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Editorial on the Research Topic

Recent Advances in Pheochromocytoma and Paraganglioma: Molecular Pathogenesis, Clinical
Impacts, and Therapeutic Perspective

In this Research Topic, we have collected recent developments in research into Pheochromocytomas
and Paragangliomas (PPGLs), highlighting their molecular mechanisms, clinical manifestations,
and improved therapeutic management.

PPGLs are the primary types of neuroendocrine tumors, and are relatively rare, originating from
chromaffin tissue in the adrenal medulla and/or autonomic nervous system ganglia (1). The
symptoms experienced by PPGL patients include, but are not limited to, secretion of excess
catecholamines, which can manifest as various cardiovascular-related indications such as
hypertension via increased total peripheral resistance, heart attack without previous history,
shock (non-cardiogenic pulmonary), arrhythmias, and oedemas (2). Also, pseudo-bowel
obstructions, diabetic ketoacidosis, and multisystem crises involving lactic acidosis have been
associated with PPGL patients (3). Since PPGLs are rare and symptoms are non-specific, they have
potential for underdiagnosis. This may lead to the progression of undetected tumors into highly
metastatic phenotypes in patients with PPGLs. Recent advances in understanding of the molecular
biology of PPGLs, however, offer potential to open pathways to improve therapeutic interventions
for PPGL tumors (4-9).

In this Research Topic, Ma et al. reported the genetic profiling of Chinese PPGL patients (n=314)
examined by next-generation and Sanger sequencing. They noted that 29% of patients with PPGLs
had shown mutations in one of several pathogenic genes. Among the tested genes, SDHB was the most
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frequently (14.6%) mutated. In addition, Ma et al. observed that
metastatic PPGLs, paragangliomas, and younger patients (under
30 years of age) were more likely to harbor pathogenic mutations
of the tested genes. Furthermore, Yamazaki et al. summarized the
clinical significance of genetic abnormalities and their association
with the phenotype of patients with PPGLs. Moreover, Saddozai et al.
identified two distinct subtypes of PPGLs based on the expression of
genes in two cohorts (data retrieved from the TCGA and
GSE19422 databases).

Surgery is the mainstay of treatment for patients with PPGLs.
Without proper preoperative preparation, the excessive release of
catecholamines during tumor surgery can result in lethal
cardiovascular complications (Fang et al.). Thus, Fang et al.
reviewed the recent advancements in preoperative
management including hypertension control and improvement
of blood volume for patients with PPGLs. They summarize the
available approaches and evidence for preoperative management
of PPGLs with or without o adrenergic-receptor antagonists,
which could facilitate improvements in outcomes for patients
with PPGLs. Another study in this Research Topic reported on
effective preoperative management approaches, in particular red
blood cell transfusion during surgery on patients with PPGLs
(Guo et al.). Therefore, the new methodologies detailed in the
papers in this Research Topic could facilitate the understanding
of physicians for better management of patients with PPGLs. In
addition, Abe et al. reviewed the current development of glucose
intolerance in PPGLs for this Research Topic, and summarized
its clinical significance in patients with PPGLs.

Pseudohypoxia plays important roles in the tumourigenesis of
PPGLs (6). Mutations in Von Hippel-Lindau (VHL) and
hypoxia-induced factor (HIF) related genes, including PHD,
VHL, HIF-2A (EPASI), and SDHx, which are known as VHL/
HIF axis genes, are common in PPGLs (10). Also, VHL/HIF-
mediated pseudohypoxia has a critical role in the pathogenesis of
PPGLs (10). Peng et al. reviewed the recent studies highlighting
the VHL/HIF axis and its genetic alterations in PPGLs. In
addition, they discussed the underlying mechanisms of
VHL/HIF axis-driven PPGL pathogenesis and summarized the
therapeutics targeting this axis in cancer (Peng et al.).
Furthermore, Gao et al. reported that the suppression of VHL
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Fang Fang, Li Ding, Qing He and Ming Liu*

Department of Endocrinology and Metabolism, Tianjin Medical University General Hospital, Tianjin, China

Pheochromocytoma and paraganglioma (PPGL) are rare neuroendocrine tumors,
characterized by excessive release of catecholamines (CAs), and manifested as the
classic triad of headaches, palpitations, profuse sweating, and a variety of other signs and
symptoms. The diagnosis of PPGL requires both evidence of excessive release of CAs
and anatomical localization of CA-secreting tumor. Surgery is the mainstay of treatment
for all patients with PPGL unless contraindicated. However, without proper preparation,
the release of excessive CAs, especially during surgery, can result in lethal cardiovascular
complications. Herein, we briefly reviewed the pathogenesis of this disease, discussed the
current approaches and evidence available for preoperative management, summarizing
the results of the latest studies which compared the efficacies of preoperative
management with or without o adrenergic-receptor antagonists, aiming to facilitate
better understanding of the preoperative management of PPGL for the physicians.

Keywords: pheochromocytoma, paraganglioma, preoperative management, catecholamines, adrenergic
receptors, a-adrenergic receptor antagonists, hypertension

INTRODUCTION

A pheochromocytoma is a tumor derived from catecholamine (CA)-producing chromaffin cells in
the adrenal medulla, while a paraganglioma is a tumor arising from extra-adrenal chromaffin cells.
Since the two tumor types have similar histologic characteristics, they can only be differentiated by
anatomical location (intra-adrenal or extra-adrenal). Sympathetic paragangliomas (CAs-producing)
derive from paravertebral ganglia of thorax, abdomen, and pelvis, while parasympathetic
paragangliomas (rarely produce CAs) arise from vagal and glossopharyngeal nerves at the base
of skull and in the neck. Pheochromocytoma and paraganglioma are together referred to as PPGL.
Approximately 80%-85% of PPGL are pheochromocytomas, while about 15%-20% are
paragangliomas (1). The prevalence of PPGL is about 6 cases per 1 million person-years (2).
Almost 5% of patients with adrenal incidentaloma proved to be pheochromocytoma (3). Besides
sustained or paroxysmal hypertension and the classic triad of headaches, palpitations, and profuse
sweating, a variety of other signs and symptoms may present in PPGL, including tachycardia,
fatigue, pallor, nausea, weight loss, and anxiety (4). The biochemical diagnosis of PPGL requires
evidence of excessive release of CAs, and then imaging examinations are necessary to detect the
anatomical localization of the catecholamine-secreting tumor. The biochemical testing indexes of
CAs include CAs (plasma or urine epinephrine-E, norepinephrine-NE, and dopamine-DA),
intermediate metabolites of CAs (plasma or urine metanephrine-MN and normetanephrine-
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NMN), and terminal metabolites of CAs (urine vanillylmandelic
acid-VMA). With a mean sensitivity of 97% and a specificity of
93%, the measurements of plasma free MNs are proved by
compelling evidence to be the primary test of excessive CAs
for diagnosis of PPGL. Therefore, the values of other biochemical
tests are limited (1, 5). Once there is clear evidence of excessive
CAs, imaging studies should be initiated to locate PPGL. Because
of its excellent spatial resolution, computed tomography (CT)
should be the first-choice for detection of tumors in thorax,
abdomen, and pelvis in most conditions. In patients with
metastatic PPGL, an allergy to CT contrast and in whom
radiation exposure should be avoided, and for detection of
neck and skull paragangliomas, magnetic resonance imaging
(MRI) is recommended. 123I—metaiodobenzylguanidine (MIBG)
scintigraphy, '®*F-fluorodeoxyglucose (**F-FDG) positron
emission tomography (PET)/CT scanning, and somatostatin
receptor imaging are all functional imaging modalities, and
they can be used for occult lesions which failed to be detected
by conventional imaging modalities and patients with metastatic
PPGL (1). At least one-third of all patients with PPGL carry
disease-causing germline mutations, and PPGL may often be
part of some hereditary syndromes, such as multiple endocrine
neoplasia (MEN) type 2, von Hippel-Lindau (VHL) syndrome
and neurofibromatosis type 1 (NF1). Therefore, genetic testing
are recommended for all patients with PPGL (6). Surgery is the
mainstay of treatment for all patients with PPGL unless
contraindicated. And for patients with a hormonally functional
PPGL, preoperative management is critical to prevent
perioperative complications. The o-adrenergic receptor
blockers are the first choice for preoperative management of
PPGL (1, 4).

CATECHOLAMINES AND ADRENERGIC
RECEPTORS

The naturally occurring CAs consist of E, NE, and DA, and they are
not only important neurotransmitters in the central and peripheral
nervous systems, but also play key roles as circulating
neurohormones (7). In PPGL, many pheochromocytomas produce
both E and NE, and few produces predominantly E, while
paragangliomas which arising from extra-adrenal chromaffin cells,
produce predominantly NE. In rare cases, sympathetic
paragangliomas and pheochromocytomas may produce DA (7, 8).
The CAs take effect by interacting with adrenergic receptors (ARs)
which express on cell membranes of smooth muscles and visceral
organs. Upon binding of CAs to ARs, the signaling pathways are
activated, resulting in alterations in smooth muscle tone and organ
function (7). There are mainly four kinds of ARs, including a1, 02,
B1, and B2. They distribute over different effector organs and tissues,
thus mediate different biological responses and correlate with various
clinical manifestations (Table 1) (8, 9). al-ARs are primarily
expressed at postsynapses of sympathetic nerves and vascular
smooth muscle. The activation of o1-ARs causes vasoconstriction,
resulting in hypertension. While 0:2-ARs are primarily localized on
presynaptic nerve terminals of sympathetic nerves, resulting in

feedback inhibition of NE release. Therefore, activation of 0:2-ARs
dampens the functions of sympathetic nerves. 02-ARs are also
expressed at the nonsynaptic sites of vascular smooth muscles,
mediating vasoconstriction when activated. B1-ARs are mainly
localized in the heart, and they mediate positive inotropic and
chronotropic responses, thus resulting in hypertension and
tachycardia. 32-ARs are present in smooth muscles of most other
organs, such as tracheal and bronchial, gallbladder, and uterus. They
mediate relaxation of these smooth muscles, thus playing an
important role in spasmolysis. Both o and $1-AR subtypes have
high affinity for E and NE, but $2-AR subtype has much higher
affinity for E than NE (7). Although these properties of ARs allow us
to better understand their functions and response to E and NE, the
actual effects/outcomes are much more complex, since the proximity
of sites of E and NE release to ARs and the concentrations at effector
sites are also significant determinants of AR-mediated actual
effects of CAs (8). The effects of CAs on target organs exert a
dose-dependent manner by acting on different receptors. NE
predominantly acts on o and B1-ARs, and the higher
concentrations of NE mediate more severe systemic vascular
resistance (SVR), thus patients with PPGL secreting high
concentrations of NE may present with sustained hypertension,
headache, palpitation, and sweating. For low and medium
concentrations of E, B2-ARs, which mediate vasodilatation in
skeletal muscle, are the dominant receptors, thus hypotension may
manifest. While high concentration of E primarily acts on a-ARs
which may cause SVR, patients with predominantly E-secreting
PPGL may present with paroxysmal hypertension resulting from
different concentrations of E. Moreover, E is an important metabolic
hormone, which stimulates lipolysis, thermogenesis, and glycolysis,
and plasma glucose concentrations may be increased by stimulating
glycogenolysis and gluconeogenesis. Physiological concentration of
DA acts primarily on DA receptors, leading to negative cardiac
inotropic action and renal artery dilatation. As DA concentration
increases, DA can act on o and 3-ARs, causing variable degrees of
hypertension and tachycardia. Therefore, patients with DA-secreting
PPGL may present with different manifestations, varying from
hypotension to normotension and hypertension (8, 10, 11). CAs
synthetic pathway and effects in dose-dependent manner are shown
in Figure 1 (10). These CA-specific effects on ARs can explain the
various presentations of patients with PPGLs and are the foundation
for appropriate preoperative management.

PREOPERATIVE MANAGEMENT OF PPGL

PPGL is characterized by hypertension and low blood volume,
resulting from excessive concentration of CAs in the plasma.
With insufficient preoperative antihypertensive management or
untreated hypovolemia, the hemodynamic instability during
surgical treatment of PPGL may be lethal. Therefore,
preoperative management, which includes hypertension
control and expansion of blood volume, is extremely important
(12, 13). The main goal of preoperative management of PPGL is
to normalize blood pressure and heart rate, restore effective
circulating blood volume, improve metabolic condition, and
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TABLE 1 | Adrenergic receptors-mediated responses of effector organs (9).

TABLE 1 | Continued

Effector organs Receptor Responses Most relevant
type clinical
manifestations
Eye
Radial muscle, iris ol Contraction (mydriasis) ++  Blurry vision
Ciliary muscle B2 Relaxation for far vision +
Heart
SA node B1, p2 Increase in heart rate ++ Palpitations,
Atria B1, p2 Increase in contractility and  angina
conduction velocity ++
AV node B1, p2 Increase in contractility and
conduction velocity +++
His-Purkinje system B1, p2 Increase in contractility and
conduction velocity +++
Ventricles B1, B2  Increase in contractility and
conduction velocity,
automaticity, and rate of
idioventricular pacemakers
+++
Arterioles
Coronary al, a2, B2 Constriction +, dilations ++  Angina
Skin and mucosa o, 02  Constriction +++ Pallor
Skeletal muscle al, g2 Constriction ++, dilations +  Hypertension
+
Cerebral ol Constriction (slight) Stroke
Pulmonary al, g2 Constriction +, dilations ++ Edema
Abdominal viscera al, B2  Constriction +++, dilations  E.g., Bowel
+ ischemia
Salivary glands al, a2  Constriction +++
Renal al, 02, Constriction +++, dilations ~ Renal failure
B1, p2 +
Veins (systemic) al, 02, B2 Constriction ++, dilations +  Orthostatic
+ hypotension
Lung
Tracheal and B2 Relaxation +
bronchial muscle
Bronchial glands ol, B2 Decreased secretion;
increased secretion
Stomach
Motility and tone a1, a2, B2 Decrease (usually) + Early satiety,
discomfort
Sphincters ol Contraction (usually) +
Intestine
Motility and tone ol, a2, Decrease + Constipation,
B1, p2 ileus
Sphincters ol Contraction (usually) +
Secretion o2 Inhibition Constipation
Gallbladder and B2 Relaxation + Gallstones
ducts
Kidney
Renin secretion al, B2  Decrease +, increase ++
Urinary bladder
Detrusor p2 Relaxation (usually) + Urinary
Trigone and ol Contraction ++ retention
sphincter
Ureter
Motility and tone ol Increase
Uterus al, B2 Pregnant: contraction;
relaxation
Nonpregnant: relaxation
Sex organs, male ol Ejaculation ++
Skin
Pilomotor muscles ol Contraction ++
Sweat glands ol Localized secretion + Sweating
(Continued)

Effector organs Receptor Responses Most relevant
type clinical
manifestations
Spleen capsule al, B2 Contraction ++, relaxation +
Skeletal muscle B2 Increased contractility; Hyperglycemia,
glycogenolysis; K* uptake glycosuria
Pancreas
Acini o Decreased secretion +
Islet (B cells) o2 Decreased secretion +++ Hyperglycemia,
glycosuria
B2 Increased secretion + Hypoglycemia
Fat cells o2, B1, B2 Lipolysis +++ Feeling warm
(thermogenesis)
Salivary glands ol K* and water secretion +
B Amylase secretion +
Lacrimal glands o Secretion + Lacrimation
Pineal gland B Melatonin synthesis
Posterior pituitary B1 Antidiuretic hormone Decreased
secretion diuresis

SA, Sinoatrial; AV, atrioventricular. Highest (+++) to lowest (+) intensity of adrenergic nerve
activity in the control of various organs and functions. Where (+) is not given, intensity is not
specified (8, 9).

prevent a patient from CA storm and hemodynamic instability
during surgery (8). However, since the low incidence of PPGL,
evidence-based studies (such as large-scale randomized
controlled trials-RCTs) comparing different treatments are
scarce, and there is still no consensus for the most appropriate
preoperative management of PPGL (8, 13). However, the most
common approach is to block the function of excessive plasma
CAs, and o-AR antagonists are the first choice. B-AR
antagonists, calcium channel blockers (CCBs), and CA
synthesis inhibitors are also recommended when necessary, but
B-AR antagonists can only be used after sufficient pretreatment
with a-AR antagonists to avoid unopposed a-AR
overstimulation. Brief instructions of preoperative drugs for
PPGL are shown in Table 2. In the meantime, a high-sodium
diet and fluid intake are recommended to reverse CA-induced
blood volume contraction to prevent severe hypotension (1, 8).

At present, there is no consensus for when preoperative
management should be started to ensure adequate preparation for
surgery. In most circumstances, 0-AR antagonists are usually
initiated 1-2 weeks preoperatively to normalize blood pressure,
heart rate and to replete contracted blood volume. In patients with
CA-induced cardiomyopathy or other organ damage, a-AR
antagonists should be start much earlier (8). There is not enough
evidence from RCTs to determine the optimal target blood pressure
and cardiac condition, and the present recommendations are from
institutional experience and retrospective studies. In 1983, Roizen
proposed the Roizen criteria to assess for adequate 0.-AR blockade:
1. No blood pressure >160/90mmHg should be evident for 24 h
before surgery; 2. For patients with orthostatic hypotension,
readings >80/45mmHg should be present; 3. No ST-T changes is
present in electrocardiogram for at least 1 week; 4. No more than
one premature ventricular contraction for every 5 min (14). In 2007,
the Endocrine Society recommended that the goal is to achieve
target blood pressure of less than 130/80 mmHg when sitting and
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FIGURE 1 | Catecholamines (CAs) synthetic pathway and dose-dependent effects. Epinephrine (E), norepinephrine (NE), and dopamine (DA) exert dose-dependent
effects at low, medium, and high circulating concentrations, as governed by affinity to a-AR, B-AR, and DA receptors (10).

no less than 80/45 mmHg when standing, and target heart rate is
about 60-70 beat per minute (bpm) when sitting and 70-80 bpm
when standing (8). These targets should be individualized according
to age, general conditions and complications. However, it should be
clearly noted that complete prevention of perioperative
hypertension and tachycardia cannot be achieved by any doses or
combinations of drugs (1).

o-AR ANTAGONISTS

Two types of 0-AR antagonists are widely used clinically, non-
selective and selective oi-AR antagonists. Phenoxybenzamine is a
non-selective, non-competitive o-AR antagonist, which binds
irreversibly with both al and 02-AR. Phenoxybenzamine is
long-acting and its effects persist long after it has been
discontinued, since the effect diminishes only after o-AR
resynthesis (15, 16). The starting dose of phenoxybenzamine is
usually 10 mg twice a day and the dose can be increased in
increments of 10-20 mg every 2-3 days, until the clinical
manifestations are well controlled or adverse effects appear.
Generally speaking, a total daily dose of 1 mg/kg is adequate for
most patients of PPGL, while for some patients, larger doses may
be required. Phenoxybenzamine can also be administered 3 days
before operation by infusion (0.5 mg/kg/d) for 5 h a day, but this
approach requires closely monitoring of the patient (8). The
advantage of phenoxybenzamine is that its effect is profound

and long-acting, even when excessive amounts of CAs reach the
circulation, since the combination of phenoxybenzamine and o-
AR is non-competitive and non-selective. Orthostatic hypotension
is the common adverse effect of nearly all the o-AR antagonists.
Another disadvantage of phenoxybenzamine is the high incidence
of reflex tachycardia, as a result of the inhibition of a:2-AR which
localized in the presynaptic membrane and participate in the
negative feedback of NE release. Blockade of the presynaptic o2-
AR results in the release of NE into circulation and an increase in
chronotropic activity of the heart, leading to tachycardia.
Therefore, B-AR antagonist is often required to control
tachycardia after the use of phenoxybenzamine. Other side
effects related to inhibition of 0:2-AR include nasal congestion
and retrograde ejaculation. Moreover, phenoxybenzamine can
cause prolonged hypotension postoperatively due to its long-
acting features, which should draw the clinicians’ attention.
Since it can pass the blood-brain barrier, it may cause central
sedation occasionally (17).

Selective 0i-AR antagonists, including prazosin, terazosin, and
doxazosin, competitively inhibit only o1-AR, and they are short-
acting drugs used for patients with PPGL as well. The initial dose of
prazosin is 0.5-1 mg, 2-3 times a day, and the dose can be gradually
increased to 6-15 mg per day. Terazosin is usually given in doses of
2-10 mg per day. For both prazosin and terazosin, the doses of
higher than 20mg per day may not bring extra benefit. Doxazosin,
with a half-life much longer than the other selective a-AR
antagonists, can be dosed once daily, and is the most commonly
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TABLE 2 | Brief instructions of preoperative drugs for pheochromocytoma and paraganglioma (PPGL).

Drugs Doses Starting time Advantages Adverse effects and points for
attention
o-AR Phenoxybenzamine Initially 10mg BID, 1-2 weeks The effect is profound and ~ Prolonged hypotension postoperatively,
antagonists usually 1mg/kg/d before surgery long-acting. orthostatic hypotension, reflex
tachycardia, nasal congestion, central
sedation
Prazosin Initially 0.5-1 mg BID-TID, usually 6-15 Lower risk of postoperative  Orthostatic hypotension, the anti-
mg/d, maximum dose of 20 mg/d hypotension, seldom cause hypertensive effect may not as profound
Perazosin Usually 2-10 mg/d, maximum dose of reflex tachycardia, nasal as phenoxybenzamine
20 mg/d congestion and central
Doxazosin Initially 1mg QD, sedation
usually 2-8 mg/d,
maximum dose of 16 mg/d
B-AR Propranol Initially 10 mg TID-QID, maximum dose  After adequate Never be used alone or before adequate
antagonists of 200 mg/d o-AR blockade a-AR blockade, should not be used for
Atenolol Usually 12.2-25 mg BID-TID patients with asthma, severe
Metoprolol Usually 25-50 mg BID-TID atrioventricular block or bradycardia, sick
Metoprolol 25-200 mg QD Long-acting sinus syndrome, severe heart failure, and
controlled release cardiogenic shock
tables
CCBs Nicardipine Initially 20 mg TID, maximum dose of 1-2 weeks Do not cause drug-induced Monotherapy of CCBs may not be
120 mg/d before surgery if  orthostatic hypotension and  effective enough for patients with
Amlodipine 5-10 mg QD necessary reflex tachycardia, biochemically active PPGL, which should
Nifedipine Initially 10mg TID, maximum dose of prevention of CA-mediated  be combined with a-AR antagonists.
120mg/d coronary vasospasm and
Nifedipine 30-60mg QD myocarditis
controlled release
tables
CA Metyrosine Initially 500 mg/d, maximum dose of At least 1-3 Directly inhibit the CAs Sedation, somnolence, anxiety,
synthesis 4 g/d weeks before biosynthesis depression, and rarely leading to
inhibitor surgery extrapyramidal signs (such as

parkinsonism)

used selective a-AR antagonist in recent years. The starting dose of
doxazosin is usually 1 mg per day, and the most commonly used
doses are 2-8 mg per day. The maximum recommended dose is 16
mg per day (8). Since all the a-AR antagonists may cause
orthostatic hypotension, they are recommended to be given just
before bedtime when used for the first time, and the patients should
be reminded of slow body position changes. Unlike
phenoxybenzamine, selective otl-AR antagonists do not cause
reflex tachycardia, and seldom cause nasal congestion, because
they do not inhibit 02-AR. Due to the nature of competitive
inhibition of 01-AR, they have a shorter duration of action and
lower risk of postoperative hypotension. Furthermore, they
minimally pass the blood-brain barrier, and central sedation is
rare. Compared to phenoxybenzamine, selective 0.1-AR antagonists
have fewer side effects. However, as competitive inhibition may be
overcome by excessive concentration of CAs, the anti-hypertensive
effect is not as profound as phenoxybenzamine (17, 18).

NON-SELECTIVE OR SELECTIVE o-AR
ANTAGONISTS?

Evidence from RCTs or systematic reviews comparing the
effectiveness of non-selective and selective o-AR antagonists

for patients of PPGL is unavailable (1). However, many
retrospective and prospective studies have made efforts to
compare these two types of drugs. Some studies show that
non-selective o-AR antagonists, phenoxybenzamine, and
selective oi-AR antagonist, doxazosin, have similar effects on
controlling blood pressure (16, 19, 20), while some studies report
that hypertension is better controlled by phenoxybenzamine
than by doxazosin (15, 21, 22). With respect to hemodynamic
instability, some studies reveal that phenoxybenzamine is as
effective as doxazosin (15, 23). However, most studies report
that doxazosin is associated with less adverse effects than
phenoxybenzamine, such as reflex tachycardia, postoperative
hypotension, edema, and nasal congestion (16, 19, 20, 22). In
general, both phenoxybenzamine and doxazosin are able to
effectively control perioperative blood pressure and to prevent
hemodynamic instability in patients of PPGL. Hypertension may
be slightly better controlled by phenoxybenzamine for some
patients, at the cost of higher risk of postoperative
hypotension. To control reflex tachycardia, phenoxybenzamine
more often required co-treatment by B-AR antagonists. While
doxazosin is more likely to require additional antihypertensive
drugs, such as calcium channer blockers (CCBs) (17), for blood
pressure control, and is proved to have much less adverse effects.
At present, choice of medication depends on institutional
preference whether to use a non-selective or selective a-AR
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antagonist, because there is still no consensus according to the
existing evidences.

