42.0 (17) 40.0 (6) 0.018
Insulin (mIU/L) 33+3 28+3 <0.001
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Table 2. Cont.

HOMA-IR 09+09 0.6 £0.7 <0.001

Total cholesterol (mmol/L) 48+1 46+£1.1 0.436
HDLc (mmol/L) 1.5+0.5 14+08 0.237
LDLc (mmol/L) 27+1 2.74+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 (1, %) 2(7) 2(7) 1.000
Dyslipidemia (1, %) 17 (63) 18 (67) 0.775
MS (11, %) 14 (52) 6(22) 0.241

Use of PAD (1, %) 5(19) 2(7) 0.203

Use of insulin (1, %) 3(11) 0 (0) 0.074
Use of statins (1, %) 11 (41) 13 (48) 0.583
Use of AHT (n) 193+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; HbAlc;
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 r
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
HbAlc 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; HbAlc,
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 ) G B
No 17 133.7 (102)
Y 13 438.2 (337,
Diabetes mellitus e (337) 0.001
No 27 158.0 (170)
Central Obesity Yes 6 212020 4
No 34 167.1 (280)
Metabolic syndrome Yes 2 3779 (335) <0.001
No 20 147.8 (94)
Hypertension Yes 26 2142048) oo
No 14 160.4 (131)
75 75
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Figure 1. FGF21 levels and their correlation with selected factors in PPGL—age, BMI, FBG a HbAlc.
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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 x-adrenergic receptors
in pancreatic 3 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.
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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 am. 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/m?.
Metabolic syndrome was classified according to the International Diabetes Federation by the presence
of central obesity (BMI >30 kg/ m? 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 (HbAlc),
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 aftera 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 (EPAS), 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; EPAS]; 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
PPGLSs) [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 H, (PGH;). PGH,
is then converted into a variety of other prostanoids, determined by certain downstream synthase and
isomerase pathways. Prostanoids comprise other prostaglandins such as PGE, and PGF, , prostacyclin
(PGI,) and thromboxanes (e.g., TXA;). 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 ['7”Lu]Lu-DOTA-(Tyr®)octreotate (17’ Lu-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 NfI 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 EPASI (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 ! EPAS1 NF1 RET HRAS Total
Total cases (1) 15 16 11 4 16 8 70
Hereditary (1) 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 (1)
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 (1)
<4 cm 1 6 3 0 4 0 14
>4and <8cm 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) 44+1.0 4.6+1.2 58+1.2 n.a. 46+1.2 59+ 0.9 51+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+317 27+79 42+ 64 48 +5.8 38 +6.5 64+46% 36+23

Metastatic (1) 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:
t 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), EPAST (—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.
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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 Ca?*-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 ! EPAS1 NF1 RET HRAS Total
Total cases (1) 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 (1)

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 (1)

<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) 46+06 39+04* 45+06 41+03 72+x15* 38+05 44+03

Age at diagnosis (years)

Range 9-49 14-71 17-75 20-74 33-72 28-81 9-81
Mean 25+39% 38x27%  42+87 52+28%  49+42  58+72% 42417
Metastatic (1) 1 8 0 1 1 1 12

1 comprising 18 SDHD, 3 SDHC, 9 SDHB, 5 SDHA, and 4 SDHAF?2 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 SDHAF?2 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 k = 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, EPASI,
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).
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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 EPASI (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).
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Figure 4. Inmunoreactivity 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 NfI 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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A MPC spheroids B MPC subcutaneous allografts
COX-2 BLI COX-2 COX-2
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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 Il 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-«) for
regular proteasomal degradation. Functional defects of SDH indirectly impair ubiquitin-labeling of HIF-«
caused by intracellular accumulation of succinate, an intrinsic inhibitor of prolyl hydroxylases. Therefore,
both VHL and SDH defects are associated with enhanced HIF-« signaling even under normoxic conditions,
ametabolic state referred to as pseudohypoxia [25]. From investigations on other tumor entities, in particular
on colon cancer, it is known that both HIF-« 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-2«
protein, compared to VHL- and SDHx-mutant cases. This observation suggests that activation of
HIF-2« alone may not be sufficient for COX-2 upregulation in PPGLs.

In cluster IT 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
(PGEy) 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-1a during hypoxia [36].
The lack of high COX-2 mRNA in the gene expression cohort might be due to the low number of
NFI-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 NFI 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 NfI 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.