IS a-AR BLOCKADE NECESSARY FOR
ALL PATIENTS OF PPGL?

Many retrospective studies have reported the use o-AR
antagonists as the first-choice to prevent perioperative
complications of PPGL, including intraoperative hypertension,
tachycardia, and hemodynamic instability (24-28). North
American neuroendocrine tumor society consensus guidelines
recommended that all patients with PPGL (even those with
normal levels of CAs) should use appropriate management to
block effects of released CAs (29). The Endocrine Society clinical
practice guideline also recommended that all patients with a
hormonally functional PPGL should receive ai-AR antagonists to
prevent perioperative cardiovascular complications (1). It is
recommended that even normotensive patients of PPGL should
receive preoperative 0-AR blockade to prevent potential risk of
intraoperative hypertension. While for patients with
parasympathetic-derived head and neck paragangliomas or
biochemically silent PPGL, o-AR blockade may not be
necessary, and there should be a collaborative decision with
anaesthetist and surgeon, considering cardiovascular status and
intraoperative risks of the patients (1, 10). However, there are
some studies question the necessity of o.-AR blockade, and report
successful PPGL resection without this kind of drug. It is reported
by some studies that there is no significant difference of
perioperative blood pressure and hemodynamic stability with or
without the use of 0i-AR antagonists (30-33). Especially in 2017,
Groeben et al. (34) assessed hemodynamic conditions and
perioperative complications in 110 patients with and 166
patients without a-AR blockade. Only a slight difference in
mean maximal systolic pressure was reported between groups.
There was no significant difference in the incidence of
hypertensive episodes between patients with and without o-AR
blockade, and no severe complications occurred in either group. It
is so far the largest number of patients of PPGL without o-AR
blockade reported, and this study demonstrated that surgery of
PPGL without preoperative oi-AR blockade is feasible. In 2019, a
review about PPGL in New England Journal of Medicine (5)
quoted this study and agreed that o-AR antagonists may be not
necessary. Possible reasons for the idea of adrenergic receptor
blockade-free management are as follows. Firstly, the guidelines (1,
29) which recommended necessity of a-AR antagonists for
patients with PPGL stated that there was no RCT's or other high
quality evidences available for this statement, and scientific
investigations were unable to be carried out because of the very
low incidence of the disease. Moreover, 0.-AR antagonists are not
without adverse effects, and there are even significant side aspects
sometimes (35). Secondly, in a patient with PPGL who has had
side effects associated with long-term, episodic hypertension
without o-AR blockade, it seems impossible that decompensation
would occur several days before operation, and other short-acting
anti-hypertensive drugs may be appropriate during aesthesia (5).

Thirdly, with the improvement of diagnostic tools for identification
and localization of the lesions, modern minimally invasive surgical
techniques, and highly effective, short-acting drugs without severe
side effects to control intraoperative conditions, the necessity of the
unreliable, time-consuming preoperative management with
potential significant adverse effects should be questioned (34).

B-AR ANTAGONISTS

The use of B-AR antagonists is determined by the extent of CA-
induced tachycardia or reflex tachycardia after the initiation of
phenoxybenzamine. It is noteworthy that B-AR antagonists
should never be treated alone or before adequate o-AR
blockade. Since for patients with PPGL, loss of 3-AR-mediated
vasodilatation with unopposed CA-induced vasoconstriction can
cause dramatic increase in blood pressure, or even hypertensive
crisis (1, 12). Propranol, a non-selective B-AR antagonist, which
is often used in the past, is given in doses of 10 mg, three to four
times a day initially, and usually no higher than 200 mg/d.
Nowadays, more cardio-selective B1-AR antagonists are
recommended, such as atenolol (12.2-25 mg two to three
times a day), metoprolol (25-50 mg two to three times a day),
and metoprolol controlled release tables (Toprol) (25-200 mg
once a day) (8). However, there is no ample evidence to support
the use of Pl-selective AR antagonists over non-selective AR
antagonists in patients with PPGL (1). There are also some
combined o and B-AR antagonists, such as labetalol and
carvedilol. They have fixed ratio but more potent B than o
antagonistic activities, such as o: B of labetalol is 1:5, but it is
reported that o to -antagonistic activity should be at lease 4:1
to achieve sufficient antihypertensive effect. Therefore, they are
not recommended as the initial therapy for PPGL to take the
place of o and B-AR antagonists separately, to avoid episodes of
hypertension or even hypertensive crisis (8). For patients with
CA-induced cardiomyopathy, it is reported that B-AR
antagonists can lead to severe hypotension, bradycardia and
even cardiac arrest, which warrant extra caution (36).

CALCIUM CHANNEL BLOCKERS (CCBS)

CCBs are the most commonly used drugs, in combination with o.-
AR antagonists, to further improve blood pressure control in
patients with PPGL (1). Some studies consider this kind of drugs
as the primary choice of preoperative management of PPGL,
especially for normotensive patients or those with very mild
hypertension, and for patients experiencing severe side effects
with a-AR antagonists (8, 30, 37). These drugs can relax vascular
smooth muscle and reduce peripheral vascular resistance by
inhibiting NE-induced intracellular and transmembrane calcium
influx in vascular smooth muscle (18). Compared to o-AR
antagonists, CCBs do not cause drug-induced orthostatic
hypotension and reflex tachycardia, and exert additional
protective effects of the heart by preventing CA-mediated
coronary vasospasm and myocarditis (38). A retrospective study
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showed no differences in intraoperative hemodynamic stability and
short-term postoperative outcomes in patients with PPGL using
nicardipine compared with phenoxybenzamine (39). Another study
showed similar improvements in intraoperative hemodynamic
instability between o-AR blockade and CCBs (40). It is reported
in a study that the monotherapy of CCBs for the perioperative
management of PPGL did not prevent all hemodynamic instability,
but was associated with a lower morbidity and mortality (41). The
most often used CCBs are nicardipine (60-120 mg per day),
amlodipine (5-10 mg per day), and nifedipine (30-120 mg per
day) (8). Nowadays, nifedipine controlled release tables (30-60 mg
once a day) have become a good choice by its effective and long-
acting profiles.

CA SYNTHESIS INHIBITOR

It is proved that excessive CAs release results in perioperative
cardiovascular instability in the patients with PPGL, so the
administration of drugs which inhibit the CA biosynthesis may be
beneficial for the treatment of PPGL (42). Metyrosine, a CA synthesis
inhibitor, inhibits tyrosine hydroxylase, which catalyzes the
conversion of tyrosine to dihydroxyphenylalanine (DOPA) (Figure
1), the rate-limiting step of the CA synthesis pathway (12, 43).
Therefore, metyrosine has been used as one of the approaches for
the management of PPGL, especially when phenoxybenzamine is
unavailable in some areas, such as Italy. It takes effect at about 3 days
and should be used at least 1-3 weeks before surgery, at initial dose of
500 mg per day and titrated as necessary to a maximum dose of 4 g
per day (8, 44, 45). It was shown that a dose range of 1-2 g per day is
well tolerated with relatively low incidence of side effects (46).
Metyrosine can readily cross the blood-brain barrier, and inhibits
CA synthesis in the brain as well as in the periphery, thus resulting in
sedation, somnolence, anxiety, depression, and rarely leading to
extrapyramidal signs, such as parkinsonism. It should also be used
with caution for patients with renal dysfunction, since metyrosine is
excreted through kidney and the pharmacokinetics of metyrosine are
significantly affected by renal dysfunction. Most adverse effects would
disappear after cessation of administration (8, 45). It was shown that
urine MNs have been reduced for at least 50% from baseline after the
administration of metyrosine (45, 46). Although Butz et al. reported
that patients treated with metyrosine and pheoxybenzamine had
wider range of intraoperative blood pressure variations than
phenoxybenzamine-only patients (47), it has been reported by most
studies that the combination of metyrosine and o-AR antagonists
lead to better blood pressure control, decreased intraoperative blood
loss, and reduced volume replacement during operation compared
with the classical method of monotherapy of a-AR blockade (45, 46,
48, 49). In a case report of a patient with PPGL, the administration of
metyrosine alone was unable to satisfactorily control intraoperative
blood pressure (50), which was probably due to the incomplete
depletion of CA stores no matter what dose used. Therefore,
metyrosine is always used in combination with o-AR antagonists
in patients with serious symptoms which cannot be well controlled by
other medications, such as those with biochemically active tumors or

extensive metastatic tumors (8, 45). However, the limited availability
of this drug and its adverse effects at high doses limit its widely use (8).

CARDIOVASCULAR EVALUATION AND
BLOOD VOLUME RESTORATION

The excessive CAs release and resultant hypertension can lead to
significant changes in the cardiovascular system, such as
vasoconstriction of the coronary arteries, increased arterial
stiffness, arrythmias, and cardiomyopathy (13). Moreover, it
was shown that normotensive patients with PPGL had similar
perioperative hemodynamic instability to those with significant
preoperative hypertension (51). Therefore, it is essential to
perform cardiovascular evaluation for every patient with PPGL.
The evaluation should include a thorough history, physical
examination, complete laboratory tests, electrocardiogram
(ECG), and echocardiography. An ECG may reveal pathologic
findings such as nonspecific ST-T wave changes, arrythmias, and
signs of left ventricular hypertrophy, which may be related to the
CA-induced coronary artery vasoconstriction that obstructs
myocardial blood flow. An ecocardiography is recommended
to evaluate the presence of cardiomyopathy, and may be helpful
to determine improvement after therapy (13).

Restoration of blood volume decreases the risk of protracted
hypotension or shock as a result of sudden vasodilation during
surgery. However, the management with o.-AR antagonists alone
will lead to blood volume restoration in only approximately 60%
patients with PPGL (8). Therefore, it is recommended by the
Endocrine Society clinical practice guidelines that treatment of
PPGL should also include fluid intake and a high-sodium diet to
restore blood volume preoperatively and prevent perioperative
hypotension, although evidence from RCTs is not available. A
high-sodium diet (e.g., 5,000 mg per day) is usually initiated 3
days after the administration of o-AR blockade, and continuous
saline infusion (e.g., 2,500 ml per day) is usually started in the
evening before surgery. For patients with heart or renal failure,
special caution is required for volume loading (1, 5).

OTHER RECOMMENDATIONS

The administration of drugs that provoke the release of CAs
produced by the tumor or interfere with CAs metabolism should
be avoided for patients with PPGL. E and NE release can be
provoked by steroids, histamine, glucagon, vasopressin, and
angiotensin II. Drugs that are used for obesity management, such
as phentermine, phendimetrazine, and phenylethylamine, are
sympathomimetic amines with a direct action on adrenoceptors.
NE reuptake inhibitors, such as tricyclic antidepressants and
amitriptyline, cocaine, and those that interfere with NE
metabolism, all result in high circulating NE levels, and should be
avoided by PPGL patients (8). Moreover, strenuous physical
activities, smoking, and alcohol consumption should also be
avoided, since they all significantly increase CAs release from a
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tumor. To ensure optimal preoperative management for patients
with PPGL, multidisciplinary teamwork, including endocrine,
surgical, cardiology, anesthesia, and oncology teams, is essential (8).

IS PREOPERATIVE MANAGEMENT
NECESSARY FOR PATIENTS WITH
CLINICALLY SILENT AND
BIOCHEMICALLY SILENT PPGL?

It was reported that patients with clinically silent (normotensive)
but biologically active PPGL had relatively lower levels of CAs
than those with hypertensive PPGL, since the expression of
multiple genes which were involved in key processes of CA
synthesis was decreased in these tumors (10, 52). Studies that
evaluating the value of preoperative management for patients
with normotensive PPGL are scarce. Although one study showed
that preoperative ai-AR antagonist had no benefit for patients
with normotensive PPGL (31), another study revealed that
normotensive PPGL had similar perioperative hemodynamic
instability with hypertensive PPGL, which differed significantly
from nonfunctioning adrenal adenomas (51). Therefore, as
recommended by the Endocrine society, patients with
normotensive PPGL should also receive o-AR antagonists or
CCBs to prevent unpredictable hypertension during surgery (1).

For biochemically silent PPGL, which do not secret CAs,
hemodynamic instability resulting from the tumors should not
occur theoretically. However, malignant hypertension during
surgery has been reported by several cases in patients with
biochemically silent PPGL not receiving preoperative management
(53-55). Mechanisms remain unclear. It is speculated that some could
be a result of undetected dopamine secretion by the tumor, and others
may originate from the intratumoral CA release during surgery (10).
There is no consensus about the necessity of preoperative
management for patients with biochemically silent PPGL, but it is
recommended that before clinicians choose not to pre-medicate
preoperatively, cardiovascular status and perceived intraoperative
risks should be evaluated, and decision should be made by
multidisciplinary teamwork (10).

MANAGEMENT OF HYPERTENSIVE
CRISIS

PPGL may cause potentially lethal hypertensive crisis due to the
effects of the excessive released CAs. Hypertensive crisis is an
acute, life-threatening situation associated with severe increase in
blood pressure, requiring special attention. It is defined as a
systolic blood pressure higher than 180 mmHg or a diastolic
blood pressure higher than 120 mmHg, with or without acute
target organ damage (56). Hypertensive crisis may develop as a
consequence of postural changes, urination, emotional stress,
and use of certain drugs which may provoke the release of CAs. It
may also be induced by administration of a B-AR antagonist

without sufficient a-AR blockade, or during a surgery without
proper preparation. The clinical presentation may vary,
including headaches, nausea, vomiting, visual disturbances, and
palpitations. In this case, control of blood pressure may be
achieved by a continuous infusion of sodium nitroprusside at
0.5-10.0 pg/kg/min, or phentolamine, a short-acting a-AR
blockade, given as an intravenous bolus of 2.5-5 mg at the rate
of 1 mg/min, which can be repeated every 3-5 min. Urapidil, a
selective a11-AR antagonist, can also be used to control blood
pressure during hypertensive crisis at the dose of 10-15 ml/h in
continuous infusion, or as a bolus of 25 or 50 mg intravenously
(57). If conventional antihypertensive treatments do not achieve
optimal effects, magnesium sulfate can be used. It is an effective
arteriolar dilator, and can inhibit the function of excessive CAs
release. Magnesium sulfate should be administered with a
loading dose of 40-60 mg/kg followed by an continuous
infusion of 1-2 g/h (58).

CONCLUSIONS

In summary, preoperative management of PPGL, which includes
hypertension control and improvement of blood volume, is
crucial. The most common approach is to block the function
of excessive plasma CAs, and o-AR antagonists are the first
choice. Hypertension may be slightly better controlled by non-
selective o-AR antagonist, phenoxybenzamine, for some
patients, at the cost of higher risk of postoperative hypotension
and other side effects. While selective o.-AR antagonist,
doxazosin, is proved to have much less adverse effects, but is
more likely to be used in combination with additional
antihypertensive drugs. With the improvement of diagnostic
tools for identification and localization of the lesions, modern
minimally invasive surgical techniques, and highly effective,
short-acting drugs without severe side effects, the necessity of
the preoperative management of o-AR antagonists with
potential significant adverse effects should be questioned. The
use of B-AR antagonists is determined by the extent of CA-
induced tachycardia or reflex tachycardia after the prescription
of phenoxybenzamine. It is noteworthy that B-AR antagonists
should never be treated alone or before adequate - AR blockade.
CCBs are the most often used drugs in combination with o-AR
antagonists, to further improve blood pressure control in
patients with PPGL. Some studies considered this kind of
drugs as the primary choice of preoperative management of
PPGL, especially for normotensive patients or those with very
mild hypertension, and for patients with severe side effects when
using o-AR antagonists. CA synthesis inhibitor, metyrosine, is
used combined with 0i-AR antagonists to patients with serious
symptoms which cannot be well controlled by other medications,
such as those with biochemically active tumors or extensive
metastatic tumors. It is essential to make cardiovascular
evaluation for every patient with PPGL and it is recommended
that treatment of PPGL should also include a high-sodium diet
and fluid intake to restore blood volume preoperatively and
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prevent perioperative hypotension. However, PPGL is a rare
disease, so large RCTs or meta-analyses are not available at
present. Therefore, more convincing evidence is needed to
determine the most proper preoperative management strategies.
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Pheochromocytomas and paragangliomas (PHEO/PGL) are rare but occasionally life-
threatening neoplasms, and are potentially malignant according to WHO classification in
2017. However, it is also well known that histopathological risk stratification to predict
clinical outcome has not yet been established. The first histopathological diagnostic
algorithm for PHEO, “PASS”, was proposed in 2002 by Thompson et al. Another
algorithm, GAPP, was then proposed by Kimura et al. in 2014. However, neither
algorithm has necessarily been regarded a ‘gold standard’ for predicting post-operative
clinical behavior of tumors. This is because the histopathological features of PHEO/PGL
are rather diverse and independent of their hormonal activities, as well as the clinical
course of patients. On the other hand, recent developments in wide-scale genetic analysis
using next-generation sequencing have revealed the molecular characteristics of
pheochromocytomas and paragangliomas. More than 30%-40% of PHEO/PGL are
reported to be associated with hereditary genetic abnormalities involving > 20 genes,
including SDHXs, RET, VHL, NF1, TMEM127, MAX, and others. Such genetic alterations
are mainly involved in the pathogenesis of pseudohypoxia, Wht, and kinase signaling, and
other intracellular signaling cascades. In addition, recurrent somatic mutations are
frequently detected and overlapped with the presence of genetic alterations associated
with hereditary diseases. In addition, therapeutic strategies specifically targeting such
genetic abnormalities have been proposed, but they are not clinically applicable at this
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time. Therefore, we herein review recent advances in relevant studies, including
histopathological and molecular analyses, to summarize the current status of potential
prognostic factors in patients with PHEO/PGL.

Keywords: adrenal, pheochromocytoma, paraganglioma, genotype, pathology, SDHB, PASS, GAPP

INTRODUCTION

Pheochromocytomas (PHEOs)/paragangliomas (PGLs) or
PPGLs are not only oncological diseases due to their invasive
or metastatic properties, but also life-threatening endocrinological
disorders associated with medical therapy resistant hypertension
due to catecholamine excess (1-4). Differentiation between
“PHEOs” and “PGLs” is defined based on the sites of the
primary lesion as follows; PHEOs are derived from chromaffin
cells in the adrenal medulla, and PGLs from sympathetic or
parasympathetic paraganglion cells located in extra-adrenal
tissues (5).

Distant metastasis is detected in 5%-20% of PHEOs, and
relatively higher in PGLs, ranging from 15% to 35% (6-9). The
five-year survival rate of metastatic disease has been reported to
be approximately 50% or less (10-12). However, it is difficult to
predict metastatic potential based on histopathological findings
alone, and none of the previously proposed histopathological
scoring systems can reach the levels of accurate metastasis
prediction. Therefore, all PPGLs were proposed to have
malignant potential according to the WHO classification in
2017, because of the absence of hallmark diagnostic markers (5).

In contrast, recent developments in molecular analysis have
clarified the genetic landscape or characteristics of PPGLs, which
could reflect the risks of metastatic potential (1-4, 6). The results
of those studies revealed a higher incidence of genetic
abnormalities associated with hereditary diseases, spanning
more than 20 relevant genes in > 40% of all cases (1-4, 6).
Among the genes above, the presence of SDHX mutations is
reported to increase the risks of developing aggressive disease
behavior by altering intracellular metabolism, especially the
tricarboxylic acid (TCA) cycle (4, 13-17).

In this review, we therefore summarized the previously
proposed histopathological/clinicopathological scoring systems,
including their limitations for predicting the metastatic potential
of the disease, and pitfalls when interpreting the findings. In
addition, the clinical significance of recently reported genetic
abnormalities and genotype-phenotype associations are
also summarized.

GENETIC ABNORMALITIES IN PPGLS

PPGLs were previously called “10%-diseases” associated with
hereditary disorders. However, recent developments in genetic
analysis using next-generation sequencing and large-scale
integrated analysis by The Cancer Genome Atlas (TCGA)
database has identified a much larger number of relevant
genetic abnormalities (6, 18). The prevalence of PPGLs

associated with hereditary diseases involves approximately 40%
of all patients (6). Pathogenic variants with genetic alterations in
relevant genes are generally exclusive to each other, but it is also
true that somatically mutated driver genes are involved in further
development of PPGLs in a minor population with germline
mutations (6), which is considered unique to this tumor. In
addition, comprehensive genetic analysis by Fishbein et al.
further demonstrated that 27% of PPGLs have germline
mutations, 39% somatic mutations (with 5%-10% overlap with
germline mutations), 7% gene fusions, and 89% copy number
alterations (6). PPGLs are sub-classified into three different
groups, according to their genotype-related pathophysiology (4,
6, 19-21). The most prevalent subtype is the “pseudohypoxia
type”, with genetic alterations in SDHX families, FH, VHL, and
EPASI (13-17, 22-27). The second is the “Wnt-signal type”
associated with somatic alterations in genes involved in Wnt-
signaling pathways, including CSDEI mutation and MAML3
gene transfusion (6, 28). The third is the “kinase signal type” with
genetic alterations involving RET, NF1, MAX, and TMEM127,
and which is frequently associated with MEN2 (multiple
endocrine neoplasia type 2) gene abnormalities (4, 6, 29-35).
In addition, a fourth group was also recently proposed as a
cortical admixture subtype, although the detailed features
involved have remained uncertain compared to the three major
subtypes indicated above (6). Therefore, in this paper, individual
genotypes and their pathophysiological characteristics are briefly
reviewed. Previously reported genetic alterations associated with
PPGLs are also summarized in Table 1.

“Pseudohypoxia Type”

“Pseudohypoxia type” is the most prevalent phenotype in
PPGLs, and the great majority of genetic abnormalities
involving this phenotype have been detected in genes involved
in the TCA cycle, including SDHX family, FH, VHL, EPASI,
SLC25A11, and others (13-17, 22-27). Chromaffin cells are
physiologically involved in oxidative metabolism status, with
abundant aerobic respiration by mitochondria synthesizing ATP
by activating the TCA cycle. However, genetic alterations in
genes encoding catalyzing enzymes involved in the TCA cycle,
such as succinate dehydrogenase, are known to result in loss of
their physiological functions. These altered genes subsequently
promote anaerobic metabolism by tumor cells, shifting ATP
resources from the TCA cycle into the system of metabolic
glycolysis (62-64). These alterations in intracellular
metabolism eventually result in degradation of chromatin
remodeling, reactive oxygen species production, and DNA
methylation (62-66). These intracellular changes also enable
tumor cells to efficiently synthesize ATP, although the amounts
of ATP synthesized from glycolysis per reaction does not reach
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TABLE 1 | Previously identified mutated driver genes associated with PPGLs.

Type Gene Conding Protein Chromosome Germiline Predominant Contribution to Associated hereditary Reference
location or tumor site metastatic diseases
Somatic potential
1 SDHA Succinate Dehydrogenase 5p15.33 Germline PGL>PHEO Low Famlilial PGL type 5 6, 13),
Complex Flavoprotein
Subunit A
1 SDHB Succinate Dehydrogenase 1p36.13 Germline PGL>PHEO Intermediate Famlilial PGL type 4 (14)
Complex Iron Sulfur
Subunit B
1 SDHC Succinate Dehydrogenase 1023.3 Germline PGL>>PHEO  Very low Famlilial PGL type 3 (15)
Complex Subunit C
1 SDHD Succinate Dehydrogenase 119231 Germline PGL>PHEO Low Famlilial PGL type 1 (6, 16)
Complex Subunit D
1 SDHAF2 Succinate Dehydrogenase 11g12.2 Germline PGL>>PHEO  Very Low Famlilial PGL type 2 (17, 36)
Complex Assembly Factor
2
1 FH Fumarate Hydratase 1943 Germline PHEO, PGL Low FH-deficient HLRCC (Hereditary 37)
leiomyomatosis and renal cell
carcinoma)
1 VHL Von Hippel-Lindau Tumor 3p25.3 Germline PHEO>PGL Low-Intermediate  Von-Hippel-Lindau disease 6, 25),
Suppressor
1 EPAST1 Endothelial PAS Domain 2p21 Germline,  PHEO, PGL Low-Intermediate  Pacak-Zhuang syndrome (6, 26, 27)
(HIF2A) Protein 1 Somatic
1 EGLN1 Egl-9 Family Hypoxia 1042.2 Germline PHEO, PGL Not characterized  Polycythemia (6, 38)
(PHD1) Inducible Factor 1
1 EGLN2 Egl-9 Family Hypoxia 19913.2 Germline PHEO, PGL Not characterized  Polycythemia (38)
(PHD2) Inducible Factor 2
1 MDHZ2 Malate Dehydrogenase 2 7911.23 Germline PHEO, PGL Not characterized Not characterized (23, 39),
1 SLC25A11 Solute Carrier Family 25 17p13.2 Germline PGL Low-Intermediate  Not characterized (40)
Member 11
1 DLST Dihydrolipoamide S- 14924.3 Germline PHEO, PGL Not characterized Not characterized (41)
Succinyltransferase
1 DNMT3A  DNA Methyltransferase 3 2p23.3 Germline,  PHEO, PGL Not characterized ~Acute Myeloid Leukemia (AML) (43)
Alpha Somatic (42)
1 GOT2 Glutamic-Oxaloacetic 16921 Germline PHEO, PGL Not characterized Not characterized (44)
Transaminase 2
2 CSDET Cold Shock Domain 1p13.2 Somatic PHEO, PGL Not characterized —— 6)
Containing E1
2 MAML3 Mastermind Like 4031.1 Somatic, PHEO, PGL Low-Intermediate = —— (6, 28),
Transcriptional Coactivator Transfusion
3
3 KIF1B Kinesin Family Member 1B 1p36.22 Germline PHEO? Not characterized =~ Ganglioneuroma, (45)
leiomyosarcoma, lung
adenocarcinoma,
neuroblastoma, ganglioneuroma
3 RET Proto-Oncogene Tyrosine- 10g11.21 Germline, PHEO>>PGL  Low Multiple endocrine neoplasia type (6, 29—
Protein Kinase Receptor Somatic 2 31),
Ret
3 NF1 Neurofibromin 1 17g11.2 Germline,  PHEO>PGL Low Nuerofibromatosis type 1 6, 29—
Somatic 32),
3 MAX MYC Associated Factor X 14923.3 Germline PHEO>PGL Low Familial PCC (6, 34,
35),
3 TMEM127  Transmembrane Protein 2q11.2 Germline PHEO>PGL Low Familial PCC (6, 33),
127
3 HRAS GTPase HRas 11p15.5 Somatic PHEO? Not characterized —— 6)
3 BRAF Serine/Threonine-Protein 7034 Somatic PHEO, PGL Not characterized —— 6)
Kinase B-Raf
Others  MENT Menin 1 119131 Germline PHEO, PGL Not characterized  Multiple endocrine neoplasia type (46)
1
Somatic IRP1 Iron Regulatory Protein 1 9p21.1 Somatic PHEO, PGL Not characterized —— (47)
Somatic SETD2 Histone-Lysine N- 3p21.31 Somatic PHEO, PGL Low-Intermediate —— 6, 18,
Methyltransferase SETD2 48),
Somatic FGFR1 Fibroblast Growth Factor 8p11.23 Somatic PHEO, PGL Not characterized —— (6, 49),
Receptor 1
(Continued)
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TABLE 1 | Continued

Type Gene Conding Protein Chromosome Germiline
location or
Somatic

Somatic MET Hepatocyte Growth Factor 7931.2 Somatic
Receptor

Somatic TP53 Cellular Tumor Antigen P53 17p13.1 Somatic,

Germline

Somatic  ARNT Aryl Hydrocarbon Receptor 1921.3 Somatic
Nuclear Translocator

Somatic MYO5B Myosin VB 18921.1 Somatic

Somatic MYCN N-Myc Proto-Oncogene 2p24.3 Somatic
Protein

Somatic VCL Vinculin 10922.2 Somatic

Somatic KMT2D Histone-Lysine N- 12913.12 Somatic
Methyltransferase 2D

Somatic TERT Telomerase Reverse 5p15.33 Somatic
Transcriptase

Somatic ATRX Transcriptional regulator Xg21.1 Somatic
ATRX

Somatic  IDH1 Isocitrate Dehydrogenase 2034 Somatic
(NADP(+)) 1

Somatic IDH2 Isocitrate Dehydrogenase 15026.1 Somatic
(NADP(+)) 2

Somatic H3F3A H3 Histone Family Member 1942.12 Somatic
3A

Predominant Contribution to Associated hereditary Reference
tumor site metastatic diseases
potential
PHEO, PGL Not characterized —— (50)
PHEO, PGL Not characterized  Li-Fraumeni Syndrome 6)
PGL Not characterized —— 6)
PHEO, PGL Not characterized —— (61, 52),
PHEO, PGL Not characterized —— (51)
PHEO, PGL Not characterized —— (51)
PHEO, PGL Not characterized —— (53)
PHEO, PGL Low-Intermediate —— (54-57),
PHEO, PGL Low-Intermediate —— (6, 36,
58-60)
PHEO, PGL Not characterized —— (6, 59)
PHEO, PGL Not characterized —— 61)
PHEO, PGL Not characterized —— (50)

Type 1 Pseudohypoxia type, Type 2: Wnt signal type, Type 3: Kinase signal type.

In addition to more than 20 genes with germline mutations, recently detected genes with somatic variants are also summarized in this table. Some genes with somatic variants were
classified into three previously known types if the detailed function of the mutated genes was clarified.

the same levels as those from the TCA cycle (62-66). This
phenomenon has attracted considerable interest because of its
possible associations with Warburg effects detected in some
neoplastic cells (65, 66). Therefore, sub-typing based on
intracellular metabolism in PPGLs has also been proposed.
Some clinical studies exploring the ability of glucose
absorption in PPGLs by FDG-PET imaging have been
reported, and are proposed to be practically useful as a
noninvasive diagnostic tool, especially for detecting
pseudohypoxic phenotypes of tumors, and those manifesting
potentially malignant behavior over their clinical course (67, 68).

“Wnt-Signal Type”

The “Wnt-signal type” is known as the most prevalent phenotype
among sporadic PPGLs, with somatic alterations to driver genes
(4, 6). Wnt-/Shh-related pathways are widely reported to be
involved in cell proliferation in various types of diseases (69, 70).
The activation of Wnt-related signals is not necessarily specific
for PPGLs, but the presence of this particular type of genetic
abnormality has been reported to result in relatively frequent
distant metastasis or recurrence, especially in cases involving
MAML3 gene fusions (6). Somatic mutations of the CSDEI gene
and transfusion of MAML3 are both classified as exhibiting this
phenotype. CSDEI frameshift and splice-site mutations have
been reported in a minor population of PPGLs with previously
known germline mutations, including VHL, NF1, and RET (6).
These CSDEI genetic alterations result in loss-of-function (6).
CSDEI is well known in regulating translation initiation,
apoptosis, RNA stability, and differentiation/development of
neuronal tissue (71, 72). The functional roles of mutated

variants of CSDEI were also previously validated by
microarray analysis using mouse embryonic stem cells (73, 74).

PPGLs with MAML3 gene fusions are reported to be
associated with a higher prevalence of metastatic diseases,
frequently in conjunction with SDH loss (6, 28).
Comprehensive genetic analysis revealed that the UBTF-
MAML3 fusion gene activates Wnt-Shh signaling, but only a
small number of studies have investigated the clinical
significance of this chimeric fusion gene (6, 28). Therefore, the
detailed underlying mechanisms, as well as their prevalence, have
not been thoroughly studied, and further investigations
are warranted.

“Kinase Signal Type”

The “kinase signal type” is associated with systemic hereditary
diseases such as MEN2A/2B (RET mutation) and
neurofibromatosis type 1 (NFI mutation) (29-32). Familial
PHEOs with TMEMI127 or MAX mutations are also
categorized into this subtype (33-35). Among them, the gain-
of-function caused by RET gene mutation has been studied in the
most detail. RET encodes a transmembrane receptor tyrosine
kinase involved in the development of the neural crest. RET
mutations detected in MEN2A are reported to cause
homodimerization, which subsequently activates PI3K-AKT,
RAS, p38-MAPK, and JUN N-terminal kinase pathways in a
ligand-independent manner, promoting abnormal cell
proliferation (75-77). Recently, somatic mutations detected
involving FGFR1, NF1, BRAF, HRAS, and others have also
been reported to contribute to the activation of the relevant
pathways indicated above (6). However, the underlying
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mechanisms involving the kinase signaling pathway remain
unknown, especially whether these pathways possibly interact
with the downstream pathways of other subtypes.

Others (Somatic Abnormalities)

With the exception of three major subgroups, multiple somatic
genetic abnormalities have been reported, involving IRP1 (47),
SETD2 (6, 18, 48), FGERI (6, 49), MET (50), TP53 (6), ARNT (6),
MYO5B (51, 52), MYCN (51), VCL (51), KMT2D (53), TERT
(54-57), ATRX (6, 57-59), IDHI (6, 58), IDH2 (36), and H3F3A
(50). However, it is also true that majority of newly reported
somatic gene abnormalities are detected in only a minor
proportion of patients with PPGLs. Among these somatic gene
abnormalities, aberrant telomere maintenance mechanism
(TMM), which is caused by TERT (telomerase reverse
transcriptase) structural rearrangement, genetic abnormalities,
and ATRX mutations, has been reported to be associated with
poor clinical outcomes in patients (54-57). Structural
rearrangement of TERT has also been reported to result in its
over-expression as a result of the placement of enhancers
proximal to the TERT promoter (56). The presence of somatic
mutations detected in the TERT promoter is not necessarily
concordant with TERT overexpression, but a specific hot-spot,
C228T, is reported to be associated with adverse clinical
outcomes in patients (57, 78). However, its cross-interaction
with SDHX-related pseudohypoxic pathways cannot be
ruled out.

CHALLENGES OF PREDICTIVE
CLINICOPATHOLOGICAL/
HISTOPATHOLOGICAL SCORING
SYSTEMS FOR MALIGNANT BEHAVIOR/
METASTASIS IN PPGLS

Histopathological risk stratification, or discerning malignancy, in
PPGL patients is very challenging and is generally considered
one of the most difficult differential diagnoses in the field of
surgical pathology. Several histopathological scoring systems
have been proposed, including PASS and GAPP scores, but it
is also true that those above could by no means precisely predict
the clinical outcome and/or the degree of aggressive clinical
behavior in PPGL patients (5, 79-81). As a basis for these two
established representative histological scoring systems, several
combined scoring systems with genetic abnormalities and
immunohistochemical findings have also been recently
proposed, such as M-GAPP (Modified-GAPP) score (82),
ASES (Age, Size, Extra-adrenal location, and Secretory type)
score (83) and COPPs (Composite Pheochromocytoma/
paraganglioma Prognostic score) (84). However, further
investigations are needed to clarify the practical value of such
systems in discerning the clinical behavior of patient tumors.
Therefore, in this section, previously proposed histopathological/
clinicopathological scoring systems and the recent validation
studies of these systems were covered to clarify the usefulness

and limitations of histopathological findings to predict the
clinical behavior of tumors, as well as the potential pitfalls
involving interpretation of such findings with high inter-/intra-
observer variation by both pathologists and clinicians.

PASS (Pheochromocytoma of the Adrenal
Gland Scale Score)

PASS was the first histopathological scoring system proposed by
the group of Armed Forces Institute of Pathology led by
Thompson in 2002, and this system was composed of twelve
findings based on histological features as follows (summarized in
Figure 1A): 1) large cell nests or diffuse growth of >10%, 2)
central or confluent tumor necrosis, 3) high cellularity, 4) cell
monotony, 5) tumor cell spindling (even if focal), 6) mitotic
figures >3 figures/10 high power fields, 7) atypical mitotic
figure(s), 8) extension into adipose tissue, 9) vascular invasion,
10) capsular invasion, 11) profound nuclear polymorphism, 12)
and nuclear hyperchromasia (79). Tumors with 4 points or more
were proposed to be associated with a high prevalence of distant
metastasis, and those with less than 4 points considered as
benign (never metastatic) (79). Of particular note, the use of
PASS in extra-adrenal PGLs was limited because this particular
scoring system was designed only for PHEOs, and included those
criteria only applicable to intra-adrenal tumors such as extension
into adipose tissue (81).

After the proposal of PASS, several validation studies were
reported in the literature (82, 85-87). The presence of
relatively high inter-/intra-observer variation has been
reported in the confirmatory studies indicated above. Among
those 12 histological features above, the presence of capsular
and vascular invasion, extension into adipose tissue, and
atypical mitosis could reach relatively high inter-observer
concordance in > 80% of the examined cases (88). However,
the histological features of high cellularity, profound nuclear
polymorphism, and nuclear hyperchromasia resulted in low
inter- and intra- observer concordance in their interpretation,
even among pathologists with sufficient experience and
knowledge in this field (88). Furthermore, it is also pivotal to
note that the gradients of scoring points of individual
histological features did not necessarily match the degree of
inter-/intra-observer variation (88). Scoring systems based
only on morphological or histological findings could become
more subjective and, therefore, some studies employing
combined PASS and genetic abnormality, as well as
immunohistochemistry, have been proposed in recent years
in order to overcome potential disadvantages or pitfalls of the
system, as described above.

GAPP Score (Grading of Adrenal
Pheochromocytoma and Paraganglioma)
and M-GAPP (Modified GAPP)

The GAPP score was proposed by Kimura et al. in 2014 and
required not only morphological findings, but also clinically
proven catecholamine-producing types and proliferative ability
of tumor cells by Ki-67 (MIB-1) labeling index (LI), in contrast to
PASS, which could be performed only on hematoxylin-eosin
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PASS (Pheochromocytoma of the adrenal gland scale score)

Histological features | Score

Large cell nest or diffuse growth >10% 2
Confluent necrosis

High cellularity

Cell monotony

Tumor cell spindling

Mitotic figures > 3/10HPF
Atypical mitotic figures
Extension into adipose tissue
Vascular invasion

Capsular invasion

Profound nuclear polymorphism
Nuclear hyperchromasia

Total

Z4 points:Malignant
<4 points:Benign

gd....uNNNNNNN

B
GAPP (The grading of adrenal pheochromocytoma and paraganglioma)

Clinicopathological parameters
Histological pattern

Score
D

Zellballen 0
Large and irregular cell nests 1

Adrenaline type 0

Noradrenaline type 1

Non-functioning 0

Total 10

E
0-2 points: Well differentiated

3-6 points: Moderately differentiated
7-10 points: Poorly differentiated

(E) COPPs (Composite Pheochromocytoma/paraganglioma Prognostic score).

A C

M-GAPP (Modified GAPP)
Clinicopathological parameters. Score
Histological pattern
Zeliballen 0
Large or irregular cell nests or Pseudorossette 2
Comedo necrosis
Absence 0
Presence 2
Vascular invasion
Absence 0
Presence 1
KI-67 labeling Index
<1% 0
= 1% 2
Catecholamine type
Non-function or Adrenaline type 0
Noradrenaline type 1
‘SDHB immuhohistochemistry
Positive 0
Negatve 2

Total

De stidorossatia 1 Clinical parameters
Cellularity Age
Low (<150 cells/ HPF) 0 > 35yo
Intermediate (150-250 cells / HPF) 1 = 35y0
High (>250 cells/HPF) 2 Skze
or ( = 6cm
Absence 0 < 6em
Presence 2 Extra-adrenal location
Ki-67 labeling index Adrenal
<1% 0 Extra-adrenal
1-3% 1 Secretory type
>3% 2 Adrenaline type
Catecholamine type Noradrenaline type
Total

Clinical parameters Score
Necrosis

Absent 0

Present 5
$-100 loss

Absent 0

Present 2
Vascular invasion

Absent 0

Present 1
SDHB loss

Absent 0

Present 1
Tumor size

> Tem 0

S Tem 1
Total 10

10

ASES (Age, Size, Extra-adrenal location and Secretory type) score

Score

COPPs (COmposite Pheochromocytoma/paraganglioma Prognostic score)

FIGURE 1 | Previously proposed histopathological/clinicopathological scoring system. (A) PASS (Pheochromocytoma of the adrenal gland scale score). (B) GAPP
(Grading of adrenal pheochromocytoma and paraganglioma). (C) M-GAPP (Modified GAPP). (D) ASES (Age, Size, Extra-adrenal location and Secretory type) score.

<3 points: Benign
=3 points: Malignant

<3 points: Benign
& 3 points: Malignant
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stained tissue slides. This GAPP scoring system classified PPGLs
into three different grades: well- (0-2 points), moderately (3-6
points), and poorly differentiated (7-10 points) PPGLs (80). The
details of this scoring system are summarized in Figure 1B. The
five-year survival rates of these three groups are 100% (well-
differentiated), 66.8% (moderately differentiated), and 22.4%
(poorly differentiated) (80). GAPP has been used in some
diagnostic pathology laboratories, but several limitations or
pitfalls have been raised regarding its clinical utility (4, 5, 81).
In particular, MEN2A-associated PPGLs are over-diagnosed by
both PASS and GAPP in predicting the potential malignant
behavior of tumors (85). MEN2A-associated PPGLs rarely
metastasize, although large cell nests or diffuse growth patterns
(MEN2A-associated: 77% vs. benign: 30%, malignant: 90%) and
increased Ki-67 LI of > 3% (MEN2A-associated: 31% vs.
sporadic: 11%) are frequently detected in such cases, which
result in high scores (85). In addition, the original GAPP
system did not include finding regarding SDHX status (80).
Therefore, Koh et al. subsequently proposed a modified GAPP
score, modifying the gradient of the scoring points, and added
the findings of SDHB immunohistochemistry (82). The details of
M-GAPP are summarized in Figure 1C. The sensitivity of
GAPP and M-GAPP is relatively high, while their specificity
only reaches 50%-60% in terms of predicting distant metastasis
in PPGL patients (82). The area under the curve (AUC) of
these scoring systems resulted in 0.822 for M-GAPP, 0.728 for
GAPP, and 0.753 for PASS (82), and there were no differences
among the predictive values for patients. Therefore, other
clinicopathological factors such as tumor size or patient age
should be considered when determining the malignant potential
of PPGLs. Further improvements in histopathological evaluation
are warranted to more precisely predict the malignant potential
of tumors.

ASES (Age, Size, Extra-Adrenal Location,
and Secretory Type) Score

ASES (Age, Size, Extra-adrenal location and Secretory type)
scoring was recently proposed by Cho et al. in 2018 (83). They
performed a retrospective analysis using a relatively large
number of cases, including 333 PPGLs (83). In contrast to
other histopathological predictive models, ASES is entirely
composed of only 4 clinical parameters (Figure 1D). The AUC
to predict malignant behavior is reported to be 0.735 (88), and
the practical advantages of using this scoring system includes no
requirement for surgical specimens, which could apply this
scoring system to all PPGLs, regardless of clinical stage (83).
However, the sensitivity and specificity of these histology-based
scoring systems remain unknown.

COPPs (Composite Pheochromocytoma/
Paraganglioma Prognostic Score)

COPPs (Composite Pheochromocytoma/paraganglioma Prognostic
score) was recently proposed by Pierre et al. in 2019, integrating
morphological features and immunohistochemical findings of S-100
and SDHB (84). They examined a total of 147 PPGLs and
performed multivariate analysis, including incorporation of the

morphological features listed in PASS, immunohistochemical
findings of S-100, Ki-67, and MCMS, clinicopathological factors
(tumor size, age, and hypertension) and genotype (84). Finally,
COPPs were defined according to the following criteria:
three clinicopathological parameters (tumor size > 7 c¢m, necrosis,
and vascular invasion), loss of S-100 immunoreactivity (loss of
intervening sustentacular cells), and loss of SDHB immunoreactivity
(suggesting SDHB mutation) (84) (Figure 1E). When compared
with previously proposed scoring systems, COPPs could provide a
high AUC to predict potential metastasis in patients (sensitivity:
100%, specificity: 94.7%) (84). However, prospective validation
studies involving COPPs have not been reported, and not all
of the parameters proposed in this scoring system are readily
available in clinical practice. Thus, COPPs could not reach the
levels suitable for practical usage in current clinical settings and
awaits validation.

PRACTICAL IMMUNOHISTOCHEMICAL
(IHC) PPGL MARKERS

In addition to the above previously proposed clinicopathological
scoring systems, several immunohistochemical (IHC) markers
have also been reported in the literature to be able to differentiate
metastatic from non-metastatic PPGLs. In this paper, the
practical usefulness of IHC and its limitations and pitfalls in
daily clinical settings are summarized.

Conventional Markers

SDHB IHC has been employed to detect SDHB gene mutations
with relatively high concordance (sensitivity: 100% [95% CI:
87%-100%], specificity: 84% [95% CI: 60%-97%]) as
demonstrated by the total absence of immunoreactivity, with
positive immunoreactivity in endothelial cells as a positive IHC
control (89). However, it is pivotal to note that interpretation of
SDHB IHC is sometimes difficult because of the presence of false-
negative findings, caused by various pre-analytical factors such as
inappropriate fixation, which results in various staining patterns,
including potential false-negative findings (89, 90). In particular,
patterns of SDHB immunoreactivity with a complete absence, or
weak but diffuse dot-like cytoplasmic staining patterns were
detected in SDHB-mutated PPGLs (90). Therefore,
confirmatory genetic analysis is practically mandatory for cases
with equivocal immunoreactivity.

Both S-100 and Ki-67 are well-known and widely used
markers for evaluation of the malignant potential of PPGLs
(80, 81, 84). S-100 is generally immunolocalized in sustentacular
cells surrounding tumor cells (91). Absence or attenuation of S-
100 immunoreactivity (sustentacular cells) is generally
considered to reflect diffuse growth patterns that deviate from
the structure of Zellballen, possibly resulting in the aggressive
clinical behavior of tumors (84, 91). S-100 positive sustentacular
cells have recently been reported as non-neoplastic cells because
SOX-10 and SDHB are both positive only in sustentacular cells in
the cases of SDHB-mutated PPGLs (91). However, detailed
characterization of sustentacular cells remains to be conducted.
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The Ki-67 LI is also listed as one of the parameters in GAPP
and M-GAPP. However, it is also important to note that Ki-67 LI
is generally low (< 3%) in > 80% of PPGLs, and its intratumoral
heterogeneity is also marked (80-82). In addition, the guidelines
to obtaining Ki-67 LI, such as whether counting should be
performed in “hot spots” or “averages”, have not necessarily
been standardized, and inter-observer or -laboratory differences
in Ki-67 LI results might be unavoidable.

Thus, these IHC markers are marginally useful for predicting
the clinical behavior of tumors, but none of the previously
proposed THC markers are by no means independent
predictive markers in patients.

Catecholamine-Synthesizing Enzymes

In addition to broadly used IHC markers, analyses of hormonal
activities and IHC analysis of catecholamine-synthesizing
enzymes such as tyrosine hydroxylase (TH), dopamine beta
hydroxylase (DBH), dopa decarboxylase (DDC) and
phenylethanolamine N-methyltransferase (PNMT) have also
been reported in the literature. The expression profiles of these
enzymes do not only characterize the secretory phenotypes of
norepinephrine or epinephrine, but also reflect differentiation of
the tumor cells in PPGLs (80, 92). PNMT catalyzes the final step
of catecholamine biosynthesis from norepinephrine into
epinephrine. Of particular interest, pseudohypoxic PPGLs are
generally negative for PNMT, and have silent clinical and
hormonal phenotypes, which could delay therapeutic
intervention in such patients (93). Fukaya et al. reported that
lower DDC immunoreactivity was detected in poorly
differentiated PPGLs, histologically representing confluent
necrosis, diffuse growth, nuclear polymorphism, and tumor cell
spindling (94). Therefore, it is considered worthwhile to
incorporate IHC analysis of these four catecholamine-
producing enzymes into routine clinical practice in institutions
treating relatively large volumes of patients with PPGLs because
antibodies against all four enzymes used for IHC are
commercially available (94).

Newly Proposed Markers

In addition to the classical markers above, several relatively unique
ITHC markers have recently been proposed for predicting the
presence of distant metastasis in PPGLs. Deng et al. reported
lower immunoreactivity of Snail, Galectin-3, and IGF-1R in
benign PHEOs without local invasion and distant metastasis,
based on a study of 226 PPGL cases (95). Leijon et al.
immunolocalized SSTR (somatostatin receptor) family as a
potential prognostic factor or a therapeutic target, and reported
that 71.4% (10/14) of cases of metastasized PPGLs abundantly
expressed SSTR2 (96). Among them, different immunoprofiles
were detected between metastasized PGLs and PHEOs (PGLs:
100% (9/9 cases), PHEOs: 20% (1/5 cases). In contrast, SSTR4 and
SSTR5 were IHC-negative in the majority of the cases examined,
and both SSTRI and SSTR3 were divergent and independent of
SDHX deficiency, as well as the presence of metastases (96).
However, the usefulness of somatostatin analogs in the
treatment of patients with PPGLs has not been established, and
the clinicopathological value of SSTR IHC should be validated by

further studies. Surrogate markers associated with tumor immune
microenvironmental factors have been studied recently, especially
PD-1/PD-L1 in PPGLs (97, 98). Guo et al. examined PD-L1
immunoreactivity in 77 PPGL cases using an anti-PD-L1
antibody (clone E1L3N) and reported that 59.74% (46/77 cases)
of PPGLs were IHC-positive for PD-L1, with high co-efficiency of
Ki-67 LI, as well as the presence of hypertension (97). On the other
hand, Pinato et al. examined 100 PPGL cases using the same anti-
PD-L1 antibody (clone E1L3N) and anti-PD-L2 antibody
(polyclonal) (98). They reported that PD-L1 was IHC-positive in
18% (18/100 cases) and PD-L2 in 16% (16/100 cases) of PPGLs,
respectively (98). Of particular interest, PD-L2 immunoreactivity
in tumor cells was significantly correlated with overall survival of
patients in their study (98). The presence of PD-L1
immunoreactivity in tumor cells could potentially indicate the
utility of immune-checkpoint inhibitors, but standardization of
histopathological evaluation of such markers, as well as unification
of IHC antibody clones, are mandatory before various immune
checkpoint inhibitors can be used therapeutically in PPGLs. In
addition, few studies have reported histopathological surrogate
markers of the tumor-immune microenvironment in PPGLs, and
the clinical therapeutic efficacy of immune-checkpoint inhibitors
remains unknown.