9



Cancers 2019, 11, 743

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 1m) 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% H,O, 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
Al 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, x100) 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 um) were fixed in paraformaldehyde and embedded
in paraffin according to standard procedures (1 = 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 MPCIUC/eGFP-ZEO ceig
(abbreviated as MPCMYC/GZ) passage 11 into female NMRI-nude mice (Rj:NMRI-Foxn1™, 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 CO, inhalation and cervical dislocation. Tumors were excised,
fixed in paraformaldehyde, and embedded in paraffin according to standard procedures (1 = 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,
UnterschleiSheim, Germany) in 30% (v/v) oxygen air. Location and morphology of luciferase-expressing
MPCMUC/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 Agygm = 570/600 nm and non-specific fluorescence was captured
at Agypm = 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 « statistics version
06/2014 (GraphPad Software, www.graphpad.com/quickcalcs/kappal).

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 ”7Lu-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 (1 < 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; T 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 AYm. 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.

(e)

Figure 1. Tissue-like organization in paraganglioma. (a) Dark brown immunohistochemical staining
for 5100, 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 um). (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 um). (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 pm). (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 um). (e) Inmunofluorescence
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 pm). (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 pum).

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., SODHAF2. Furthermore, PPGLs
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have been associated with germline mutations in other genes, including RET, NF1, VHL, EPAS1, FH,
MDH?2, 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
a-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 EPASI, 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, 32-microglobulin
for endothelial cells; smooth muscle actin, S100, and GFAP for sustentacular cells; and chromogranin
A and B3-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, NOTCHI1, 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 32-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 (A¥m) collapsed in the neuroepithelial PGL component relative
to autologous normal adipose tissue, while the A¥Ym 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 A¥Ym 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/CDA44, 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 um). (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 um). (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 um).

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
mitochondprial functions [69-71].

The statistical emergence of Notch signaling rested on five Notch signaling-related genes targeted
by recurrent amplifications [22]. These included NOTCHI, 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], DVLI, 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 NOTCHI intracellular domain (NICD1), released by proteolysis of
transmembrane NOTCHI 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 NOTCHI1 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
NOTCHI 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 um). (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 um). (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 um). (d) Punctate membrane
staining pattern (red) of the atypical NOTCH ligand DLK1 in paraganglioma cells (immunofluorescence
on semithin frozen section, bar = 10 um). (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 um). (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 um).
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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 um). (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 um). (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 pm).
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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 A¥m,
implying normal respiratory functions. However, mitochondrial alterations similar to those found in
the HNPGLSs 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]. N 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 $2-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 DLKI1-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 1V, 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. Invivo, (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 um).

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 uM), 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 DLKI1 proteins [56,101].
NOTCHLI 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
NOTCHI 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. NOTCHI1 signaling is likely fundamental not
only for the development, but also for the homeostasis of HNPGL. In fact, neuroepithelial dependence
on NOTCHI 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 AYm, 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 pg/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
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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, SDHAF?2 (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 2« (HIF2A)), and prolylhydroxylases PHD1 and PHD2. The wnt signaling
group includes somatic mutations in cold shock domain containing E1 (CSDE1), « 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 IIL, IV, V, VI, VIl 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 Ca?* [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 Ca®* 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, Ca?* 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]. Itis 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 seenin 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
AGE (years) CGA ug/L) Clinical
Syndrome Gender n fici
Mean SD Mean SD Specificity

total 85 53 19 125.3 259.3 92

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

d ical total 44 63 11 178.5 352.7 84

a “’g‘"comca males 15 65 6 135.2 173.3 87
adenoma females 29 62 13 200.9 417.7 83

. total 1 71 - 31.8 - 100
adrenocortical males ) ) ) . ) )