In summary, with a possible exception of SDHB, IHC-based
analysis was less predictive than genetic analysis and past clinical
history of the relevant hereditary diseases, and none of the above
could be an independent predictive marker or a therapeutic target
molecule. Therefore, future clinical trials as well as investigations
of novel therapeutic targets are warranted in PPGLs.

SUMMARY

Recent advances in genetic and molecular characterization have
classified PPGLs into subgroups based on their genotype-related
pathophysiology. These genetic abnormalities are frequently
detected in approximately 40% of PPGLs, far more than
proposed over the past decades. Among them, SDHX
mutations are the most frequently detected, resulting in
pseudohypoxic status of tumor cells and which correlate with
patient clinical outcomes, especially in detecting metastatic
potential. Several histopathological and clinicopathological
scoring systems have been proposed, but it is still challenging
for diagnostic pathologists to predict malignant behavior based
on histopathological findings of resected specimens alone, in
contrast to other tumors such as adrenocortical neoplasms.
Therefore, comprehensive scoring systems, combined with
histopathological findings, genotyping, IHC, hormonal
activities (metabolic phenotypes), the sites of involvement, and
other clinical parameters have recently been proposed in the
literature. However, none of the scoring systems reported could
reach the necessary levels of practical usage or incorporation into
clinical guidelines with high accuracy. In addition, no surrogate
markers of specific therapy in patients with PPGL have been
identified. Further investigations are required to clarify detailed
pathophysiology of PPGLs, as well as more precise patient
risk stratification.
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Pheochromocytomas (PHEOSs) are relatively rare catecholamine-producing tumors derived
from adrenal medulla. Tumor microenvironment (TME) including neoangiogenesis has been
explored in many human neoplasms but not necessarily in PHEOs. Therefore, in this study,
we examined tumor infiltrating lymphocytes (CD4 and CD8), tumor associated
macrophages (CD68 and CD163), sustentacular cells (S100p), and angiogenic markers
(CD31 and areas of intratumoral hemorrhage) in 39 cases of PHEOs in the quantitative
fashion. We then compared the results with pheochromocytoma of the adrenal gland
scaled score (PASS), grading system for pheochromocytoma and paraganglioma (GAPP)
and the status of intra-tumoral catecholamine-synthesizing enzymes (TH, DDC, and PNMT)
as well as their clinicopathological factors. Intratumoral CD8 (p = 0.0256), CD31 (p =
0.0400), and PNMT (p = 0.0498) status was significantly higher in PHEOs with PASS <4
than PASS >4. In addition, intratumoral CD8"* lymphocytes were also significantly more
abundant in well-than moderately differentiated PHEO according to GAPP score (p =
0.0108) and inversely correlated with tumor size (p = 0.0257). Intratumoral CD68™ cells were
significantly higher in PHEOs with regular or normal histological patterns than those not (p =
0.0370) and inversely correlated with tumor size (p = 0.0457). The status of CD163 was
significantly positively correlated with that of CD8 positive cells (p = 0.0032). The proportion
of intratumoral hemorrhage areas was significantly higher in PHEOs with PASS 24 (p =
0.0172). DDC immunoreactivity in tumor cells was significantly positively correlated with
PASS score (p = 0.0356) and TH status was significantly higher in PHEOs harboring normal
histological patterns (p = 0.0236) and cellular monotony (p = 0.0219) than those not. Results
of our present study did demonstrate that abundant CD8* and CD68™ cells could represent
a histologically low-scored tumor. In particular, PHEOs with increased intratumoral
hemorrhage should be considered rather malignant. In addition, abnormal
catecholamine-producing status of tumor cells such as deficient PNMT and TH and
increased DDC could also represent more aggressive PHEOs.

Keywords: pheochromocytoma, pathology, immunohistochemistry, tumor microenvironment, angiogenesis
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INTRODUCTION

Pheochromocytomas (PHEOs) and paragangliomas (PGLs) are
relatively rare tumors originating from the adrenal medulla at
proximately 2 to 9.1 per 1 million adults frequently associated
with cardiovascular complications due to excessive catecholamine
production (1-3). The difference between PHEOs and PGLs
depends on the primary sites, i.e., intra- or extra-adrenal glands
(4), and the former one termed as PHEOs (5). It is generally
extremely difficult to differentiate benign from malignant PHEOs
based upon clinical or even histopathological findings, and all
PHEOs are currently considered potentially malignant tumor in
the WHO 2017 classification (6). However, toward establishing
more accurate histopathological diagnosis of PHEOs, Thompson
et al,, proposed a novel scoring system for the patients with PHEOs,
i.e., PASS (pheochromocytoma of the adrenal gland scaled score)
system, composed of twelve different histological features (7). This
system has been frequently used for discerning malignancy in
PHEOs, and PASS of 24 was proposed to be malignant or
biologically more aggressive than those with PASS <4 (7).
However, it is also true that there have been controversies
regarding the application of this system into the differential
diagnosis between benign and malignant PHEOs including its
reproducibility (7). Kimura et al. subsequently proposed another
system to access malignant potential of PHEOs, i.e., GAPP
(grading system for pheochromocytoma and paraganglioma) (8).
This system used both histological and clinical parameters including
histological patterns, cellularity, comedo-type necrosis, capsular/
vascular invasion, proliferative index (Ki-67) and catecholamine
type. According to the GAPP system, PEHOs were subclassified into
well-differentiated (WD), moderately differentiated (MD), or poorly
differentiated tumor (PD), and this classification has been then
used widely.

The tumor microenvironment (TME) has been reported to play
pivotal roles in many human malignancies in tumorigenesis,
progression, and metastasis and recently also explored as
therapeutic targets (9). Histopathologically, TME is well known to
be composed of a number of cellular components including
inflammatory cells, blood vessels, fibroblasts, and others (10, 11).
Of those components above, both T lymphocytes and macrophages
have been generally considered to play pivotal roles in biological
features of the patients (12, 13). In benign adrenocortical tumors,
we previously demonstrated that cortisol-producing adenomas
harbored higher immune cell infiltration and angiogenic markers
than other hormone-producing adenomas (14). In adrenocortical
carcinomas, tumor infiltrating T cells were also reported to be
correlated with better overall survival (15). However, little has been
known on TME in PHEOs at this juncture even in contrast to
adrenocortical neoplasms above, although aggressive PHEOs were
reported to harbor lower number of S100 positive sustentacular
cells and increased angiogenesis (16-18). Therefore, in this study,
we explored various TME relevant markers (CD4, CD8, CD68,
CD163, and S100p), angiogenic markers (CD31, intratumoral
hemorrhage area) and catecholamine-synthesizing enzymes (TH,
DDC, and PNMT) of the tumors and compared the results with
GAPP and PASS scoring systems, other clinicopathological factors
of individual cases of 39 PHEOs in order to explore the possible

correlation between the status of catecholamine production and
TME and angiogenesis.

MATERIALS AND METHODS

Pheochromocytoma Cases

We sstudied 39 adrenal PHEO patients operated at Tohoku University
Hospital, Sendai, Japan from 2012 to 2019. Following the evaluation
of 24 h urinary levels of metanephrine and normetanephrine, the
diagnosis of PHEO was confirmed by their increased levels of at least
three times than the normal range (2). We also applied PASS and
GAPP in their histological diagnosis. Clinicopathological features of
these patients examined were summarized in Table 1. Clinical
information is not available due to the relatively new cases. Two
patients experienced recurrence and one of them died. The present
research protocol was approved by the Institutional Review Board
(IRB) of Tohoku University School of Medicine (2018-1-669).

Immunohistochemistry and Its Evaluation

Hematoxylin and eosin (H&E) staining and immunohistochemistry
(IHC) were both performed in the specimens fixed in 10% buffered
formalin and embedded in paraffin. The protocols for individual
IHC markers used in our present study were summarized in Table
2. All the H&E and THC sections were digitally scanned by Image
Scope AT2 (Leica, Wetzler, Germany). Nuclear immunoreactivity
of CD4, CD8, CD68, CD163, and S100p were all evaluated by the
percentage of positive cells in tumoral parenchyma by manual
analysis (19-22). Ki-67 labeling index was evaluated after
identifying hot spot of the whole tumor (23). Microvascular
density (MVD) was evaluated by counting the number of CD31-
positive vessels within 0.75 mm? and highest expressed tumor area
(24). Immunoreactivity of catecholamine-synthesizing enzymes
including tyrosine hydroxylase (TH), dopa-decarboxylase (DDC),
and phentolamine-N-methyltransferase (PNMT) was all digitally
and quantitatively evaluated by using “HALO'™ CytoNuclear
ver.1.5” (Indica Laboratories, Corrales, NM, USA) image analysis
(25, 26). The positive cells were tentatively classified into the

TABLE 1 | Clinicopathological factors in PHEO patients.

Clinical factors Average (range)

Age (years) 56 (39-79)
Gender: Female/Gender 25/14

BMI (kg/m?) 22.7 (15.48-31.49)
Tumor size (mm) 45.3 (20-100)
Tumor location: left/right 24/15
Duration of hypertension (years) 9.3 (0-25)
Plasma AD (ng/ml) 0.16 (0.01-0.742)
Plasma NAD (ng/ml) 1.8 (0.1-12)
24-h urine MN (mg/day) 1.7 (0.01-11)
24-h urine NMN (mg/day) 4.1 (0.01-26)
24-h urine AD (ug/day) 1156.7 (1.9-510)

24-h urine NAD (ug/day) 775.9 (42.6-4200)

Gender and tumor location were described as the number of persons.

AD, adrenaline; NAD, noradrenaline; DA, dopamine; MN, metanephrine; NMN,
normetanephrine; BMI, body mass index.

Normal range reference: plasma AD: 0-0.17 ng/mi; plasma NAD, 0.15-0.57 ng/ml; 24-h
urine adrenaline, 1.1-22.5 mcg/day; 24-h urine noradrenaline, 29.2-118.0 mcg/day; 24-h
urine metanephrine, 0.05-0.20 mg/day; 24-h urine normetanephrine, 0.10-0.28 mg/day.
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TABLE 2 | IHC protocols.

Antibody Host Clone Dilution Antigen Source
retrieval
CcDh4 Rabbit EPR6855 1:400 AC Abcam
CcD8 Mouse M7103 1:50 AC Dako
CD68 Mouse MO0876 1:100 Trypsin Dako
CD163 Mouse M3527 1:600 AC Dako
S100p Rabbit - 1:9,000 - Dako
CD31 Mouse M0823 1:100 AC Dako
Ki67 Mouse M7240 1:100 AC Dako
TH Mouse T1299 1:2,000 MW Sigma
DDC Rabbit AB136 1:500 - Millipore
PNMT Mouse Ab119784 1:2,000 - Abcam

AC, autoclave 121°C 5 min, pH = 6 buffer; MW, microwave 500 W 20 min, pH = 6 buffer.

following four categories based on the levels of their relative
immunointensity: negative as “0”, weak as “+1”, moderate as
“+27, and strong as “+3”. H-score was subsequently calculated
based on the following formula; £ (Number of the individual
gradients of the positive cells X Score 1+, 2+, 3+)/Total cells)
X100 (27-29). The evaluation of intratumoral hemorrhage area
was also performed by using HALO software above according to the
classifier system on H&E stained tissue sections (25). Under this
system, tumor areas were tentatively classified into two portions:
tumor and intratumoral hemorrhage areas (Figure 1). Hemorrhage
in the central vein and ubiquitous necrosis were both carefully

excluded in this analysis. The final value of intratumoral
hemorrhage was the ratio of intratumoral hemorrhage against the
whole tumor area.

Statistical Analysis

We analyzed the correlations among TME relevant markers,
angiogenic markers, catecholamine-synthesizing enzymes,
histopathological score, and clinicopathological factors by
Spearman’s test. The differences of TME relevant markers,
angiogenic markers, and catecholamine-synthesizing enzymes in
individual PASS and GAPP factors were all analyzed using Mann-
Whitney’s test. We defined the significance as P-value <0.05. All
the tests were analyzed using the software “JMP Pro ver. 14.0.0”.

RESULTS

Comparison of PHEOs Between PASS =>4
and PASS <4

Representative images were illustrated in Figure 2. Results were
summarized in Figure 3. CD31-positive vessels (p = 0.0400),
CD8 positive cells (p = 0.0256), S100p positive cells (p = 0.0353),
and PNMT immunoreactivity (p = 0.0498) were all significantly
higher in PHEOs with PASS <4 than those with PASS 24. The

the whole tumor area.

FIGURE 1 | The analysis of intratumoral hemorrhage area. H&E stained section and hematoxylin-stained section are present in (A, B). There were several
intratumoral hemorrhage areas with gray color in (B). Because the hemorrhage is composed of red blood cells that did not have a nucleus, it cannot be stained by
hematoxylin. We used classifier system in HALO software to recognize the normal tumor area (blue) and the intratumoral hemorrhage area (gray). After analysis, the
software can divide the tissue into two colors: red for tumor and green for hemorrhage (C). Finally, we can calculate the ratio of intratumoral hemorrhage area against

FIGURE 2 | Representative IHC images of PHEOs. (A) CD31, (B) CD4, (C) CD8, (D) CDES, (E) CD163, (F) S100p, (G) TH, (H) DDC, (I) PNMT.
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ratio of intratumoral hemorrhage was significantly higher in
PHEOs with PASS 24 than PASS <4 (p = 0.0172).

Comparison Between Well and Moderately
Differentiated PHEOs According to GAPP
Analysis

Analysis based on GAPP scores revealed as follows: 26 well-
differentiated (WD), 13 moderately differentiated, and no poorly
differentiated PEHOs (Figure 3). Both PNMT immunoreactivity
(p = 0.0219) and CD8 positive cells (p = 0.0108) were
significantly higher in WD- than MD-PHEOs. Tumor size was
significantly smaller in WD- than MD-PHEOs (p = 0.0059). No
other significant correlations were detected.

Comparison of TME, Angiogenesis, and
Catecholamine-Synthesizing Enzymes With Results
of PASS and GAPP Factors in Individual PHEOs

The histopathological factors of PASS and GAPP scoring systems
were summarized in Table 3. Among individual factors of the
PASS systems, the following were the numbers of positive
individual cases per each factor: large nests of cells or diffuse
growth in 10% of tumor: six; necrosis: three; high cellularity:
four; cellular monotony: two; presence of spindle shaped tumor
cells: two; increased mitotic figure (> 3 per 10 high power fields):
zero; atypical mitosis: one; extension of tumor into adjacent fat:
three; vascular invasion: 13; capsular invasion: five cases;
profound nuclear pleomorphism: five; nuclear hyperchromasia:
three (Supplemental File 1).

Among the six GAPP factors examined in 39 PHEOs in our
present study, 13 demonstrated abnormal histological features, 11 low
cellularity (<150/HPF), 19 moderate cellularity (150-250/HPF) and
nine high cellularity (>250/HPF), one comedo-necrosis, 13 capsule or
vascular invasion, 26 low Ki-67 LI (<1%), nine moderate Ki-67 LI (1-
3%) and four high Ki-67 LI (>3%), 10 norepinephrine predominant
secretion (Supplemental File 2). CD68 positive cells were
significantly higher in PHEOs with normal histological patterns
than those with abnormal patterns (p = 0.0370). DDC in tumor
cells was significantly more abundant in PHEOs with capsule or
vascular invasion than those without (p = 0.0172). TH in tumor cells
was significantly more abundant in PHEOs with normal histological
patterns than PHEOs with abnormal patterns (p = 0.0236).

Correlations Among TME Relevant Markers,
Angiogenic Markers, and Catecholamine-
Synthesizing Enzymes

Results were summarized in Table 4. CD163 positive cells were
significantly positively correlated with CD4 (p = 0.0405) and
CD8 (p = 0.0032) positive cells in the tumor. The ratio of
intratumoral hemorrhage areas was inversely correlated with
CD31-positive vessels (p = 0.0785). CD8 positive cells were
significantly inversely correlated with GAPP score (p =
0.0018). CD68 positive cells were positively correlated with TH
(p = 0.0901) and DDC (p = 0.0168) immunoreactivity in tumor
cells. S100p positive cells were significantly inversely correlated
with PASS (p = 0.0205) and GAPP (p = 0.0217) scores.
Hemorrhage score was significantly positively correlated with
PASS score (p = 0.0059). DDC was positively correlated with

TABLE 3 | PASS and GAPP systems.

PASS factors Score
Large nests or diffuse growth (>10% of tumor volume) 2
Necrosis 2
High cellularity 2
Cellular monotony 2
Presence of spindle-shamed tumor cells 2
Atypical mitotic figures 2
Greater than 3 mitotic figures 2
Extension of tumor into adjacent fat 2
Vascular invasion 1
Capsular invasion 1
Profound nuclear pleomorphism 1
Nuclear hyperchromasia 1
Total 20
GAPP factors Score
Histological pattern:

Zellballen 0
Large and irregular cell nest 1
Pseudorosette 1
Cellularity:

Low (<150 cells/U) 0
Moderate (150-250 cells/U) 1
High (>250 cells/U) 2
Comedo necrosis:

Absence 0
Presence 2
Vascular or capsular invasion:

Absence 0
Presence 1
Ki-67 labeling index:

<1% 0
1-3% 1
>3% 2
Catecholamine type:

Epinephrine type (E or E + NE) 0
Norepinephrine type (NE or NE + AD) 1
Non-functioning type 0
Total maximum score 10

U, number of tumor cells under x400 magnification; E, epinephrine; NE, norepinephrine.

PASS score (p = 0.0365) but PNMT was inversely significantly
correlated with PASS (p = 0.0632) and GAPP score (p = 0.0003).

Correlations of TME Relevant Markers,
Angiogenic Markers With
Clinicopathological Factors in PHEOs

The correlations among TME relevant markers, angiogenic
markers and catecholamine-synthesizing enzymes and
clinicopathological factors were summarized in Table 5.
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TABLE 4 | Correlations among TME-relevant, angiogenetic markers, and catecholamine-synthesizing enzymes.

CD31 CD4 CcD8 CDé68 CcD163 S$100 Ki-67 TH DDC PNMT PASS score GAPP score
CD31 p =0.0013 p =-0.0277 p =-0.0737 p =-0.1980 p=-0.0119
p = 0.9938 p = 0.8688 p = 0.6647 p =0.2333 p =0.9436
CD4 p =0.1069 p =-0.1340 p=-0.1138 p =0.2804 p =-0.1894 p=-0.1110
p = 0.5230 p =0.4160 p = 0.4905 p =0.0881 p =0.2482 p =0.5013
CcD8 p = —0.0650 p =0.0395 p =-0.0312 p=-0.1795 p=0.1672 p=-0.1714 p =-0.4839
p = 0.6982 p=0.8114 p = 0.8505 p =0.2743 p =0.3156 p = 0.2969 p =0.0018*
CD68 p =-0.0629 p =0.0759 p =0.1822 p =0.2751 p = 0.3806 p =0.2041 p=0.0612 p=-0.1848
p=0.7077 p = 0.6460 p = 0.2669 p = 0.0901 p =0.0168" p =0.2191 p=0.7113 p = 0.2600
CD163 p =0.0460 p =0.3296 p = 0.4604 p = -0.0200 p =0.0435 p =0.0022 p =0.0058 p =-0.1593 p =-0.1668
p =0.7839 p = 0.0405* p = 0.0032* p = 0.9036 p =0.7925 p = 0.9893 p =0.9724 p = 0.3327 p=0.3103
S100p p =0.1404 p =0.2008 p =0.2642 p =0.0277 p =0.1054 p =-0.0108 p =-0.0420 p =0.2185 p =-0.3699 p = -0.3665
p = 0.4005 p =0.2203 p=0.1041 p = 0.8669 p =0.5232 p=0.9478 p = 0.7996 p=0.1875 p = 0.0205* p=0.0217*
Ki-67 p =-0.0841 p=0.1014 p = 0.0039 p =0.0863 p=0.1623 p =-0.2206 p=0.1977 p =-0.0012 p =0.0028 p=0.2319 p =0.2909
p = 0.6206 p =0.5445 p=0.9813 p = 0.6063 p = 0.3304 p=0.1832 p =0.2341 p = 0.9943 p=0.9867 p=0.1612 p =0.0764
Hemorrhage p =-0.2955 p =-0.1605 p = 0.0630 p =0.0667 p =0.0454 p =-0.1501 p =-0.1555 p = 0.0055 p=0.1228 p=-0.0125 p =0.4385 p =0.0575
p =0.0758 p = 0.3358 p =0.7070 p = 0.6909 p =0.7865 p = 0.3684 p = 0.3581 p =0.9740 p = 0.4625 p=0.9417 p = 0.0059* p=0.7317
PASS score p =-0.1492 p =0.3376 p = -0.3044
p = 0.3648 p = 0.0356* p = 0.0632
GAPP score p =-0.1598 p =0.1808 p = -0.5580
p=0.3313 p =0.2708 p = 0.0003*
*o < 0.05.
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TABLE 5 | Correlations among TME-relevant markers, plasma, and urine catecholamines and clinicopathological factors.

Plasma AD Plasma NAD Urine AD Urine NAD Tumor size
CD31 p =0.0415 p=0.1627 p =-0.0875 p=0.1179 p = -0.0226
p =0.8075 p = 0.3668 p=0.6119 p = 0.4935 p = 0.8957
CD4 p =-0.0677 p =-0.0748 p = 0.0937 p =0.0254 p =-0.0235
p = 0.6863 p = 0.6556 p =0.5814 p =0.8815 p = 0.8901
CD8 p=0.3175 p=-0.0718 p=0.2197 p =-0.1190 p = -0.3665
p = 0.0521 p = 0.6683 p=0.1914 p = 0.4829 p = 0.0257*
CD68 p=0.2738 p =0.1993 p =0.1496 p=-0.1107 p =-0.3305
p = 0.0962 p = 0.2303 p =0.3768 p=0.5142 p = 0.0457*
CD163 p =0.0359 p =0.0638 p =-0.0211 p=0.0318 p =0.0638
p = 0.8304 p =0.7035 p =0.9013 p =0.8519 p =0.7077
S$100p p =0.0141 p = 0.0464 p =0.0598 p =0.0537 p =-0.4676
p = 0.9331 p =0.7820 p =0.7254 p =0.7523 p = 0.0035*
Ki-67 p =-0.0145 p =-0.1544 p = 0.0049 p =-0.2530 p =-0.0181
p =0.9322 p =0.3616 p=0.9774 p =0.1365 p =0.9168
Hemorrhage p =0.0425 p=-02718 p =0.0644 p=-0.2752 p = 0.0595
p = 0.8028 p =0.1037 p = 0.7091 p =0.1043 p = 0.7301
TH p = -0.0956 p=0.1085 p =-0.2388 p=-0.1183 p=-03171
p =0.5679 p =0.5169 p =0.1547 p = 0.4856 p = 0.0558
DDC p =-0.1402 p=0.1288 p=-0.1721 p =0.0782 p=-0.1125
p =0.4010 p = 0.4408 p = 0.3083 p = 0.6453 p =0.5075
PNMT p = 0.2564 p=-0.2727 p =0.3052 p = -0.3586 p =-0.5290
p =0.1256 p =0.1025 p = 0.0703 p =0.0318" p = 0.0009"
PASS score p =-0.0269 p =-0.1252 p = -0.0056 p=-0.1274 p =0.2961
p =0.8726 p = 0.4539 p =0.9739 p = 0.4523 p =0.0710
GAPP score p =-0.3787 p = 0.0396 p=-0.3115 p =0.0977 p =0.6316
p =0.0191" p =0.8136 p = 0.0605 p = 0.5653 p = 0.0006"
*p < 0.05.

Plasma adrenaline levels were significantly positively correlated
with CD8 (p = 0.0521) and CD68 (p = 0.0962) positive cells and
significantly inversely correlated with GAPP score (p = 0.0191).
Urinary AD was inversely correlated with GAPP score (p =
0.0605). PNMT expression was significantly inversely correlated
with urinary NAD (p = 0.0318). Tumor size was significantly
inversely correlate with CD8 (p = 0.0257), CD68 (p = 0.0457),
$100 (p = 0.0035), PNMT (p = 0.0009) and positively correlated
with PASS (p = 0.0710) and GAPP score (p = 0.0006).