adenoma + MTC, FTC ¢ les 1 71 - 318 - 100

X total 1 75 - 108.4 - 100
adrenocortical males ~ ~ B ~ B B

adenoma + PTC females 1 75 - 1084 - 100

total 8 45 16 43.2 11 100

hypertension males 4 41 22 50.2 9.1 100

females 4 48 8 36.3 8.3 100

total 2 10 4 70.6 15.2 100

MEN 2A males 1 13 - 81.3 - 100

females 1 7 - 59.8 - 100

total 7 26 14 69.5 35.5 100

MEN 2A + MTC males 3 20 12 71.8 24.9 100

females 4 30 16 67.7 45.7 100

total 3 30 16 90.7 53.9 100

MEN 2B + MTC males 1 17 - 146.2 - 100

females 2 37 16 62.9 34.4 100

total 9 56 13 76.9 36.2 100

MTC males 2 51 17 51.3 10.9 100

females 7 57 13 84.2 38.1 100

total 1 70 - 42.3 - 100

MTC + PTC males 1 70 - 42.3 - 100
females - - - - - -

total 4 58 22 81.1 40.4 100

PTC males 1 80 - 102.6 - 100

females 3 50 20 73.9 46.2 100

total 5 36 18 70.2 12.2 100

thyroid disorders 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 ug/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 ug/L (Table 1) were found in
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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 pg/L.
A noradrenergic phenotype with elevated NMN and normal or slightly increased MN to 120 pg/L was
found in 25 patients with a CGA concentration of 516.9 + 428.8 pug/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 pg/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 ug/L (Figure 1). Five of these patients had a tumor volume
less than 20 mm?, 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 pg/L is equal to 99% (n = 98, CGA 73.2 + 28.4
[29.7-187.6] ug/L). One result concerning the specificity of CGA 188 ng/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.

n=78 n=44 n=35 n=32 n=12 n=86
2250 - .
20007 | ©
—_ 7
= 17504 _° Legend
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= ] o PCC
= 1500 ] & e PGl
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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 ug/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 x CGA(ug/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 (mm?) = —23.6810 + 0.3131 x CGA (ug/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 x CGA (ug/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 ug/L was
below the 150 ug/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 Ca?* ions and aggregates rapidly. If the
Ca?* 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 PPL. 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 pg/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 ug/L with a maximum
concentration of 146 pg/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
Hif2a (MPC and MTT) or expressing both Hifla and Hif2« (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 Hifla- and Hif2a-driven effects we expressed Hif2«
in MTT and MPC-mCherry cells (naturally lacking Hif2a). Presence of Hif2a 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
Hifla in PC12 diminished these effects. Pseudohypoxic conditions, simulated by expression of Hif2a
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 HIF1«. Continuous activation of hypoxia-related genes under pseudohypoxia leads to a
HIF2x-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) 2a (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 HIFx subunit of the HIFa/HIFf3
complex is degraded by PHD- and VHL-mediated mechanisms. Insufficient oxygen (<1% oxygen), also
known as hypoxia, leads to stabilization of the HIFx subunit resulting in the regulation of numerous
HIF-target genes, either by interaction with HIF1p followed by the transactivation of the hypoxia
responsive element (HRE) or by interactions with NOTCH, WNT, and MYC pathways [6].

There are two main HIF« isoforms, HIFla and HIF2«, 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 HIF2«, but no differences in expression of HIF1¢, in cluster
1 compared to cluster 2 PPGLs [4,7-9]. In chromaffin cells, HIF2x seems to be responsible for
maintaining the balance between differentiation and stemness of the sympathoadrenal lineage, with both
HIF & 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 1 -dihydroxyphenylalanine (L-DOPA), is inducible by hypoxia. Both HIFx
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 Hif2a 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
HIF1« protein stabilization on catecholamine-induced expression of vascular endothelial growth factor
(VEGF) and showed that treatment with NEpi stimulated HIF1« protein stabilization associated with
increased angiogenesis [15]. Furthermore, PNMT expression seemed to be predominantly regulated
by HIF1x [16,17]. These findings suggest that HIF1« is the major player for the stress-induced
fight-or-flight response (short-term response) by regulating the biosynthesis of Epi. In contrast, HIF2«
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).
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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 pm.

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 HIF1« or HIF2« 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 pum after 18 days in culture, whereas the MTT cell spheroids already achieved a
diameter of 600 um 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 (O, < 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 (3-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 pm.
Catecholamine content of (D) MPC and (E) MTT cell spheroids in comparison to monolayer cultivation
under normoxic or hypoxic conditions. Three independent experiments (1 = 3-6). Mean + SEM.
ANOVA and Bonferroni post hoc test comparison vs. normoxia, ** p < 0.01, or vs. spheroid day 11,
#p <0.05or, ##p < 0.01.