DISCUSSION

TME including tumor infiltrating lymphocytes (TILs), tumor-
associated macrophages (TAMs) as well as angiogenesis has all
been reported to play pivotal roles in not only clinical but also
therapeutic outcomes in various human malignancies. However,
TME and other relevant phenomena have not necessarily been
well studied in adrenal medullary tumor including PHEOs
although decreased S100 was detected in benign PHEOs (17,
18, 30). In our present study, we did compare the status of S100
positive cells with results of PASS analysis and obtained similar
findings reported above (7). Both PASS and GAPP scoring
systems have been used relatively widely for surgical
pathologists to evaluate the malignant potential of the patients
with PHEOs. PASS score could be obtained only from routinely
available histopathological findings and tumor with PASS of four
or more than four score was considered malignant (7). However,

relatively marked inter- and intra-observer variations have been
reported in application of PASS scoring system (31). Therefore,
we also employed GAPP system as well, which included not only
morphological features but also catecholamine secretary
phenotypes and Ki-67 labeling index (8), in order to further
explore the malignant potential of PHEOs in a more precise
fashion (32).

In this study, we firstly evaluated the details of TILs. The
status of CD8" T1ILs has been generally reported to be correlated
with better prognosis (33-35). Our results did demonstrate that
CD8" TILs could play pivotal roles in possible biological
behavior of PHEOs and its abundance could also represent
relatively benign tumors as reported in other human
malignancies (33-35). However, it awaits further investigations
for clarification.

Dendritic cells activated anti-tumor CD8" T lymphocytes
(CTLs) by presenting tumor antigen and then effector CTLs
executed its roles of eliminating tumor cells (36). CTLs can
induce an apoptosis of tumor cell by FasL pathway and can also
release some cytokines to induce cytotoxicity in tumor cells (37).
In our present study, we demonstrated an inverse correlation
between CTLs and tumor size, which indicated that CTLs could
suppress the expansion of tumor. However, CTLs were also
suppressed in malignant PHEOs possibly by excessive
catecholamine derived from tumor cells, themselves (38).
Catecholamine was reported to suppress T lymphocyte such as
T-helper 1/2, cytotoxic CD8"T-lymphocytes and NK cells (39-
41). Both epinephrine and norepinephrine were also reported to
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exert inhibitory effects on T-cell proliferation due to chronic
mild stress in mice (42). Therefore, results of our present study
also indicated that CTLs could be suppressed by excessive
catecholamine produced by malignant PHEOs. In addition, in
our present study, CD68" cells were significantly higher in
PHEOs with normal histological patterns and negatively
correlated with tumor size. Intratumoral CD163 positive cells
were significantly positively correlated with the status of
intratumoral CD4 and CD8 infiltrating cells. Macrophages
constituted the great majority of cellular components in tumor
stroma with noticeable plasticity and could be further
subclassified into M1 and M2 phenotypes (37). M1
macrophages were classically defined as activated macrophages
and reported to play pro-inflammation roles resulting in overall
antitumor effects (37, 43, 44). On the other hand, M2
macrophages were reported to have opposite roles toward M1
macrophages resulting in pro-tumor effects (37, 44, 45). In
addition, the differentiation to M1 or M2 macrophages was
reported to be dependent on cytokines (44). For instance,
differentiation to M1 macrophages could be induced by IFN-y
TNF-0,, IL-8, and IL-12 secreted from CTLs. M2 macrophages
were reported to be induced by STAT3, IL4, and IL-10 and to
subsequently suppress T cell function. In addition, M2
macrophages were the representative subtypes of macrophages
in TME of most human malignancies including breast, urinary
bladder, and prostate carcinoma (46, 47). Results of our present
study did demonstrate that TAMs in PHEOs could be
predominantly reprogrammed into CD68"M1 rather than
CD163+M2 macrophages, which exerted potential anti-
tumoral effects by secreting different cytokines (44,
48). However further investigations are required to clarify
the details.

Recently, TILs have been also reported to be associated with
overall survival and recurrence-free survival of the patients with
adrenocortical carcinomas (ACCs). However, of particular
interest, the difference between ACCs and PHEOs was that not
only CD8" but also CD4" T lymphocytes were related to
relatively better clinical outcome in the patients with ACCs
(15). CD4" T cells are helper T cells, stimulating CTLs
activities (37). In addition, ACCs were also relatively frequently
detected in childhood and increased TILs were reported in those
young ACCs patients than adults (49). The most notable
difference between ACCs and PHEOs was considered the
effects of different hormones on TILs. The great majority of
PHEOs were characterized by catecholamine excess, which could
suppress T-cell activity. On the other hand, ACC was
characterized by the excessive steroids including relatively
abundant precursor steroids and steroid hormones could in
general hamper anti-tumor roles of T-cells (50-53). Therefore,
tumor microenvironment could be influenced by those
hormones secreted by tumor cells, but it awaits further
investigations for clarification.

Angiogenesis is indispensable and pivotal for tumor growth,
invasion and metastasis (54). Hypoxia has been reported one of
the most pivotal causes of angiogenesis in PHEOs (55). Increased
endothelial growth factor (VEGF) has been reported in

malignant PHEOs and to be associated with hypoxia inducible
factor (HIF) (56-59). PHEOs have been well known to be
associated with increased angiogenesis due to pseudohypoxic
signaling pathway (60). Among the factors involved in this
pathway, SDHXs were the most susceptive genes (60).
Pseudohypoxic subtype has been also reported to be associated
with aggressive biological behavior (60). The pathophysiological
features of this particular phenotype could therefore promote the
neoplastic angiogenesis. In our present study, intratumoral
hemorrhage was abundantly detected in histologically high-
graded tumors, which could also result in relatively low CD31
status in histologically low-graded tumors. However, genetic
testing was not performed as a routine in our institution and
this could also represent the limitation of our present study.

In general, norepinephrine-producing PHEOs were reported
to accompany PNMT deficiency which is considered to be less
differentiated than epinephrine-producing PHEOs (7, 17).
Dopamine-secreting PHEOs were also considered less
differentiated or immature and had a high prevalence of
malignancy (59, 60). Results of our present study were also
consistent with those findings above. The absence of TH in some
PHEOs in our present study could not only result in non-
functional nature of the tumors but also in increased
aggressive biological behavior (61, 62). Therefore, the
abnormal elevation of plasma dopamine or the absence of TH
immunoreactivity in PHEOs could indicate more aggressive
biological behavior of the tumor.

It is true that there are several limitations in our present study.
The number of the cases examined was relatively small. In
addition, the cases examined were relatively new cases which
could make it difficult to obtain the long-term clinical outcome of
the patients. Genetic testing was not performed routinely in our
hospital. Therefore, those above were considered limitations of
this study. Further investigations are also required to clarify the
detailed mechanisms of interaction between TME and tumor
cells in PHEOs.

In summary, we firstly presented detailed features of TILs and
TAM:s in PHEOs. CD8 and CD68 could also serve as biomarkers
of well-differentiated or histologically low-scored PHEOs.
Benign PHEOs harbored smaller sized tumor than malignant
ones, also related both TILs and TAMs. Poorly differentiated
PHEOs had increased incidence of intratumoral hemorrhage and
the absence of TH in tumor cells.
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Pheochromocytomas and paragangliomas (PPGLs) are rare neuroendocrine tumors
originating from chromaffin cells in the adrenal medulla (PCCs) or extra-adrenal
sympathetic or parasympathetic paraganglia (PGLs). About 40% of PPGLs result from
germline mutations and therefore they are highly inheritable. Although dysfunction of any
one of a panel of more than 20 genes can lead to PPGLs, mutations in genes involved in
the VHL/HIF axis including PHD, VHL, HIF-2A (EPAST), and SDHx are more frequently
found in PPGLs. Multiple lines of evidence indicate that pseudohypoxia plays a crucial role
in the tumorigenesis of PPGLs, and therefore PPGLs are also known as metabolic
diseases. However, the interplay between VHL/HIF-mediated pseudohypoxia and
metabolic disorder in PPGLs cells is not well-defined. In this review, we will first discuss
the VHL/HIF axis and genetic alterations in this axis. Then, we will dissect the underlying
mechanisms in VHL/HIF axis-driven PPGL pathogenesis, with special attention paid to the
interplay between the VHL/HIF axis and cancer cell metabolism. Finally, we will summarize
the currently available compounds/drugs targeting this axis which could be potentially
used as PPGLs treatment, as well as their underlying pharmacological mechanisms. The
overall goal of this review is to better understand the role of VHL/HIF axis in PPGLs
development, to establish more accurate tools in PPGLs diagnosis, and to pave the road
toward efficacious therapeutics against metastatic PPGLs.

Keywords: pheochromocytomas, paragangliomas, VHL, HIF, metabolism, inhibitor

INTRODUCTION

Pheochromocytomas (PCCs) are catecholamine-secreting tumors that originated from the
chromaffin cells in the adrenal medulla. Paragangliomas (PGLs) are neural crest-derived
neuroendocrine neoplasms originating from extra-adrenal sympathetic or parasympathetic
ganglia (1). Both PCCs and PGLs are collectively known as PPGLs. PPGLs are rare tumors with
the incidence rate between 0.2 and 0.8 per 100,000 (2-4) with great clinical manifestations (5). Due
to elevated levels of catecholamines in the circulation, the common clinical presentations of PPGLs
include episodes of headache, sweating, palpitation, and hypertension. In addition, about 10% of
PCCs are metastatic (6) and 40% of PGLs are considered as metastatic disease (7, 8).
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Etiologically, about 70%-80% of PPGLs are caused by genetic
abnormalities which affect different signaling pathways (9).
Approximately, 40% of PPGLs result from germline mutations,
and therefore they are highly inheritable (10). Although
dysfunction of any of these related susceptible gene products
can lead to PPGLs, mutations in the genes encoding the VHL/
HIF axis such as VHL, HIF, and PHD are more commonly found
in PPGLs (11). Moreover, multiple lines of evidence suggest that
pseudohypoxia plays a crucial role in the tumorigenesis of
PPGLs. In this review, we will discuss the genetic alterations
affecting the VHL/HIF axis and dissect the underlying molecular
mechanisms in pseudohypoxia signaling and PPGLs. We will
also summarize the currently available compounds or drugs
targeting VHL/HIF axis, their specific targets, and
pharmacological mechanisms.

THE VHL/HIF AXIS

The Von Hippel-Lindau (VHL) gene located on 3p25.5 encodes
an ancient tumor suppressor, pVHL. Although pVHL functions
in both physiology and pathology, as a component of an E3
ubiquitin-ligase complex, pVHL plays a determinant role in the
degradation of hypoxia-induced factors (HIFs) including HIF-
la, HIF-20, and HIF-30. The roles of HIF-1ar and HIF-2o in
sensing and facilitating cellular adaptation to hypoxic conditions
as well as their underlying molecular mechanisms are well-
established (12). However, much less is known about HIF-30.
Functionally, HIF-1o and HIF-2a heterodimerize with HIF-3 by
HLH domain, which is also known as ARNT, to transcriptionally
regulate a wide spectrum of HIF target genes. Both HIF-o and

HIF-B belong to the basic helix-loop-helix-Per-ARNT-Sim
(bHLH-PAS) family. They contain a basic DNA binding
domain, a conserved NH,-terminal domain (N-TAD), and two
specialized transactivation domains located in their variable
COOH-terminal domains (C-TAD) (13) (Figure 1). The
asparagine residue (N803) in the C-TAD of HIF-o. can be
hydroxylated by factor-inhibiting HIF (FIH) to interrupt its
interaction with CREB-binding protein (CBP)/p300, an
essential coactivator of HIF (14-16). The N-TAD also contains
an oxygen-dependent domain (ODDD), in which a few prolyl
residues (Pro-402 and Pro-564 in HIF-10; Pro-405 and Pro-531
in HIF-201) are selectively hydroxylated under normoxic
condition and hydroxylated HIFs are subsequently degraded
(17-20). The enzymes responsible for HIF-o. hydroxylation
belong to the egg-laying-defective nine (EGLN) family known
as PHD1, PHD2, and PHD3 because they all contain a prolyl-4-
hydroxylase domain. These enzymes are dioxygenases and use
both molecular oxygen and Fe** as their co-substrates to catalyze
HIF-o hydroxylation.

The VHL/HIF axis responses to reduced oxygen
concentration or hypoxia. Although HIF-1ot and HIF-2o have
about 48% sequence similarity, they regulate two different groups
of target genes with limited overlap mainly due to their dissimilar
transactivation domains (21, 22). In addition, HIF-1o is widely
expressed, while HIF-20. is only expressed in certain cell types
(23, 24). For example, the genes involved in glucose metabolism
are mainly regulated by HIF-1c.. HIF-20 plays a more important
role in the adjustment to high altitudes and the regulation of
EPO expression (25, 26). As mentioned above that compared to
HIF-1o and HIF-20, much less is known about HIF-30. Since it
lacks the transactivation domain (27), HIF-3a likely does not
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transcriptionally regulate its target genes. Overall, the levels and
functions of both HIF-1o. and HIF-20. are oxygen-concentration
dependent. Specific proline residues of HIF-1a. and HIF-20. are
hydroxylated by PHD under normoxic conditions. With the
involvement of the molecules such as elongin B, elongin C, cul2,
the hydroxylated HIFs are recognized by the pVHL (28-30),
subsequently ubiquitinated and ultimately degraded (31, 32).
Under hypoxic conditions, the non-hydroxylated HIFs are
dissociated from pVHL, accumulated in the cells, and
subsequently upregulate their target genes transcriptionally.
However, failure in the degradation of HIFs due to either
deletion or mutation of either VHL, HIFs, or PHDs can lead to
dysregulation of HIFs-regulated genes in a variety of diseases
including PPGLs (Figure 2).

DYSREGULATION OF THE VHL/HIF AXIS
AND PPGLs

As mentioned above that mutation in either the three genes
encoding pVHL, HIFs and PHDs can lead to abnormal
accumulation of HIFs. Minor alteration of this axis usually
causes erythrocytosis; whereas major dysregulation of the axis
is associated with tumorigenesis (33). Although a wide spectrum
of tumors including hemangioblastomas, renal cell carcinoma
(RCC), pancreatic neuroendocrine tumor, and PPGLs can result
from dysregulation of the VHL/HIF axis (34-37), this review will
only focus on the relationship between aberrations of these genes
and PPGLs.

VHL Mutations

After the VHL mutations were first described in an ophthalmic
disease (34), multiple studies subsequently confirmed that VHL
mutations can cause a variety of diseases including cancers (35-
37). To honor the contributions of the German ophthalmologist
Eugen von Hippel and the Swedish pathologist Arvid Lindau, the
gene responsible for these diseases is, therefore, named as VHL.
Of note, VHL disease caused by heterozygous germline
mutations is autosomal dominant and almost completely
penetrant (97%) (38). VHL diseases are generally classified into
two types, type 1 (without PCCs) and type 2 (with PCCs). The
type 2 disease is manifested as RCCs, PCCs, central nervous
system, retinal hemangioblastomas, pancreatic neuroendocrine
tumors and pancreatic and renal cysts and can be further divided
into three subtypes (34), PCCs with all types of VHL disease
manifestations without RCC (Type 2A), PCC with all types of
VHL disease including RCC (Type 2B), and isolated PCCs
(Type 2C).

To date, more than 1,000 mutations in VHL gene have been
identified. These mutations can be categorized as missense
mutation (52%), frameshift mutation (13%), nonsense
mutation (11%), in-frame deletion/insertion mutation (6%),
large/complete deletion mutation (11%), and splicing mutation
(7%) (39). The common germline mutations in VHL are
delPhe76, Asn78Ser, Argl61Stop, Argl67Gln, Argl67Trp, and
Leul78Pro (40) (Figure 1). Recently, we reported four missense
mutations in five Chinese unrelated families ¢.239G>T
(p.Ser80Ile), ¢.232A>T (p.Asn78Tyr), c.500G>A
(p-Argl67GlIn), c¢.293A>G (p.Try98Cys), and all four mutations
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predispose the patients to VHL disease (41). Notably, type 2 VHL
disease mainly resulted from missense mutations (85%-92%)
(40, 42), especially mutations in codons 167 and 238, are mainly
associated with PPGLs (43, 44). In contrast, homozygous
germline mutations are rare or barely cause tumors. Sonny
et al. found a ¢.598C>T (p.Arg200Trp) homozygous missense
germline mutation of VHL caused Chuvash polycythemia (45).
In addition, somatic VHL mutations were found in majority
(50%-70%) of clear-cell RCC cases (38).

It has been reported that different mutations in VHL lead to
diverse clinical symptoms (41, 46-49), and sometimes even the
same mutation can lead to different phenotypes (50-53). Since
pVHL has multiple functional domains, one of the potential
explanations for this phenomenon is that a specific mutation
causes particular dysfunction. It appears that missense mutations
are more likely linked with type 2 disease and truncating
mutations are responsible for type 1 disease (54). However, Liu
et al. further stratified the missense mutations as HIF-o binding
site missense mutations (HM) group and non-HIF-o. binding
site missense mutations (nHM) group, and found that the
missense mutations in HM group had similar risks of most
tumors with truncating mutations with the exception that the
HM group had a lower risk of RCC. Moreover, compared to
nHM, missense mutations in HM had a higher risk of pancreatic
cyst or tumor and a lower risk of PCCs (55). Secondly, some
functions of pVHL are O,-independent (56, 57) or unrelated to
HIF regulation, these functions may also be involved in PPGLs
pathogenesis. Michael et al. found that RCCs with deficient
pVHL exhibited deficiency in fibronectin matrix assembly (58).
Intriguingly, Clifford et al. reported that mutations associated
with type 2C phenotype could even promote, rather than inhibit,
HIF-o. ubiquitylation and degradation (39). These findings
altogether supported the notion that disturbing the functions
of pVHL contributes to the development of PPGLs. Additionally,
based on Knudson’s Two-Hit model (59), it is understandable
that the diverse phenotypes of VHL diseases could be the result
of two different “hits”.

The VHL/HIF axis also can be affected by dysregulated
epigenetic modifications such as gene silencing by methylation
of the CpG islands in the promoter of related genes. Indeed,
promoter hypermethylation occurs in about 3%-42% of clear-
cell RCC (60). Adam Andreasson found that the promoter
methylation of the VHL gene is not only elevated in PPGLs
compared with normal tissue (57% vs. 27%) but also significantly
higher in malignancies than that in tumors (63% vs. 55%) (61).
However, the precise molecular mechanisms in the pathogenesis
of PPGLs related to loss-of-function of pVHL are still largely
unknown and therefore need further investigation.

HIF-A Mutations

As mentioned above that HIF-o family composed three
members, HIF-1o, HIF-2a, and HIF-30. But little is known
about HIF-30. Compared with HIF-2A, HIF-1A has relatively
few mutations, ClinVar database (https://www.ncbi.nlm.nih.gov/
clinvar/) only collects 30 records. Morris et al. reported a somatic
mutation (p.Vall16Glu) and a germline missense mutation
(p.-Ala475Ser) of HIF-IA in a clear-cell RCC with VHL

inactivation. Of note, the germline mutation (p.Ala475Ser) was
likely to be a benign variant (62). Furthermore, Gladek et al.
found that HIF-1A Single-Nucleotide Polymorphisms (SNPs) are
association with the phenotypes of many tumors (63). In PPGLs
patients, only copy number aberration (TCGA-QT-A5XP,
https://portal.gdc.cancer.gov/), not HIF-IA mutation, have
been found. On the other hand, both germline and somatic
mutation in HIF-2A have been identified in patients with
polycythemia and/or PPGLs. However, it appears that germline
mutations of HIF-2A including p.Met535Val, p.Gly537Arg,
p.Gly537Trp only leads to polycythemias, not tumors (64, 65).
A gain-of-function germline mutation in HIF-2A alone is not
sufficient for tumorigenesis presumably that simultaneous loss-
of-function in some tumor suppressors is needed. In fact, we
recently reported that germline mutations in HIF-2A
(c.1609G>A, p.Gly537Arg) are responsible for polycythemia
formation and additional somatic VHL mutations are needed
for the development of clear-cell RCC (66). Similarly, a germline
mutation in HIF-2A exon 9 (c.1121T>A, p.F374Y) leads to
polycythemia and predisposes the patients for PPGLs
development (67). In addition, somatic mutations in HIF-2A
appear to be more frequent genetic events in PPGLs (68). For
example, Zhang et al. reported two gain-of-function somatic
mutations (c.1588G>A, p.Ala530Thr and c.1589C>T,
p-Ala530Val) in exon 12 of HIF-2A resulting in paraganglioma
and polycythemia, respectively. Further analyses suggest that
mutations in the vicinity of the hydroxylation site Pro-531 affect
the catalytic activity of PHD and then lead to the interrupted
interaction between HIF-20. and pVHL (69). Moreover, Karel
Pacak et al. reported two somatic mutations of HIF-2A
(c.1595A>G p.Y532C and ¢.1586T>C p.L529P) in patients with
either congenital polycythemia, multiple recurrent PPGLs, or
somatostatinoma (70). We recently found that a gain-of-function
mutation of HIF-2A (c.1589C>T) leads to PPGLs with
polycythemia simultaneously (26) and a mutation in HIF-2A
immediately distal to its DNA binding domain (p.Ser71Tyr) has
been identified in sporadic PPGLs (71) (Figure 1). Germline or
somatic mutations of HIF-2A can be mosaic. Buffet et al.
reported two cases of HIF-2A-related Polycythemia-
Paraganglioma Syndrome resulted from mosaicism mutations.
They found that these patients could present with young age and
multiplicity; and also the mutations could be transmitted to the
offspring (72). In addition, HIF-2A mosaic mutation might be
involved in high secretion of catecholamines and cyanotic
congenital heart disease (73).

Mutation in PHD and Other

Related Factors

Heterozygous germline mutations in PHD2 gene were first
reported in familial erythrocytosis (74, 75). Later, Ladroue
et al. reported a heterozygous loss-of-function mutation of
PHD?2 (c.1121A>G, p.His374Arg) with the development of
both erythrocytosis and recurrent paraganglioma. Functional
analysis indicates that His374 is important in the binding of
cofactor Fe2+, and mutation of this residue is expected to impair
the catalytic function of PHDs (76). Yang et al. reported
heterozygous germline mutations in PHDI (c.188T>A,
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p.Ser61Arg and c.682G>T, p.Ala228Ser) in patients with
polycythemia and PPGLs, respectively. Further research found
that the half-lives of both PHD1 and PHD2 are reduced with
these PHDI mutants (77). These findings collectively
demonstrated that mutant PHDs are indeed associated with
susceptibility to PPGLs. However, compared to VHL and
HIF-A, mutations in PHDs are relatively rare in patients with
PPGLs (78). Additionally, mutations of enzymes in the TCA
cycle can affect VHL/HIF axis indirectly. For example, elevated
levels of HIFs can be caused by the mutations in SDHx, FH,
MDH, and IDH with subsequent accumulation of specific
metabolites and reactive oxygen species (31, 79-89). In
addition, multiple lines of evidence indicated that mutations in
cluster 2 (Kinase Signaling Cluster) genes, including NFI, RET,
TMEM127, ERK, MAX, and H-RAS could affect the VHL/HIF
axis indirectly (90-94), although these mutations were initially
thought to drive PPGLs through the oxygen-independent kinase
signaling pathway, such as mTOR axis.

THE MECHANISMS IN DYSREGULATED
VHL/HIF AXIS AND PPGLs

Under normal physiological conditions, HIFs are degraded
during normoxic condition and HIFs accumulation only occur
during hypoxia. The undegraded HIF-o. translocates to the
nucleus and dimerizes with HIF-B (95). Together with p300/
CBP, the HIF-o/HIF-f heterodimer is recruited to the hypoxia-
responsive elements (HREs) located on the promoter regions of
HIF-regulated targets to transcriptionally upregulate the
expression of the genes including vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), and
glucose transporter (GLUT) (93, 96-98) (Figure 2). The
combined effects of these upregulated gene products result in
an increased supply of blood and nutrients to the hypoxic tissues
and switch glucose metabolism from aerobic to anaerobic
glycolysis. Due to the fast growth of tumor tissues, this process
occurs in all solid tumors (99, 100), and dysregulated VHL/HIF
axis further exacerbate the development of certain tumors such
as PPGLs.

Aerobic glycolysis, also known as Warburg Effect (9, 101,
102), occurs in all solid tumor cells. However, dysregulated VHL/
HIF axis plays a more important role in certain cancer types such
as clear-cell RCC and PPGLs. Pseudohypoxia, mimicking the
hypoxic condition, can affect different cancer processes including
tumorigenesis and malignant transformation by promoting
epithelial-mesenchymal transition and enhancing stem cell-like
property. Of note, metabolic reprogramming can aftect each of
these processes and the role of VHL/HIF axis in cancer metabolic
reprogramming has been well defined. HIF-1 aberrant activation
due to either VHL or PHD mutations increases glucose uptake
and glycolysis with a concomitant decrease in mitochondrial
mass (103). HIF-o,, especially HIF-1q., controls a wide spectrum
of enzymes including GLUT1, GLUT3, hexokinase 1/2, lactate
dehydrogenase-A (LDH-A), and pyruvate dehydrogenase kinase

1 (PDK1) (104-108). Upregulating these enzymes collectively
shifts glycolysis from aerobic to anaerobic (109).

PPGLs are also considered as metabolic diseases due to the
increased secretion of one or more catecholamines (epinephrine,
norepinephrine, and dopamine). Catecholamines play a crucial
role in the regulation of multiple metabolic pathways. Patients
with PPGLs usually manifest with impaired insulin secretion,
increased insulin resistance, elevated lipolysis, and the bone
resorption marker C-terminal telopeptide of type I collagen
(110). Many studies have revealed that oncometabolite such as
succinate, fumarate, and 2-hydroxyglutarate (2HG) are increased
in PPGLs (83, 111, 112). Another study found that compared to
PPGLs without SDHx mutation, PPGLs with a deficient SDH
have 25-fold higher succinate and 80% lower levels of fumarate,
cis-aconitate, and isocitrate (113). Mutation in FH and IDH lead
to the accumulation of fumarate and (R)-2-hydroxyglutarate,
respectively (88, 114). Mechanistically, these oncometabolite
modulate the activity of o-ketoglutarate-dependent
dioxygenases such as PDH, which are involved in the
induction of the pseudohypoxia pathway and activation of HIF
axis (10, 31, 115). In addition, PPGLs with a germline mutation
in genes encoding enzymes in the TCA cycle belong to Cluster I
tumors, characterized by a pseudohypoxia signature (31).
Together with the other intermediate metabolites of the TCA
cycle, succinate can increase the chance of tumor development
and progression through an ill-defined mechanism (83).

Results from more recent researches indicate that HIFs can
regulate non-coding RNA (ncRNA) either directly or indirectly.
Direct regulation is achieved by the recruiting HIFs to the HREs
located on the promoter regions of ncRNAs. Whereas indirect
regulation of ncRNA is achieved by epigenetic modification (116).
One of the HIFs targets microRNA 210 (miR-210) (117)
participates in a variety of biological processes including
carcinogenesis, cancer cell proliferation, apoptosis, angiogenesis,
and metastasis (118-120). On the other hand, miRNA can also
activate HIF via mTOR indirectly. Calsina et al. reported miR-21-3p
can regulate TSC2/mTOR axis in metastatic PPGLs and proposed
that miR-21-3p can be the predictive markers of metastases (121).
In addition, some IncRNA such as H19, MALAT1, HOTAIR, and
IncRNA-SARCC play important roles in the activity of VHL/HIF
axis (122).

INHIBITORS TARGETING THE
VHL/HIF AXIS

Since the VHL/HIF axis plays a critical role in the development
of PPGLs, targeting this axis could be a promising therapeutic
strategy. Multiple reagents targeting the VHL/HIF axis have been
explored and some of them have been applied clinically (123-
127). Among them, the tyrosine kinase inhibitors (TKIs) are
most widely used because TKIs can repress angiogenesis by
inhibiting the VEGF pathway (128-130). Some compounds
targeting the VHL/HIF axis can inhibit tumor growth in both
animal models and clinical trials (Table 1).

Frontiers in Endocrinology | www.frontiersin.org

November 2020 | Volume 11 | Article 586857


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Peng et al.

VHL/HIF Axis in PPGLs

TABLE 1 | The inhibitors targeting the VHL/HIF axis.

Drugs or compounds

Tyrosine kinase inhibitors ~ Sunitinib

Targets or mechanisms

Targeting VEGFR-1,2, PDGFR-,RET, FGFR

Clinical trials for PPGLs (www.clinicaltrials.gov)

NCT01371201, NCT00843037

Sorafenib Targeting RAF kinase, c-KIT, FLT-3, RET, VEGFR1-3, and None
PDGFR-B
Cabozantinib Targeting VEGFR, MET, RET NCT02592356, NCT04400474, NCT02302833
Axitinib Targeting VEGFR NCT01967576, NCT03839498
Lenvatinib Targeting VEGFR, FGFR, RET, c-Kit, PDGFo NCT03008369, NCT02592356
Pazopanib Targeting VEGFR1-3, PDGFR-a.,B, c-Kit NCT01340794
Non-selective HIFs 17-AAG Promoting protein degradation None
inhibitors 17-DMAG Promoting protein degradation None
Vorinostat Promoting protein degradation None
Topotecan Inhibiting translation and transcription activity None
Acriflavine Inhibiting heterodimerization None
2-Methoxyestradiol Inhibiting nuclear translocation and transcriptional activity None
YC-1 Inhibiting protein accumulation and transcription activity None
Doxorubicin/ Inhibiting DNA binding NCT00002764, NCT00002608, NCTO0002641
daunorubicin
HIF-1o inhibitors PX-478 Inhibiting MRNA expression and translation None
EZN-2208 Inhibiting mMRNA expression None
Chetomin Disrupting binding to p300 None
Echinomycin Inhibiting DNA binding None
KC7F2 Inhibiting protein synthesis None
Glyceollins Inhibiting protein synthesis and stability None
Bisphenol A Promoting protein degradation None
LW6 Promoting protein degradation None
PX-12 Promoting protein degradation None
Cryptotanshinone Blocking nuclear translocation None
cyclo-CLLFVY Inhibiting heterodimerization None
Indenopyrazole 21 Inhibiting transcriptional activity None
EZN-2968 Inhibiting MRNA expression and translation None
HIF-20. inhibitors PT2385 Inhibiting heterodimerization None
PT2399 Inhibiting heterodimerization None
PT2977 Inhibiting heterodimerization None

Tyrosine Kinase Inhibitors
To date, more than 40 protein kinase inhibitors have been
approved by the FDA for cancer treatment (131). Several TKIs
including sunitinib, cabozantinib, axitinib, Lenvatinib, and
pazopanib are currently being evaluated in phase II clinical
trials (www.ClinicalTrials.gov). By repressing the tyrosine
kinase receptors, these reagents can inhibit cancer cell growth,
metastasis, and the development of therapeutic resistance (132).
More recently, several case studies and/or clinical trials in small
cohorts suggest that TKIs could be a promising treatment for
metastatic PPGLs or the syndrome-associated PPGLs.
Sunitinib, an orally administered TKI, can target both VEGFR
and PDGEFR (133), and therefore, it could potentially serve as a
therapeutic reagent for PPGLs treatment. Early in vitro studies
showed that sunitinib can repress the growth of PCCs (134),
inhibit both synthesis and secretion of catecholamine (135).
Several clinical trials have suggested that patients with metastatic
PPGLs responded well to sunitinib (136-140). Results from one of
our recent studies also suggested that sunitinib could be an optional
therapy for patients with VHL disease-associated PCCs (141).
Results from the SNIPP trial showed that sunitinib at 50mg daily
benefited most patients with progressive PPGLs. Of 23 evaluable
cases, the disease control rate (DCR) was 83% and median
progression free survival (PFS) was 13.4 months, 3 (13%)

patients with germline variants in RET or SDHx achieved a
partial response (PR), 16 (70%) patients had stable disease (SD)
(142). Currently, a phase II clinical trial (the First International
Randomized Study in Malignant Progressive Pheochromocytoma
and Paraganglioma, FIRSTMAPP) studying the effect of sunitinib
on PPGLs is ongoing. In addition, results from sdhb knockout
tumors bearing mice showed that sunitinib treatment can prevent
tumor growth and vessel development in the first 2 weeks;
thereafter, resistance will develop (143). Another study by using
both in vivo and vitro models demonstrated that sunitinib and
sorafenib can inhibit the growth of PCCs (144, 145). Previous study
reported that a patient with recurrence and metastatic PPGLs
responded well to 12 weeks of sorafenib treatment evidenced by
regressed metastatic and decreased catecholamine level (146).

In addition, cabozantinib also appears to be a promising TKI
for patients with PPGLs, especially for those with bone
metastases. A trial (NCT02302833) enrolled 11 PPGLs patients
with bone metastases is currently ongoing. Preliminary results
identified 4 patients with PR (37%) and 6 patients with SD (55%);
all patients with SD had tumor regression (18%-29%). The DCR
was 92%, PFS was 16 months. None of the patients had any
serious hypertension or cardiovascular events (147). A recent
trial (NCT01967576) showed that 36% of patients with
metastatic PPGLs achieved a PR when treated with axitinib
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(148); while only one of seven patients with metastatic PPGLs
who received pazopanib showed a PR (149). Finally, recruitment
for a phase II clinical trial has just begun to test if lenvatinib can
be used as an anti-angiogenic medication for metastatic PPGLs
(www.ClinicalTrials.gov) (Figure 2).

Although the promising therapeutic effects of TKIs on PPGLs
have been widely reported, the toxicity of TKIs should also be
mentioned. The side effects of TKIs include fatigue, nausea,
thrombocytopenia, hypertension, myocardial infarction, and
restrictive cardiomyopathy and so on. O'Kane et al. reported
that due to severe adverse events, several patients needed to
reduce the dose of sunitinib, and even 20% patients discontinued
trial participation (142). A phase III clinical trial compared the
safety of pazopanib and sunitinib in metastatic RCC, the results
showed that patients treated with sunitinib had a higher
incidence of fatigue, the hand-foot syndrome and
thrombocytopenia than patients treated with pazopanib.
Although the rate of cardiovascular adverse events of
pazopanib were similar to that of sunitinib, the abnormal liver
tests leading to discontinuation in pazopanib-treatment patients
should be noted (139). Furthermore, the tolerance of axitinib was
similar to that of other VEGFR inhibitors. Rini et al. reported
that axtinib more frequently causes hypertension than sorafenib
(40% vs. 29%) (NCT00678392) (140). Similarly, Van Geel et al.
reported that the incidence of hypertension in axtinib-treatment
patients was higher than that in pazopanib-treatment patients
(150). Burotto Pichun et al. reported that even 80% axtinib-
treatment patients developed severe hypertension (148).
Recently, a phase III randomized ATLAS trial assessed the
safety of axitinib versus placebo, axitinib-treated patients had
more grade 3/4 adverse events and discontinuations (151). Taken
together, the safety of TKIs needs to be further evaluated in
the future.

HIFs Inhibitors

Transcription factors including HIFs have been historically
considered undruggable. This is one of the reasons that
research in the pharmaceutical field has been mainly focusing
on HIF’s downstream pathways, such as VEGF. However, based
on the structure of HIF-2a. (152), two compounds PT2385 and
PT2399 targeting HIF-20 were successfully identified (145, 153).
Subsequent in vitro and in vivo studies showed that these
compounds can inhibit the growth of clear-cell RCC (154). A
phase I trial found that for patients with progressive clear-cell
RCC the complete response, partial response, and stabilized
disease to PT2385 were 2%, 12%, and 52%, respectively (155).
It has been proposed that HIF-20. inhibitors possess a great
potential for the treatment of advanced PPGLs (156). These
initial results could also spearhead a multitude of preclinical and
clinical studies assessing the efficiency of the compounds in other
tumor types. In fact, PT2385 has entered its phase II clinical trial
(NCT03108066) evaluating its efficacy in patients with advanced
cancers carrying a VHL germline mutation. Recently, second-
generation allosteric inhibitor of HIF-200 PT2977 (MK-6482)
was identified. Compared to PT2385, PT2977 have increased
potency and improved pharmacokinetic profile (157). The result
of phase I/II trial of PT2977 in 55 patients with advanced RCCs

revealed that 24% patients experienced a confirmed PR and 54%
had SD, with a clinical benefit rate of 78%. Moreover, a PT2977
monotherapy Phase III trial in patients with previously treated
advanced RCC is planned (158). Notably, previous studies
reported that HIF-20 was overexpressed in VHL and in SDH-
related PPGLs compared to HIF-low (159, 160). Therefore,
inhibitors targeting HIF-20. appear to be more promising than
inhibitors targeting HIF-1aL.

Other Compounds Targeting VHL/HIF Axis

Theoretically, any compounds capable of inhibiting the VHL/
HIF axis can potentially become therapeutic reagents for the
treatment of metastatic PPGLs. For example, the HSP90
inhibitors, 17-N-allylamino-17-demethoxy geldanamycin (17-
AAG) and 17-dimethylaminoethylamino-17-
demethoxygeldanamycin (17-DMAG) (161-163), and histone
deacetylase inhibitor, vorinostat (164, 165), are capable of
inducing HIF-o. degradation. Topotecan can downregulate
HIF-o. by inhibiting topoisomerase I (TOP-I) (166-168). Of
note, topotecan has already been used as a therapeutic reagent for
the treatment of metastatic ovarian carcinoma, recurrent small
cell lung cancer, and recurrent cervical cancer (169-171).
Acriflavine can inhibit dimerization between HIF-o. and HIF-f3
and subsequently repress the expression of HIFs target genes
(172). 2-Methoxyestradiol (2-ME), an active metabolite of 1753-
estradiol, can inhibit the synthesis, nuclear translocation, and
transcriptional activity of HIF-o (173, 174). In addition, an
antiplatelet aggregation agent YC-1 can not only suppress HIFs
transcriptional activity by inhibiting p300 recruitment but also
promote HIF-o. degradation by enhancing FIH binding (175).
Finally, two anthracyclines, doxorubicin and daunorubicin, have
been demonstrated to inhibit the expression of HIFs targets
efficiently by interrupting HIF-o recruitment (176).

There are also compounds inhibiting HIF-1ow synthesis. For
example, PX-478 is capable of downregulating both the mRNA
and protein levels of HIF-1a. (177-179). EZN-2208 (PEG-SN38)
can downregulate the expression of HIF-lo in lymphocytic
leukemia (180). By hybridizing with HIF-1oo. mRNA, EZN-
2968, a 3rd generation antisense oligonucleotide, can
specifically inhibit HIF-1c translation (181, 182). Chetomin is
capable of repressing xenograft growth in vivo by disrupting
HIF-1o and p300 interaction (183). Finally, there is a myriad of
compounds including echinomycin, CAY10585, KC7F2,
glyceollins, bisphenol A, LW6, PX-12, cryptotanshinone (CPT),
cyclo-CLLEVY, and indenopyrazoles 21 that have all been
validated as selective inhibitors of HIF-1o. with different
molecular mechanisms (184-196).

CONCLUSION

The VHL/HIF axis plays an important role in oxygen homeostasis
and cellular metabolism in both physiology and pathology.
Dysregulation of this axis due to either germline mutations,
somatic mutations, and epigenetic dysregulation can be involved
in tumorigenesis and progression of different cancer types
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including PPGLs. Mechanistically, by reprogramming metabolic
pathways the abnormally activated HIFs drive cancer cells toward
aerobic glycolysis. Based on the underlying molecular mechanisms
of VHL/HIF axis in PPGLs development, a wide spectrum of
drugs specifically targeting this axis have been and will continue to
be developed as PPGL therapeutics. With a better understanding
of the relationship between VHL/HIF axis and PPGLs, more
accurate diagnosis and prognosis of PPGLs, as well as efficacious
therapeutics against PPGLs, are expected in the near future.
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Half of the patients with phaeochromocytoma have glucose intolerance which could be life-
threatening as well as causing postoperative hypoglycemia. Glucose intolerance is due to
impaired insulin secretion and/or increased insulin resistance. Impaired insulin secretion is
caused by stimulating adrenergic o2 receptors of pancreatic B-cells and increased insulin
resistance is caused by stimulating adrenergic a1 and B3 receptors in adipocytes, a1 and 2
receptors of pancreatic a-cells and skeletal muscle. Furthermore, different affinities to
respective adrenergic receptors exist between epinephrine and norepingphrine. Clinical
studies revealed patients with phaeochromocytoma had impaired insulin secretion as well
as increased insulin resistance. Furthermore, excess of epinephrine could affect glucose
intolerance mainly by impaired insulin secretion and excess of norepinephrine could affect
glucose intolerance mainly by increased insulin resistance. Glucose intolerance on
paraganglioma could be caused by increased insulin resistance mainly considering
paraganglioma produces more norepinephrine than epinephrine. To conclude, the
difference of actions between excess of epinephrine and norepinephrine could lead to
improve understanding and management of glucose intolerance on phaeochromocytoma.

Keywords: phaeochromocytoma, glucose intolerance, insulin secretion, insulin resistance, paraganglioma

INTRODUCTION

Phaeochromocytoma is a neuroendocrine tumor derived from chromaffin cells in the adrenal medulla
that produces catecholamines (1, 2). There are recent advances on molecular pathogenesis as well as on
the clinical perspectives in the tumor (1, 3). Common clinical complications in patients with
phaeochromocytoma include hypertension, glucose intolerance, and cardiovascular dysfunctions (4).
Among these complications, glucose intolerance attracts attention as recent developments noted regarding
the mechanisms. Commonly, glucose intolerance is known for its hyperglycemia due to impaired glucose
homeostasis, which is a result of impaired insulin secretion and/or increased insulin resistance (5, 6). In
patients with phaeochromocytoma, Wilber and co-workers reported that insulin secretion was inhibited by
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an excess of catecholamine (7). In addition, Deibert and co-workers
showed that insulin resistance was increased by excess catecholamine
(8). Thus, impaired insulin secretion as well as increased insulin
resistance could affect glucose intolerance in patients with
phaeochromocytoma. Recent studies started to elucidate the
mechanisms of glucose intolerance in phaeochromocytoma. In this
review, we aim to summarize these recent findings of glucose
intolerance in patients with phaeochromocytoma.

GLUCOSE INTOLERANCE ON
PHAEOCHROMOCYTOMA: INCIDENTS
AND ISSUES

Glucose intolerance is one of the complications of
phaeochromocytoma and often found in patients with
phaeochromocytoma (9, 10). Elenkova and co-workers revealed
that half of the patients (93/186) with phaeochromocytoma had
glucose intolerance (11). Beninato and co-workers also investigated
153 patients with phaeochromocytoma, showing that 23% (n=36)
had diabetes mellitus. Of these, and 79% (n=33) had
complete resolution of diabetes mellitus after extirpation of
phaeochromocytoma (12).

Elenkova and co-workers indicated that patients with glucose
intolerance had increased urine metanephrine (metadrenaline;
metabolite of epinephrine/adrenaline) and normetanephrine (a
metabolite of norepinephrine/noradrenaline) and were older
than those without glucose intolerance (11). There were no
significant differences among the two groups with respect to
tumor size and body mass index. On the other hand, Beninato
and co-workers indicated patients with diabetes mellitus had
larger tumors than those without diabetes mellitus but there was
no significant difference between the two groups in patients’ age
and catecholamine values (12). Considering the different results
of two studies, it remains controversial about the relationship
between the incidence of glucose intolerance and the other
clinical parameters. Thus, it is difficult to predict the risk of
glucose intolerance in patients with phaeochromocytoma.

Almost all of the patients treated as diabetes mellitus before
diagnosed phaeochromocytoma were initially diagnosed as type
2 diabetes mellitus. Glucose intolerance in patients with
phaeochromocytoma is often difficult to be well-controlled and
insulin therapy is sometimes needed. Nevertheless, a few cases
were diagnosed as type 1 diabetes mellitus because of their
impaired insulin secretion and necessity of insulin therapy (13,
14). In addition, the clinical manifestations of glucose intolerance
in patients with phaeochromocytoma are sometimes severe. There
were some cases of diabetic ketoacidosis or hyperglycemic
hyperosmolar syndrome, which could be lethal without accurate
therapy in patients with phaeochromocytoma (15-17). These
previous reports indicated glucose intolerance in patients with
phaeochromocytoma could exhibit severe phenotypes and must
not be overlooked.

Glucose intolerance of phaeochromocytoma is a problem in
the perioperative period. After tumor extirpation, hypoglycemia
occurs to some patients with phaeochromocytoma. Akiba and

co-workers demonstrated that 13% of patients had severe
hypoglycemia after extirpation of phaeochromocytoma. This
postoperative hypoglycemia is likely due to a sharp decrease of
catecholamines by tumor extirpation (18). Recently, Araki and
co-workers showed patients who had higher epinephrine and
those who had glucose intolerance preoperatively were more
likely to develop postoperative hypoglycemia, which indicated
patients with higher epinephrine and glucose intolerance must
be careful observation in the perioperative period (19).

THE MOLECULAR ADRENERGIC
MECHANISMS RELATED TO GLUCOSE
INTOLERANCE AND THE DIFFERENCES
AMONG TYPES OF CATECHOLAMINE
EXCESS IN GLUCOSE INTOLERANCE

Multifarious adrenergic receptor (o1, 0.2, B1, B2, and B3) and
their different functions were noted in various organs (20). In
patients with phaeochromocytoma, various adrenergic receptors
were reported to be responsible for the glucose intolerance (21—
26). Impaired secretion of insulin by catecholamines on
phaeochromocytoma is caused mainly through adrenergic o2
receptors of B-cells in pancreatic islets (21, 22). The 02 receptors
are divided into 3 subtypes (02A, 02B, and 0:2C). Among them,
02A receptors were reported to suppress insulin secretion from
pancreatic P-cells. Fagerholm and co-workers showed that
adrenergic 02A receptor knockout mice or adrenergic o2
receptor antagonists exhibit elevated insulin levels and reduced
glucose levels (21).

On the other hand, increased insulin resistance on
phaeochromocytoma is caused by stimulated gluconeogenesis
and glycogenolysis in the liver, which arises from an excess of
glucagon and increase of free fatty acids as well as elevated
glucose uptake in skeletal muscle. Stimulation of adrenergic 32
and ol receptors of the pancreatic ai-cells causes an increase in
glucagon secretion (21, 23-25). Two previous in vitro studies
demonstrated stimulation of adrenergic f receptors could
increase glucagon secretion through elevated intracellular
cAMP and Ca’" signaling (23, 24). Among the B receptors,
Philipson showed adrenergic 2 receptors could have most
effects on glucagon secretion among adrenergic B receptors
(25). Vieira and co-workers showed adrenergic al receptors
antagonists stimulated glucagon secretion (23). In addition, they
also showed adrenergic 02 receptor antagonists and agonists did
not affect glucagon secretion although it was reported adrenergic
0.2 receptors were detected in pancreatic a-cells (21, 23).

In adipocytes, stimulation of the adrenergic B3 and ol
receptors affects the production of fatty acids (26, 27). de
Souza and co-workers showed stimulation of adrenergic B3
receptors increased intracellular cAMP and elevated lipolysis,
which caused increased fatty acid (26). In addition, Boschmann
and co-workers showed that stimulation of adrenergic ol
receptors with adrenergic ol receptor agonists led to
promoting lipolysis and results in increased fatty acid (27).
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Regarding glucose uptake in skeletal muscle, Shi and co-
workers showed stimulating adrenergic ol receptors increased
glucose uptake in skeletal muscle with elevated leptin signaling
with adrenergic ol receptors deficient and transgenic mice (28).
Shiuchi and co-workers also showed that adrenergic 32 receptors
in skeletal muscle could mediate induction of glucose uptake in
skeletal muscle by leptin signaling investigating adrenergic 3
receptor-deficient mice and forced expression of adrenergic 32
receptors (29). In addition, Mukaida and co-workers showed
stimulating adrenergic 32 receptors which promoted glucose
transporter type 4 (GLUT4) translocation (a protein acts as
glucose transporter found in adipose tissue and striated
muscles) and glucose uptake in skeletal muscle using
adrenergic B3 receptor-deficient mice with adrenergic (2/B3
receptor agonists (30).

Epinephrine and norepinephrine were reported to have
different affinities to respective adrenergic receptors. Epinephrine
was reported to have a higher affinity to adrenergic o2 and (2
receptors than norepinephrine. On the contrary, norepinephrine was
reported to have a higher affinity to adrenergic o1 and 1 receptors
than epinephrine. Moreover, epinephrine and norepinephrine were
reported to have a similar affinity to adrenergic 33 receptors (31).

These molecular findings indicated an excess of catecholamine
in phaeochromocytoma could lead to both impaired insulin
secretion and increased insulin resistance through various
adrenergic receptors as well as different actions between
epinephrine and norepinephrine in them (Table 1, Figure 1).