2.3. HIF1a- and HIF2a-Mediated Effects on Catecholamine Biosynthesis

MPC and MTT cells naturally lack Hif2a. To clarify whether Hifla or Hif2a drives the induction
of catecholamine biosynthesis under extrinsic hypoxia, we analyzed cellular catecholamines of the rat
PC12 cell line expressing both Hifla and Hif2a. 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 Hif2a 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 Hiflo and Hif2a. (A) Cellular catecholamines in
PC12 cells in dependence of hypoxia. Presence of Hiflaw and Hif2a led to an increase of dopamine within
the cells. Three independent experiments (1 = 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 (1 = 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 Hif2a in MTT cells (MTT H2A)
naturally lacking Hif2a. 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 Hif2a (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). Hif2a expression led to increased phosphorylation of TH while the
total amount of TH protein remained unaffected (Figure 4D). In the presence of Hif2a (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 Hif2a expression) with expression of Hif2«a
(MPC-mCherry H2A) and their counterpart cell line (MPC-mCherry control) [22]. Similar to the MTT
H2A cells, expression of Hif2a 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 Hif2a expression,
cultivation under hypoxia resulted in increased DA and NEpi contents in both cell lines, indicating a
predominantly Hifla-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 Hif2a (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 Hif2a 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 Hif2« 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 Hif2a in MTT cells had no effect on the relative Th expression
determined by qRT-PCR. Three independent experiments (1 = 3). Mean + SEM. (B) In both cell lines
with different Hif2a 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 Hif2a expression. Three independent experiments (1 = 3). Mean +
SEM. (D) Pseudohypoxia, simulated by the expression of Hif2a 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 Hif2aw and
their counterpart cell line were used. (E) Expression of Hif2a in MPC-mCherry cells had no impact on
the relative Th expression. Six independent experiments (1 = 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 (1 = 9). Mean + SEM. ANOVA and Bonferroni post hoc test comparison vs.
normoxia, * p < 0.05, or ** p < 0.01. (G) Expression of Hif2a was associated with increased expression
of Ddc under extrinsic hypoxia. Four independent experiments (1 = 4). Mean + SEM. ANOVA and
* 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.

Bonferroni post hoc test comparison vs. normoxia,

Exposure to extrinsic hypoxia led to a time-dependent upregulation of Hifla and Hif2a in PC12
(Figure 5A). In the next step, we reduced the expression of Hifla 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 Hifla had no effect on expression of Hif2a (Figure 5B). Specific
knockdown of Hifla reduced hypoxia-induced DA content of PC12 cells significantly (Figure 5C).
Moreover, specific knockdown of Hifla 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 Hifla diminished phosphorylation of tyrosine hydroxylase and
thereby reduced cellular dopamine content in PC12 cells. (A) Extrinsic hypoxia led to a time-dependent
upregulation of Hifla and Hif2a in PC12. (B) RNA interference using siRNA against Hifla repressed the
expression of Hifla also under extrinsic hypoxia while Hif2a remains unaffected. (C) Extrinsic hypoxia
increased cellular dopamine content in PC12 control cells (transfection without siRNA). This effect
was diminished by knockdown of Hifla. (D) Furthermore, phosphorylation of TH was decreased by
knockdown of Hifla. Three independent experiments (1 = 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 Hif2a in MPC-mCherry and MTT cells under
normoxic conditions (Figure 4). Expression of Hif2a 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, HIF1a and HIF2«
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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/HIF2« (n = 3) showed an increased
expression of HIF2a compared to cluster 2 tumors (4 NF1, 6 MEN2), confirming previous results [4] in
the present cohort (Figure 6A,C). All three groups (EPAS1/HIF2a vs. cluster 1 vs. cluster 2) showed
a similar TH expression independent of HIF2a expression (Figure 6C), which is in accordance with
our in vitro findings using mouse pheochromocytoma cells expressing Hif2a (Figure 4A,E). The three
patients with EPAS1/HIF2a mutation 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 HIFa subunits (Figure 6D,E).
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Figure 6. Expression pattern of EPASI/HIF2a, HIF1a 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
EPASI/HIF2a (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/HIF2«, ** p < 0.01. (C) qRT-PCR
analysis showed an elevated EPAST/HIF2a 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 EPAST/HIF2«, * p < 0.05. (D) A significant
linear correlation between the expression of EPAS1/HIF2a and TH could be detected (f = 1.667 + 0.681x,
r =0.490, R? = 0.2399). (E) A similar correlation was also observed for the expression of HIF1a and TH
(f=0.566 + 0.190x, r = 0.4252, R? = 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).