CLINICAL STUDIES: IMPAIRED INSULIN
SECRETION AND INCREASED INSULIN
RESISTANCE IN PATIENTS WITH
PHAEOCHROMOCYTOMA

Clinical studies revealed patients with phaecochromocytoma had
impaired insulin secretion (32-34). Komada and co-workers
demonstrated impairment of insulin secretion, particularly in
an early phase of the insulin secretory response in 13 patients
with phaeochromocytoma/paraganglioma (extra-adrenal
phaeochromocytoma) (11 with phaeochromocytoma and two
with paraganglioma) (32). They noted that improved insulin
secretion after surgical removal of phaeochromocytoma/
paraganglioma with hyperglycemic clamps as well as an oral
glucose tolerance test. Moreover, the study investigated insulin
resistance with hyperinsulinemic-euglycemic clamps and

homeostasis model assessment of insulin resistance (HOMA-
IR), which is surrogated marker of insulin resistance. There were
no significant changes of insulin sensitivity index on
hyperinsulinemic-euglycemic clamps from pre-operation to
post-operation although postoperative HOMA-IR value was
significantly improved than preoperative value, which
indicated increased insulin resistance in patients with
phaeochromocytoma was controversial in the study (32).

Petrak and co-workers demonstrated impaired insulin
secretion and glucose intolerance in patients with
pheochromocytoma using meal test and the homeostasis
model assessment of B-cell function (HOMA-B), which is
surrogated marker of insulin secretion. In the study, they
indicated that impaired insulin secretion could be due to
impaired glucagon-like peptide 1 (GLP-1) secretion (33)
(Figure 1). Meanwhile, the study revealed significant
increment of glucagon value and no changes in insulin/
glucagon ratio between the preoperative and postoperative
period. Commonly, GLP-1 decreases glucagon secretion (34).
Considering excess of catecholamine leads to elevation of
glucagon through adrenergic 2 and ol receptors together, the
results of the study about glucagon secretion might indicate there
exists some unknown mechanism of glucagon secretion in
patients with phaeochromocytoma (Figure 1).

There were clinical studies which revealed insulin
resistance improved after adrenalectomy in patients with
phaeochromocytoma as well as those related to the improvement
of insulin secretion (35-38). Blither and co-workers demonstrated
increased insulin resistance in three patients with phaeochromocytoma
having hyperglycemia medicated with anti-diabetic agents, which
improved after surgical removal of phaeochromocytoma (35). A
follow-up study by the same group revealed an excess of
catecholamine-induced glucose intolerance through increased
insulin resistance with the hyperinsulinemic-euglycemic clamp
study in 10 patients with phaeochromocytoma (36). Moreover,
Diamanti-Kandarakis and co-workers investigated glucose
intolerance in 5 patients with phaeochromocytoma using oral
glucose tolerance test and hyperinsulinemic-euglycemic clamp.
The results demonstrated not only the improvement of glucose
intolerance but also reduced insulin resistance by tumor
extirpation (37). Recently, Guclu and co-workers investigated 44
patients with phaeochromocytoma using HOMA-IR and noted
65.9% of them (29 patients) had increased insulin resistance (38).
Considering the results of these studies, both impaired insulin
secretion and increased insulin resistance could induce glucose
intolerance in patients with phaeochromocytoma. However, it has

TABLE 1 | Different effects on glucose intolerance among adrenergic receptors.

Adrenergic receptors

Mechanism of effect on glucose intolerance

Affinity of epinephrine and norepinephrine

al receptors
a2 receptors
B1 receptors
B2 receptors
B3 receptors

insulin secretion|, GLP-1 secretion |

GLP-1 secretiont

glucagon secretion?, glucose uptake in skeletal musclet
fatty free acid 1

fatty free acid 1, glucagon secretiont, glucose uptake in skeletal musclet, GLP-1 secretion |

Norepinephrine > Epinephrine
Epinephrine > Norepinephrine
Norepinephrine > Epinephrine
Epinephrine > Norepinephrine
Epinephrine = Norepinephrine

GLP-1, glucagon-like peptide-1.
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remained unclear whether the main factor of glucose intolerance
is impaired insulin secretion or increased insulin resistance.

Glucose intolerance in patients with phaeochromocytoma could
be improved by tumor extirpation. Meanwhile, there could be cases
who could not receive tumor removal because of their
complications or having metastatic phenotypes. Diamanti-
Kandarakis and co-workers showed administrations of non-
selective adrenergic o blocker and B blockers could improve
glucose intolerance in patients with phaeochromocytoma, while
the effects of the agents were significantly lower than those of tumor
extirpation (37). This study indicated glucose intolerance in patients
who could not undergo tumor removal could be difficult only by
agents of adrenergic receptor antagonists.

THE NEW INSIGHT: DIFFERENCES IN THE
ACTIONS ON GLUCOSE INTOLERANCE
AMONG TYPES OF THE EXCESS OF
CATECHOLAMINE ON
PHAEOCHROMOCYTOMA

DiSalvo and co-workers showed epinephrine could have more
effects on hyperglycemia than norepinephrine based on the

Glucagon ' Te—

FIGURE 1 | Summary of glucose intolerance on phaeochromocytoma. GLP-1, glucagon-like peptide-1. *The clinical study demonstrated GLP-1 secretion could be
suppressed on phaeochromocytoma. Meanwhile, in vivo and in vitro studies showed epinephrine could increase GLP-1 secretion through adrenergic a1, o2, and B1
receptors and norepinephrine could inhibit GLP-1 secretion through adrenergic a1 and/or 02 receptors. #GLP-1 inhibits glucagon secretion in pancreatic o-cells
commonly, while glucagon secretion was suppressed in the clinical study which investigated GLP-1 secretion on phaeochromocytoma. Considering both
epinephrine and norepinephrine could increase glucagon secretion in pancreatic a-cells directly together, the study did not clarify whether increased GLP-1 secretion
on phaeochromocytoma could inhibit glucagon secretion in pancreatic a-cells or not.

investigation of infusion epinephrine and norepinephrine into
healthy humans (39). However, there was no clinical study on the
differences in the mechanisms between excess of epinephrine and
that of norepinephrine on glucose intolerance in patients
with phaeochromocytoma.

A recent study elucidated the differences in the actions
between epinephrine and norepinephrine on glucose
intolerance in patients with phaeochromocytoma (40). The
study investigated the association between the changes of
urinary metanephrine/normetanephrine (metabolic product of
epinephrine/norepinephrine) and those of HOMA-B/HOMA-IR
from pre-operation to post-operation in 12 patients with
phaeochromocytoma. The study revealed that phaeochromocytoma
could lead to glucose intolerance by both impaired insulin secretion
and increased insulin resistance. Furthermore, the study
demonstrated there could be the differences in the actions on
glucose intolerance between excess of epinephrine and that of
norepinephrine. The results indicated an excess of epinephrine
could affect glucose intolerance mainly by impaired secretion of
insulin and that of norepinephrine could affect glucose intolerance
mainly by increased insulin resistance. Regarding impaired insulin
secretion, the results could be explained by the molecular
mechanisms which epinephrine has a higher affinity to adrenergic
02 receptors than norepinephrine. Considering increased insulin
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resistance, norepinephrine could have stronger effects than
epinephrine on increased fatty acids due to lipolysis in adipocytes,
which were through adrenergic B3 and ol receptors. Seeing the
contrary affinities to adrenergic ol and B2 receptors between
epinephrine and norepinephrine on glucagon secretion as well as
glucose uptake in skeletal muscle together, the results of the clinical
study about increased insulin resistance could be consistent with the
molecular mechanisms (Figure 1).

Hence, the study of different types of the excess of catecholamine
should be important for understanding the mechanism of glucose
intolerance in patients with phaeochromocytoma. It is also possible
that types of the excess of catecholamine affects GLP-1 secretion on
phaeochromocytoma. Regarding the association between GLP-1
secretion and excess of catecholamine, there were two previous in
vivo and in vitro studies (41, 42). The in vitro study indicated
epinephrine could increase GLP-1 secretion through adrenergic o,
02, and P1 receptors, whereas the in vivo study indicated
norepinephrine could inhibit GLP-1 secretion through adrenergic
ol and/or 02 receptors (41, 42) (Table 1, Figure 1). These studies
indicated differences in effects on GLP-1 secretion between
epinephrine and norepinephrine could exist. Petrak and co-
workers did not investigate the different effects on GLP-1 secretion
between excess of epinephrine and that of norepinephrine (33).
Hence, future studies about the association between GLP-1 and the
type of excess of catecholamine might reveal further knowledge of
GLP-1 secretion on phaeochromocytoma. Furthermore, they might
lead to clarification of the mechanism of increased glucagon
secretion after extirpation of phaeochromocytoma, which was seen
in the study by Petrak and co-workers.

GLUCOSE INTOLERANCE ON
PARAGANGLIOMA

Paragangliomas is extra-adrenal non-epithelial tumors originating
from neural crest-derived paraganglion cells located in the region
of autonomic nervous system ganglia and accompanying nerves
with histology like phaecochromocytoma (3). Regarding glucose
intolerance in paraganglioma, Elenkova and co-workers noted
that 44% (8/18) of patients with paraganglioma had glucose
intolerance (11). However, there were no other studies
investigating glucose intolerance focused on paraganglioma
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including differences between glucose intolerance on
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Introduction: Pheochromocytomas and sympathetic paragangliomas (PPGL) are
neuroendocrine catecholamine-secreting tumors that are usually localized. Metastatic
disease is rare and systemic treatment consists of conventional chemotherapy and high-
specific-activity iodine-131-MIBG which was approved by the FDA in 2018. Although
chemotherapy combinations still have value in specific settings, the debilitating side effects
of treatment with only modest benefit have limited their use. With the introduction of a new
generation of targeted therapy and immunotherapy patients with metastatic PPGL may
have improved therapeutic options.

Areas Covered: The current paper presents a case of a patient with metastatic PPGL
who received multiple lines of systemic treatment. Despite progression on previous single
agent cabozantinib and single agent pembrolizumab on separate clinical trials, the patient
has exhibited a major response to the combination of cabozantinib and nivolumab for the
past 22 months. In addition, we will review the available therapies for metastatic PPGL and
discuss novel agents under clinical development.

Conclusion: Newer targeted therapies and immunotherapy options are under clinical
development with promising results for patients with PPGL.

Keywords: cabozantinib, immunotherapy, pheochromocytoma, paraganglioma, nivolumab

INTRODUCTION

Pheochromocytomas and sympathetic paragangliomas (PPGL) are catecholamine-secreting
neuroendocrine tumors that arise from chromaffin cells of the adrenal medulla (in the case of
pheochromocytomas) and the autonomic paraganglia (in the case of paragangliomas). The
catecholamine excess produced by the majority of these tumors predisposes patients to cardiovascular
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and gastrointestinal morbidity and mortality (1, 2). Most PPGL are
localized with 10% of the pheochromocytomas and more than 25%
of the sympathetic paragangliomas undergoing metastatic spread of
disease (3, 4). At present, there is no combination of clinical,
histopathologic or biochemical features shown to reliably predict
malignant behavior. As such, the diagnosis of a metastatic PPGL can
only be made by identifying tumor deposits in tissues that normally
do not contain chromaffin cells (e.g., lymph nodes, skeleton and
brain) (5). Most frequent metastatic sites include the lymph nodes
(80%), bone (71%), liver (50%), and the lungs (50%) (6). Among
metastatic tumors the survival rate depends on the primary tumor
site, the sites of metastases, the speed of progression, and the
synthesis of catecholamines. Patients usually succumb from
complications related to tumor burden (7).

At present, systemic treatment options include the
consideration of conventional chemotherapy, radioactive
iodine therapy for patients with uptake on the nuclear Iodine-
131 meta-iodo-benzyl-guanidine (I"*'-MIBG) scan, and clinical
studies. For patients with metastatic PPGL, the FDA approved
high-specific activity Iodine-131 meta-iodo-benzyl-guanidine
(I"*'-MIBG) in 2018 (8). In patients who present with de novo
metastatic disease at initial presentation, a cytoreductive
approach involving addressing the primary tumor is often
pursued. The rationale behind this multidisciplinary approach
is to de-bulk the extent of systemic tumor burden and decrease
the catecholamine load. A retrospective review has suggested this
approach may improve patient outcomes, but has not been
prospectively validated (9).

Due to the rarity of this disease entity, prospective
randomized trials in this rare disease are challenging and
significant toxicity remains with the most commonly
prescribed chemotherapy regimens (10-12). More recently,
molecularly targeted and immunotherapeutic agents have been
introduced with promising results (13-18). We report a patient
with metastatic paraganglioma who received multiple targeted
therapies and eventually had a dramatic, durable response to
combination of cabozantinib and nivolumab. We also review the
literature regarding current treatment options available for this
rare disease. All the active clinical trials involving treatment
options for metastatic PPGL are depicted in Table 1.

CASE REPORT

In 2007, a 32-year-old male patient was being worked up for a
potential sinus surgery and was found to have a right sided neck mass.
He underwent a surgical resection with histologic confirmation of a
paraganglioma. Prior to his surgery he had no clinical evidence of
catecholamine excess. In 2011, the patient underwent a scheduled
surgery on his ankle which was complicated by a hypertensive crisis.
He was found to have elevated plasma metanephrines and urinary
catecholamines. On imaging work up, he was found to have a tumor
involving his aorta originating from the organ of Zuckerkandl. After
being started on phenoxybenzamine, he underwent surgery with
resection of this tumor. In 2012, he was evaluated by a geneticist and
reported no family history of malignancy. Genetic testing for SDHB,
SHDC, and SDHD gene mutations by aCGH (ExonArrayDx) did not
detect any disease-associated mutations in exons 1-8 of the SDHB
gene, exons 1-6 of the SDHC gene, exons 1-4 of the SDHD gene, or the
€.232 G>A in exon 3 of the SDHAF2 gene (required for flavination of
the SDHA subunit). He did not have detected mutations in the von
Hippel-Lindau (VHL) SDHA, and Fumarase (FH) genes. In 2014 he
suffered a transient ischemic attack with left-sided weakness that self-
resolved within 24 h. At that time, his blood pressure was minimally
elevated with systolic blood pressure in the 140-150 mm Hg range. In
2015, he was diagnosed with multiple metastatic lymph nodes
involving his retroperitoneum encasing his left ureter. He again
underwent surgical resection with eventual ureteral stent
placement. In late 2015, he was found to have a metastatic tumor
involving the caudate lobe of his liver for which he underwent trans-
catheter arterial chemoembolization. In 2016, he underwent an
octreotide nuclear scan of his abdomen. He was found to have a
new metastatic lesion involving his sacrum and a left-sided skull-
based lesion. In addition, a new retroperitoneal lesion was identified
and the lesion involving the caudate lobe of the liver remained stable.
The tumors showed I'*'-MIBG uptake. In 2016, he had resection of
his caudate lobe and resection of the pre-aortic tumor. Soon after he
was found to have disease progression in a para-aortic lymph node
and within multiple bony lesions including his calvarium, thoracic
spine, rib cage, and sacrum. He was enrolled in a clinical trial and
received cabozantinib 60 mg by mouth daily on protocol. The patient
was on study for 7.5 months prior to developing progressive disease in

TABLE 1 | Current clinical trials including agents used for patients with metastatic PPGL.

Agent Eligible Patients Phase NCT# Primary Outcome
I"$1-MIBG Refractory neuroblastoma/metastatic PPGL I NCT03649438 Number of patients who receive MIBG
I"*1-MIBG Refractory neuroblastoma or malignant PPGL 1 NCT00107289 Response rate

Lanreotide Metastatic PPGL Il NCT03946527 Tumor growth measurement
Sunitinib Metastatic PPGL Il NCT00843037 Clinical benefit rate’
Cabozantinib Metastatic PPGL Il NCT02302833 Response rate

Axitinib Metastatic PPGL Il NCT03839498 Response rate

Axitinib Metastatic PPGL Il NCT01967576 Response rate

Lenvatinib Metastatic/advanced unresectable PPGL Il NCT03008369 Response rate

ONC201 Neuroendocrine tumors Il NCT03034200 Response rate
Temozolomide +/- Olaparib Neuroendocrine tumor 1 NCT04394858 Progression Free Survival
Pembrolizumab Rare unresectable or metastatic tumors Il NCT02721732 Non-progression rate?

"*1-MIBG, "*"meta-iodo-benzyl- guanidine; PPGL, pheochromocytoma and paraganglioma. "Clinical benefit rate is defined as either a partial response, complete response or stable disease for
more than 12 weeks using Response Evaluation Criteria in Solid Tumors. “Defined as the proportion of subjects in the analysis population who have no progression of disease at 27 weeks.
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multiple known and new bone metastases, development of a new
pulmonary metastasis, and progression of his known retroperitoneal
lymph nodes. In 2017, the patient enrolled on a basket clinical trial
with pembrolizumab and received 200 mg intravenously every 3
weeks for 5 months prior to experiencing disease progression in
retroperitoneal and pelvic lymph nodes, new soft tissue metastasis
within the abdomen, additional lung metastasis, and progression of
multiple bone metastasis including the development of a new femoral
lesion. His best response on the study was considered stable disease.
He then received three cycles of cyclophosphamide, vincristine, and
dacarbazine. His treatment course was complicated by severe
myelosuppression. He required admission for neutropenic fever
and received multiple transfusions of both packed red blood cells
and platelets. With chemotherapy he had evidence of disease
response with a 12.2% reduction in his measurable disease with
stability in his bone metastasis. However, within 3 months of ending
chemotherapy he had progressive pain in his back and was found to
have progression of disease in vertebral column bone metastases. A
timeline of his systemic treatment is provided in Figure 1. The
patient was started on off label cabozantinib and nivolumab.

CVD chemo
2.5 months

Cabozantinib Pembrolizumab ‘
7.5 months 5.5 months

A Progressive Disease

FIGURE 1 | Timeline of systematic treatment.

Cabozantinib was dosed at 40 mg by mouth daily and nivolumab
was provided at 240 mg I'V every 2 weeks as per the phase I study
by Apolo et al. (19) Figure 2 contrasts his baseline imaging
studies with the ones obtained 18 months after treatment
initiation. The patient’s course was complicated by several
events including ulcerations on his lower extremities shown in
Figure 3. A biopsy of these ulcerations found evidence of mild
epithelial spongiosis with focal parakeratosis. There was
evidence of a superficial perivascular lymphocytic infiltrate
with scattered eosinophils. The dermatopathology group at
MD Anderson Cancer Center determined these findings were
most consistent with a hypersensitivity reaction to an internal
medication. Breaks from cabozantinib allowed these ulcerations
to heal. At present the patient remains on this regimen 22
months after initiation with evidence of continued clinical
benefit. He had significant tumor reduction with decrease in
size of lung, abdominal, bone and retroperitoneal lesions. On
treatment his plasma metanephrines decreased from a baseline
level of 14 nmol/L to 3.6 nmol/L. In addition, the patient
symptomatically improved without signs of catecholamine

Timeline of Systemic Treatment

Cabozantinib plus nivolumab 22 months

<

-__—

CVD chemotherapy, cyclophosphamide, vincristine, dacarbazine

Baseline imaging

Imaging at 18 months

FIGURE 2 | Imaging at baseline and after 18 months of nivolumab plus cabozantinib.
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FIGURE 3 | Right lower extremity shin ulcerations.

excess and his blood pressure remains very well controlled after
being started on both alpha and beta blockers.

DISCUSSION

When considering this gentleman’s case, several interesting
observations can be rapidly gleaned. First, the patient had been
heavily pre-treated prior to receiving the combination of
cabozantinib and nivolumab. The second observation was the
greatly enhanced activity of the combination of cabozantinib and
nivolumab as compared to when he received either single agent
cabozantinib or pembrolizumab on two protocols. The third and final
observation are the potential challenges in toxicity that can emerge
with new treatments alone or in combination. In the following
discussion we will review the currently available systemic treatment
options and will provide additional information in regards to both
targeted therapeutics and immunotherapy that have prospective data
and highlight ongoing studies.

Cytotoxic Chemotherapy

Systemic chemotherapy should be considered for patients with
unresectable and rapidly progressive metastatic/unresectable PPGL
and in patients with high tumor burden. The most extensively used
chemotherapeutic agents include cyclophosphamide, vincristine,
dacarbazine (CVD) (12, 20-22). In a retrospective study evaluating
54 patients treated with chemotherapy at MD Anderson Cancer
Center, 33% of patients had a decrease in tumor size and achieved
blood pressure control (12). In addition, a meta-analysis performed
by Niemeijer et al. reported an objective response rate of 37% and a
partial response in catecholamine excess in 40% of patients receiving
CVD (10).

Radionuclide Therapy
Radionuclide therapy has been long used for treatment of metastatic
PPGL and consists mainly of I'*'-MIBG. I'*'-MIBG was first

introduced in the 1980s as a potential therapy for PPGL that express
the norepinephrine transporter (NET) in their cell membranes (23).
Like norepinephrine, I"*'-MIBG is captured by the NET. With
increasing dose levels, I'*'-MIBG emits sufficient radiation to lead to
cellular damage. In an effort to improve the activity and the toxicity
profile of I'*'-MIBG, high-specific-activity (HSA I'*'-MIBG) was
introduced and the recommended phase II dose was determined
(24). In the pivotal phase II study of HSA I'*'-MIBG, the primary
endpoint was the reduction in the number of anti-hypertensives and
anti-hypertensive dose by greater than or equal to 50%. The primary
endpoint was achieved in 25% of the population. An impressive 92%
of patients had disease control as best response as defined by the
proportion of patients with complete response, partial response, and
stable disease as per RECIST vl.1 criteria (25). While
myelosuppression was again witnessed, no patients required
autologous stem cell rescue and no patients experienced a
hypertensive crisis during the delivery of therapy. These findings
led the FDA to approve HSA I'*'-MIBG for patients with metastatic
PPGL in 2018 and has become the de facto standard of care.

Molecularly Targeted Therapy

Small molecule TKIs targeting the vascular endothelial growth
factor receptor (VEGFR) are well established in the treatment of
metastatic renal cell carcinoma including sorafenib, sunitinib,
pazopanib, axitinib, cabozantinib, and lenvatinib (26). In addition
to VEGFR, significant activity against other important targets in
malignancy including the fibroblast growth factor receptors for
lenvatinib and c-Met for cabozantinib (27). Early reports suggest the
utility of these agents in metastatic PPGL (13-15, 28, 29). The
largest retrospective series included 17 patients with metastatic
PPGL who were treated with sunitinib monotherapy (15). Of 14
evaluable patients, three (21%) had a partial response and five (36%)
had stable disease. The median progression-free survival was 4.1
months. Six patients (43%) had a reduction in catecholamines.
Finally, in a recent phase II trial of sunitinib in patients with PPGL,
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25 patients with progressive disease were enrolled and received
sunitinib ata dose of 50 mg daily 4 weeks on 2 weeks off. The median
progression free survival was 13.4 months and three patients (13%)
with germline mutations (SDHB) achieved partial remissions (18).

The most worrisome adverse effect of TKIs in patients with
PPGL is exacerbation of pre-existing secondary hypertension.
Patients with PPGL already have elevated blood pressure due to
catecholamine excess. A class effect of TKIs targeting VEGEFR is
hypertension. Suggested management of hypertension in patients
with PPGL can be found in a review by Jasim and Jimenez (30).

Sunitinib is currently being studied in an open label phase II
study for patients with metastatic PPGL (NCT00843037).
Axitinib is being studied in a two phase II trials in the same
population (NCT03839498, NCT01967576). Cabozantinib is
used as monotherapy in an active phase II clinical trial
(NCT02302833). In addition, lenvatinib is being evaluated in a
phase II study in patients with metastatic or advanced
unresectable PPGL (NCT03008369).

Immunotherapy

The discovery of immune checkpoints and the development of
antibodies targeting cytotoxic lymphocyte antigen 4 (CTLA-4),
programmed death receptor 1 (PD-1), and programmed death
receptor ligand 1 (PD-L1) has resulted in a paradigm shift in the
treatment of both solid and liquid malignancies. In a recent phase II
clinical trial of pembrolizumab (anti-PD-1) in advanced rare
cancers, 11 patients with metastatic PPGL were evaluated (31). Of
the 11 patients, four patients had germline mutations and seven of
the patients were hormonally active. The progression free survival
(PES) at 27 weeks after initiation of therapy was 40%, the median
PFES was 5.7 months. The overall response rate was 9%.