Short-term exposure Long-term exposure

Extrinsic hypoxia Intrinsic hypoxia

0, ¥ 0, + necrosis

(a) QHIF1a —> * DA tpTH (a) - —tDAtNEpitpTH
(b)’ tpA tNEpi (b) ’ tDA tNEpi

tDdc tpTH >4 Ddc tpTH

..\ (c) *
\\ — VDA ¥pTH

Pseudohypoxia

0,

‘ Permanent status

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 (2448 h) to <
1% oxygen under extrinsic hypoxia in Hif2a-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 Hif2« (b) in these cells. Expression of Hif2« further
resulted in enhanced Ddc expression after hypoxic stimulation. The impact of extrinsic hypoxia could be
reduced by a specific knockdown of Hifla (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-5 led to both increased
HIF1o transcription and stability [38]. On the other hand, expression of PKA-« repressed the activity
of HIF1a in PC12 cells [39]. The data of the present study further indicate an impact of Hif2« on TH
phosphorylation. Expression of Hif2a in MTT and MPC-mCherry cells naturally lacking Hif2a led to an
increased phosphorylation of TH under normoxic conditions. In further studies, it should be addressed
if Hif2-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 EPASI/HIF2a 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 Hif2a in
MPC-mCherry cells enhanced hypoxia-stimulated expression of Ddc (Figure 4). Brown and coworkers
described two putative hypoxia response elements for HIF2«x binding in the promoter region of Ddc [14].
This could be responsible for the enhanced Ddc expression in presence of Hifla and Hif2«.

The present study allows for the first time a differentiation between HIF1x- and HIF2x-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 HIF1x
under extrinsic hypoxia. A specific knockdown of Hifla reduced hypoxia-induced dopamine synthesis
and diminished TH phosphorylation significantly (Figure 5), while the expression of Hif2a had no
additional effect (Figure 4). This is in line with findings of other groups showing that HIF2« 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 HIF1a. 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), HIF1« regulates catecholamine biosynthesis, while HIF2« is dispensable for the direct
response to hypoxia. A permanent activation of HIF2«, as shown in pseudohypoxic cluster 1 PPGLs
for example, led to HIF2«x-mediated phosphorylation of TH seen in MPC and MTT cells. Targeted
inhibition of HIF2cx 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%
CO; 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 O,/CO, Incubator, Model MCO-5M, Osaka, Japan).

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

MPC-mCherry H2A, expressing Hif2a, 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 Hif2a expressing MTT cells we used cells with
stable expression of a non-targeting sShRNA construct (SHC002V) [46]. These cells were transfected
with pcDNA3.1+ carrying a codon-optimized version of the murine Epas] 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 pg/mL; Thermo Fisher Scientific) selection (Table S1). All experiments were performed
in absence of antibiotics.

4.3. HIF1a Gene Knockdown in PC12 Cells

To achieve a specific HIF1x gene knockdown in PC12 cells rat HIF1x 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 RNAiIMAX (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% CO,, 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 CellLytic™ 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 L) on ice. For cells in monolayer culture, 1 X 10° cells were plated
in a 24-well plate. After three days of cultivation, cells were washed and homogenized with 100 uL
perchloric acid as described. All samples were centrifuged (1500x 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-pm-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 Cy™3 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 pg/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%, H,O) 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-1a, HIF-2x, PNMT, TH, pTH, and actin were analyzed by Western blot. After incubation
under normoxic or hypoxic (<1% O;) 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 CellLytic™ 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 g 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 um; 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 540 (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 gRT-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 (1) 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 Hifla or Hif2a, we demonstrated that Hiflx predominantly
regulates catecholamines during short-term responses (24—48 h) to hypoxia, while Hif2« is dispensable
for the direct response. Continuous activation of hypoxia-related genes under pseudohypoxic
conditions leads to Hif2«x-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.Arg38GIn (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
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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 NfI [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.Arg38GIn) 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 (1 = 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) ¢.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) ¢.113G>A; p.Arg38GIn 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 (CanFama3.1) 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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A. Sanger sequencing results B. Loss of heterozigosity results
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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 ¢.113G>A; p.Arg38GIn
variant. PCC6 shows SDHD ¢.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 freque