Combination of TKI and Immune
Checkpoint Therapy in Other Malignancies
In metastatic renal cell carcinoma (mRCC), the combination of
axitinib (targeting VEGFR 1,2,3) with both pembrolizumab
(KEYNOTE 426 study) and avelumab (JAVELIN 101 study) have
both received FDA approval based on pivotal phase III trials (32,
33). The combination of cabozantinib and nivolumab (anti-PD-1)
with or without ipilimumab (anti-CTLA-4) has also been explored
in patients with genitourinary malignancies (19). The combination
was found to have activity across a variety of tumors including
multiple rare genitourinary tumors including rare variants of
urothelial cancer and penile cancer. Recently, the initial results of
a phase III randomized study of cabozantinib plus nivolumab
versus sunitinib as initial therapy for mRCC (NCT03141177)
found a significant improvement in both progress survival and
overall survival (Choueiri T et al). The combination of lenvatinib
and pembrolizumab recently received FDA for the treatment of
advanced endometrial cancer after a phase IB/II study found a 38%
overall response rate in previously treated patients (34). This
response rate was favorable as compared to a single agent study of
lenvatinib which found an overall response rate of 14% (35) and of
single agent pembrolizumab finding a response rate of 13% (36).
Significant debate has emerged if TKI plus immune checkpoint
therapy leads to additive or synergistic impact. Besides the
extrapolation from other malignancies, the use of TKIs and

immunotherapy might have a plausible mechanistic rationale in
the treatment of PPGL. In surgically resected PPGL up to 50% of
tumors express PD-L1/PD-L12 (37). TKIs inhibit multiple endothelial
growth factors that prevent neo-angiogenesis. Cabozantinib is a
potent antiangiogenic medication used in clinical practice targeting
VEGFR2, ¢-MET, Axl, and Ron (36). Targeting c-Met may be
particularly relevant to metastatic PPGL since activating mutations
of the MET gene have recently been described (38, 39). Furthermore,
cabozantinib may induce vascular normalization that facilitates the
recognition of the tumor cells by the immune system (Reference:
Jimenez C, Antiangiogenic therapies for pheochromocytoma and
paragangliomas, Endocrine Related Cancer, 2020).

In our patient, it is impossible to know if he would have this
tremendous durable response if he had received the combination
initially or if chemotherapy prior to treatment potentially enhanced
the benefit. However, in multiple other tumor types including renal
cell carcinoma and urothelial carcinoma, response rates have been
numerically less when immunotherapy is provided either post TKI
(40) vs as upfront therapy (41) or post chemotherapy in urothelial
cancer (42,43). Given the activity seen in metastatic PPGL with TKI
therapy and with immune checkpoint therapy in small studies, we
feel a prospective combination study of cabozantinib plus immune
checkpoint therapy is warranted.

CONCLUSION

The development of tyrosine kinase inhibitors and immunotherapy
in common cancers has led to exploration of activity in patients with
metastatic PPGL. Despite the significant improvement in our
understanding of the disease and the exciting approval of HSA
I'*' MIBG, patients with metastatic PPGL continue to present
multiple therapeutic challenges. The clinical heterogeneity of
metastatic PPGL patients necessitates a deep understanding of the
molecular features of the disease in order to individualize treatment
and improve outcomes. While the backbone of chemotherapy will
still be used in patients with rapidly progressive disease there is
substantial hope that targeted therapy, immunotherapy, and
combination approaches will improve the outcomes for patients
with this rare disease.
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Pheochromocytoma/paraganglioma (PPGL) has a high genetic heterogeneity with 40%
germline variants in known pathogenic genes. Data in Chinese on this aspect are scanty.
To detect the genetic and clinical profile of Chinese PPGL patients, we examined the
variants of 12 known germline pathogenic genes (SDHA, SDHB, SDHC, SDHD, SDHAF2,
FH, VHL, RET, NF1, MAX, TMEM127, and KIF1B) by next-generation sequencing and
Sanger sequencing in 314 Chinese PPGL subjects. Twenty nine percent of Chinese PPGL
patients had germline variants and SDHB was the most frequently mutated (14.6%). The
most frequent SDHB variants were in exon 2, exon 7, and IVS 7. Pathogenic variants were
more likely to occur in metastatic PPGL patients, paragangliomas, and patients under 30,
with the ratio being 50.7% (35/69), 35.9% (56/156), and 49.5% (52/105), respectively.
Our cohort included 314 patients from a single setting. The genetic and clinical features of
Chinese PPGL patients were unique in some aspects compared to their non-Chinese
counterparts. |dentification of genotype-phenotype relation can serve as an effective tool
for genetic prioritization and clinical decision-making.

Keywords: pheochromocytoma, paraganglioma, Chinese, genetics, genotype-phenotype relation

INTRODUCTION

Pheochromocytoma (PCC) and paraganglioma (PGL) are tumors that originate from adrenal
medulla, sympathetic ganglia and parasympathetic ganglia. With the development of the next-
generation sequencing (1), about 40% of PCC and PGL (PPGL) bear a relationship with the
germline variants of known pathogenic genes and the germline variants are genetically highly
heterogeneous (2, 3). Over the last two decades, more than 20 genes have been found to be
associated with the development of hereditary PPGL. Of them, VHL, SDHB, SDHD, SDHA, and
RET are the most common pathogenic genes, while several novel pathogenic genes mutated with
extremely low frequency, which were only found in one or several families (4-7). At present, the
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variants have been profiled in different races. In 2006, a review
from the European Network for the Study of Adrenal Tumors
(ENS@T) summarized germline variants (VHL, SDHB, SDHD,
RET, and NFI) in 166 (25.9%) of 642 PPGL patients and VHL
was reportedly the most frequently mutated gene (56/642, 8.7%)
(8). Recently, a research conducted in Saudi Arabia exhibited
that the variant rate was 36.6% in PPGL subjects and SDHB was
the most common variant (9).Collectively, these studies showed
that the variant rate and underlying genetic profile, to some
extent, varied with different ethnic populations. Germline
profiling of Chinese PPGLs from two centers found that the
variant rate was 21.7% (55/261) and VHL was the most
frequently mutated gene (10). To know the profile of germline
variants and genotype-phenotype correlation in Chinese PPGLs
from a single center, we examined the variants in 12 known
germline pathogenic genes (SDHA, SDHB, SDHC, SDHD,
SDHAF2, FH, VHL, RET, NF1, MAX, TMEM127, and KIFI1B)
in 314 Chinese PPGLs from a single center. Our study shows that
twenty nine percent of Chinese PPGLs had germline variants and
SDHB was the most frequently mutated (14.6%). We also found
the mutation hotspots are different with Chinese and
Western populations.

MATERIALS AND METHODS

Patients and Sample Collection

Our study included 314 PPGL patients from the Peking Union
Medical College Hospital, Beijing, China. Most patients had
undergone surgery and were histopathologically diagnosed with
PPGL. For the patients with unresectable or metastatic tumor,
PPGL diagnosis was established on the basis of clinical features
(headache, palpitations and sweating), increased 24-h urinary
catecholamine excretion or plasma metanephrines and imaging
tests. 99mTc-hydrazinonicotinyl-Tyr3-Octreotide (99mTc-HYNIC-
TOC) scintigraphy, Iodine-131 metaiodobenzylguanidine
scintigraphy and contrast-enhanced thoracoabdominal-pelvic
computed tomography (CT) were performed for almost all
PPGLs. Some patients underwent head and neck enhanced CT or
head and neck enhanced MRI examination. 18F-FDG-PET/CT or
68Ga-DOATATATE-PET/CT were performed to patients
suspected of metastasis or PPGLs with multiple lesions. Blood
samples of the patients were collected, with informed consents
obtained from the patients and approval from the medical ethics
commiittee of the hospital.

Genomic DNA Preparation

and Sanger Sequencing

Genomic DNA was extracted from the peripheral blood of PPGL
patients by using blood DNA Midi Kit (Omega Bio-Tek,
Norcross, Georgia, USA). For patients with metastatic PPGL,
all the coding sequences and the intro-exon junctions of SDHB
(NM_003000.3) were amplified and sequenced on an ABI3730
DNA analyzer (Applied Biosystems, CA, USA). For patients with
head or neck PPGL, all the coding sequences and the intron-exon
junctions of SDHB and SDHD (NM_003002.4) were amplified
and sequenced. As for patients with clinically-diagnosed

hereditary syndromes, such as multiple endocrine neoplasia
Type 2 (MEN2) and Von Hippel-Lindau (VHL) disease, hot
spots (10, 11, 16 exons) of RET (NM_020630.4) and all exons,
including intro-exon junctions of VHL (NM_000551.3), were
amplified and sequenced, respectively. The primers used for the
PCR amplification were listed in Supplementary Table 1.

Next-Generation Sequencing

For all the patients except those whose variants were detected by the
aforementioned Sanger sequencing, next-generation sequencing
covering SDHA (NM_004168.4), SDHB (NM_003000.3),
SDHC (NM_003001.5), SDHD (NM_003002.4), SDHAF2
(NM_017841.4), VHL (NM_000551.3), RET (NM._020630.4),
MAX (NM_002382.5), TEMEM127 (NM_017849.4), FH
(NM_000143.4), NFI (NM_001042492.3), and KIFIB
(NM_015074.3) was performed to examine the potential
pathogenic germline variations.

The probes of target regions for relevant genes were designed
against Agilent available online (http://www.agilent.com).
Agilent SureSelectXT custom kit (Agilent Technologies, Palo
Alto, CA) was used to generate sequence library according to
instructions. Briefly, fragments of 180-280bp were produced by
using a hydrodynamic shearing system (Covaris, Massachusetts,
USA). The DNA fragments were end-repaired, A-tailed and
adapter-ligated for Illumina sequencing. Then, size selection,
PCR amplification and library hybridization were performed.
Each captured library with an index was loaded onto the
Mumina HiSeq X platform (Illumina Inc., San Diego, CA), and
150-bp paired-end reads were generated.

The fastq files were subjected to quality control to exclude
unwanted sequences, including adapter-contaminated or low
quality or unrecognizable nucleotides. The fastq files were
aligned against the Human Reference Genome (UCSC hgl19) by
using the Burrows-Wheeler Aligner (BWA). Then, the SAM tools
(11) were used to generate the final BAM file (12) to calculate the
sequence coverage and depth by sorting the BAM files and
performing repeated marking, partial realignment and base
quality recalibration. At last, the Variant Call Format files
obtained in the previous step were annotated by ANNOVAR (13).

Annotated variants with coverage over 10x, mutant allele
frequency (MAF) < 0.01 in the 1,000 Genomes databases and in
the exonic or splicing region (10 bp upstream and downstream of
splicing sites) were retained (14). The synonymous variants were
excluded. Non-synonymous SN'Vs were retained if at least two of
the functional predictions by PolyPhen-2, SIFT, MutationTaster
and CADD showed the SNV was damaging. “Benign” or “likely
benign” variants in ClinVar were eliminated (15-18). American
College of Genomic Medicine (ACMG) guidelines were used for
the classification of variant pathogenicity (19). All the variants
were confirmed by Sanger sequencing.

SDHB Immunohistochemistry

Immunohistochemical procedures of SDHB (ZM-0162, Beijing
Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing,
China) were performed on formalin-fixed, paraffin-embedded
(FFPE) tissue sections of PPGL according to the manufacturer’s
recommendations (1:50 dilution). Positive SDHB staining was
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defined as strong granular staining in cytoplasm; negative SDHB
as cytoplasm showing no staining with positive staining for the
internal control.

Multiplex Ligation Dependent

Probe Amplification

Screening for large deletions of SDHx was carried out using the
P226-D1 Multiplex Ligation dependent Probe Amplification
(MLPA) kit, following the manufacturer’s protocol (MRC-
Holland, Amsterdam, Netherlands). This P226-D1 probemix
contains probes for all exons of the SDHB, SDHC, SDHD,
SDHAF2, and SDHAF1 genes. In addition, 13 reference probes
are included in this probemix, detecting several different
autosomal chromosomal locations.

Large deletions of VHL was detected using MLPA kit (P016-
C2 VHL obtained from MRC-Holland, Netherlands), following
the protocols described by the manufacturer. This P016-C2
probemix contains 9 probes for VHL, 6 probes for genes
located close to VHL, 2 probes on 3p which are further
telomeric or centromeric from VHL, and 12 reference probes
detecting sequences on other chromosomes.

Final products were separated using ABI 3730xl capillary
electrophoresis (Life technologies, CA USA) and the
electropherogram was evaluated using Coffalyser.Net.

Statistical Analysis

Continuous variables with non-normal distribution were
expressed as median (25%, 75%). Two independent samples
were compared by using Mann-Whitney test. Categorical
variables were presented as frequency counts and percentages.

Positive mutation

A
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Paraganglioma \

= VHL:5%
= RET:1.7%
FH:1.7%

Bilateral
Pheochromocytoma

e
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different clinical characteristic of PPGL.
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FIGURE 1 | Genetic characteristics of PPGL patients with different phenotypes. Circular statistical graphic was used to illustrate the proportion of mutated gene in

Pheochromocytoma

Association between two categorical variables was determined by
Chi-square test. Kaplan-Meier survival analysis was employed as
appropriate. A P < 0.05 was considered to be statistically
significant. SPSS version 23.0 for Windows was used for all
statistical analysis. All unverified VUS were not included in the
genotype-phenotypic analysis.

RESULTS

Patient Characteristics

Our study included 314 PPGL patients (165 females and 149
males), with a median age of 38 at diagnosis, ranging from 5 to
68. The clinical and genetic features of the patients are shown in
Figure 1 and Tables 1 and 2. In all, 314 patients, 69 (22.0%) had
metastatic diseases. In addition, 156 (49.7%) patients had PGL in
head and neck, thoracic, retroperitoneal, and pelvic locations;
and 158 (50.3%) had PCC which contained 20 bilateral PCC; and
17 patients had tumors in both adrenal and extra-adrenal glands.

The Profile of Gene Variants

We found 107 variants in 314 cases (34.1%) (Table 1). Among
them, 76/107 variants (65.4%) were previously reported as
pathogenic or likely pathogenic, 8/107 variants were
uncertainly significant, and 23/107 variants (21.5%) were
novel. According to the guidelines of ACMG, 13/23
(56.5%) novel variations were classified as pathogenic or
likely pathogenic, 10 variants remained of uncertain
significance. SDHB immunohistochemistry was performed on
available FFEP tissue sections with VUS of SDHx. Negative
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TABLE 1 | Clinical and genetic characteristics of variant-positive patients.
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TABLE 1 | Continued

No. Gene Exon DNA Protein ACMG Adjusted Novel/ Gender Age onset Age atdia. Delay Duration Metastasis Age at Tumor Tumor  Family
mutation change ACMG PMID/RS/ (year) (year) (year) (month) meta.(y) Location Size (cm) History
45 SDHB C.766-1G>A P P novel F 27 27 2 1 No R- PGL 14.4 No
46 SDHB E1 Large P P M 25 28 2 36 No R-PGL, 2.6 No
deletions HN-PGL
47 SDHA E3 c.163T>C p.Y55H  VUS* VUS M 58 62 2 48 No R-PGL 5.0 No
48 SDHA E3 c.163T>C p.YS5H  VUS* VUS F 64 66 2 24 No HN-PGL 1.9 No
49 SDHA E4 c.323A>G  p.N108S VUS* VUS rs758086385 M 61 61 12 3 No PCC 7 No
50 SDHA E5 c.460G>T p.E154X P P novel F 61 61 1 1 No R- PGL 4.4 No
51 SDHA E5 c.508C>A  p.Q170K  VUS™ P novel F 30 40 2 120 No P- PGL 2.9 No
52 SDHA E5 c.562C>T  p.R188W P P 23282968 M 36 46 5 120 No P- PGL 3 No
53 SDHA E7 c.773G>T p.G258V  VUS™ P novel F 12 13 7 6 No R- PGL 12 No
54 SDHA E8 c.935G>A  p.R312H  VUS* VUS novel F 53 63 1 120 Yes 64 R-PGL 9.8 No
55 SDHA E8 c.10564C>T  p.R352X P P novel M 61 63 1 24 No R- PGL 4.5 No
56 SDHA E8 c.1058A>G  p.E353G  VUS* VUS novel M 39 41 5 18 No R-PGL 7.2 No
HN-PGL
57 SDHA E9 c1135C>T  p.R379C  VUS* VUS rs749309213 F 55 55 0 3 No PCC 4.6 No
58 SDHA E10  c.1334C>T  p.S445L P P 28384794 M 58 58 1 1 Yes 58 PCC 9 No
59 SDHA E14 c.1865G>A  p.WB22X VUS™ P 23633203 F 21 33 1 144 No R- PGL 4 No
60 RET E10 ¢.1832G>A p.C611Y P P 8557249 F 19 19 6 8 No bil-PCC 9 No
61 RET E11 c1891G>T p.DB31Y P P 11149622 F 19 24 3 60 No PCC 7 No
62 RET E11 c.1892A>G  p.DB31G LP LP rs121913308 F 32 2 No P- PGL No
63 RET E11 c.1900T>A  p.C634S P P 8099202 M 39 39 0 1 No bil-PCC 41 Yes
64 RET E11 c.1900T>C  p.C634R P P 8103403 F 30 33 3 36 No bil-PCC 4.5 No
65 RET E11 c.1900T>C  p.C634R P P 81034083 F 40 42 4 18 No bil-PCC 5 No
66 RET E11 c.1900T>C  p.C634R P P 8103403 F 31 31 1 2 No PCC 4.6 Yes
67 RET E11 c.1900T>G  p.CB34G P P 8099202 F 21 21 4 7 Yes 25 bil-PCC 8 Yes
68 RET E11  c1900T>G  p.C634G P P 8099202 F 20 22 3 24 No bil-PCC 4 Yes
69 RET E11 c.1901G>A  p.CB34Y P P 8099202 M 24 25 1 12 No PCC 6 No
70 RET E11  c1901G>A  p.C634Y P P 8099202 F 39 39 16 6 No bil-PCC 7.9 Yes
71 RET E14  c.2410G>T  p.v804L P P 14718397 M 38 38 1 2 No PCC 6.4 No
72 SDHD E1 c.19C>G p.L7V VuSs* VUS novel F 29 59 0 360 No R-PGL 9.6 No
73 SDHD E1 c.24T>G p.S8R VUS™ LP rs11550094 F 50 50 1 3 No R- PGL 6.2 No
74 SDHD E1 c.49C>T p.R17X P P 18213727 M 26 26 2 2 Yes 28 HN PGL 4.6 No
75 SDHD E2 c.64C>T p.R22X P P 11391798 M 25 26 0 12 Yes 26 HN PGL 4.7 No
76 SDHD E3 ¢.177_181del p.S59fs P P novel M 23 23 32 No PCC,R- PGL,HN 3.6 Yes
PGL,T- PGL,
77 SDHD E3 ¢.188_198del p.S63fs P P 30484866 F 53 57 1 48 No Multiple-HN PGL 3 No
78 SDHD E3 c.217A>G p.S73G Vus* VUS rs748545223 F 43 43 1 2 Yes 52 R-PGL 5 No
79 SDHD E3 c.217A>G p.S73G  VUS* VUS rs748545223 M 23 29 0 72 No PCC 6.5 No
80 SDHD E3 ¢.305A>C p.H102P P P 19454582 F 48 7 Yes 53 HN PGL No
81 SDHD E4 C.338A>T p.D113V LP LP rs786202513 F 24 26 6 24 No R- PGL 5.3 Yes
82 SDHD c.315-1G>T P P novel F 25 28 4 36 No bil-PCC,R- PGL,HN No
PGL
83 VHL E1 c.250G>A p.V84M P P 17688370 F 24 30 0 72 No R- PGL 41 No
84 VHL E1 C.260T>A p.V87E P P 28388566 M 12 No bil-PCC No
85 VHL E1 c.314C>T  p.T105M LP LP rs761240835 M 9 13 10 48 No bil-PCC, No
R- PGL
86 VHL E2 c.414A>G p.P138P P P 30946460 M 15 15 2 3 No bil-PCC 6.8 Yes
(Continued)
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TABLE 1 | Continued

No. Gene Exon DNA Protein ACMG Adjusted Novel/ Gender Age onset Age atdia. Delay Duration Metastasis Age at Tumor Tumor  Family
mutation change ACMG PMID/RS/ (year) (year) (year) (month) meta.(y) Location Size (cm) History
87 VHL E2 c.414A>G p.P138P P P 30946460 M 36 36 2 2 No PCC 2.3 No
88 VHL E2 C.458T>A p.L153Q P P 24466223 M 13 22 0 156 No bil-PCC 8 Yes
89 VHL E2 c.460C>T p.P154S P P 16595991 F 39 0 Yes 39 R- PGL 6.8 No
90 VHL E3 c.482G>A  p.R161Q P P 7728151 M 19 19 4 6 No bil-PCC, 6.6 Yes
R- PGL
91 VHL E3 c.482G>A  p.R161Q P P 7728151 F 10 10 18 6 Yes 28 bil-PCC, 7 No
R- PGL
92 VHL E3 C.499C>T p.R167W P P 7987306 M 9 9 22 No bil-PCC, 5 No
R- PGL
93 VHL E3 c.500G>A  p.R167Q P P 7987306 M 10 13 9 36 No PCC 6.5 Yes
94 VHL E3 c.500G>A  p.R167Q P P 7987306 M 14 14 31 No PCC No
95 FH E2 c.193G>A p.DBEN  VUS* VUS rs769956664 M 57 57 5 6 No PCC 6.1 No
R-PGL
96 FH E2 c.206G>A p.G69ID  VUS* VUS novel F 26 27 6 12 No PCC 45 No
97 FH E6 c.799C>G  p.P267A VUS* VUS novel F 46 48 2 24 No R-PGL 3.5 No
98 FH E6 c.817G>A  p.A273T P P & F 30 36 2 72 No P- PGL 25 Yes
99 FH E9 c.1373C>T  p.A458V  VUS* VUS novel M 46 61 0 180 No PCC 6.3 No
100 FH E10 c¢.1516A>G  p.MB0OBV  VUS* VUS rs762413315 F 49 56 1 84 Yes 56 P-PGL No
101 MAX E1 c.1A>G p.M1V P P 21685915 M 36 37 3 12 No bil-PCC 5.9 No
102 MAX E3 c.97C>T p.R33X P P 21685915 M 16 18 8 24 No PCC 4 Yes
103 MAX E3 c.97C>T p.R33X P P 21685915 F 31 31 17 3 Yes 48 PCC 10 No
104 MAX E3 c.97C>T p.R33X P P 21685915 F 39 43 2 48 No bil-PCC 3.5 No
105 MAX E3 c.97C>T p.R33X P P 21685915 F 18 18 14 Yes 22 PCC 7 No
106 MAX E4 €.223C>T p.R75X P P 21685915 M 24 25 14 12 No bil-PCC 35 No
107 TMEM127  E2 ¢.133T>C p.C45R  VUS* VUS novel M 27 27 2 3 No PCC 5 No
108 KIF1B E33  ¢.3649C>T p.P1217S P P 18334619 F 36 0 Yes 36 PCC No

&https://doi.org/10.1101/663609.
P represents for Pathogenic; LP represents for Likely Pathogenic; VVUS represents for Variant of Uncertain Significance; F represents for female; M represents for male.
Age at dia. represents for Age at diagnosis; Age at meta. represents for Age at metastasis; Delay represents for delay between the PPGL diagnosis and the PPGL genetic testing; R represents for Retroperitoneal; P represents for Pelvic;
T represents for Thoracic; HN represents for Head and neck; bil-PCC represents for bilateral pheochromocytoma.
“represents for SDHB immunohistochemical negative.
“represents for SDHB immunohistochemical positive.
*represents for FFPE unavailable.
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TABLE 2 | Clinical characteristics of different pathogenic genes in PPGL patients.

SDHB (n = 46) SDHD (n = 8) SDHA (n=7) RET (n = 12) VHL (n =12) MAX (n = 6) FH(n=1) KIFiB(n=1)
Sex(M/F) 27/19 3/5 3/4 3/9 9/3 3/3 0/1 0N
Age (year) 26 (16, 41) 27 (26, 49) 46 (37, 60) 32 (23, 28) 15 (13, 24) 28 (20, 36) 36 36
Duration 12 (5, 48) 18 (5, 33) 24 (4,120) 8 (6, 21) 7 (5, 45) 12 (12, 24) 72 3
(month)
Delay (year) 2(1,6) 3(1,6) 1(1,4) 32,4 4(1,14) 11 (4,14) 2 0
Multiple 5/46 (10.9%) 3/8 (37.5%) 0 7/12 (58.3%) 7/12 (58.3%) 3/6 (50.0%) 0 0
Metastasis 25/46 (54.3%) 3/8 (37.5%) 1/7 (14.3%) 1/12 (8.3%) 2/12 (16.7%) 2/6 (33.3%) 0
Location
PCC 6/46 (13.0%) 0 1/7 (14.3%) 4/12 (33.3%) 3/12 (25.0%) 3/6 (50.0%) 0 1
Bil-PCC 0 1/8(12.5%) 0 7/12 (58.3%) 7/12 (58.3%) 3/6 (50.0%) 0 0
PGL 41/46 (89.1%) 8/8(100.0%) 6/7 (85.7%) 1/12 (8.3%) 3/12 (25.0%) 1 0
HN-PGL 2/46 (4.3%) 6/8(75.0%) 0 0 0 0 0 0
T-PGL 1/46 (2.1%) 1/8(12.5%) 0 0 0 0 0 0
R-PGL 38/46 (82.6%) 4/8(50.0%) 4/7 (57.1%) 0 3/12 (25.0%) 0 0 0
P-PGL 2/46 (4.3%) 0 2/7 (28.6%) 1/12 (8.3%) 0 0 1 0
PCC+PGL 1/46 (2.1%) 2/8(25.0%) 0 2/12 (16.7%) 0 0 0
Family History 5/46 (10.9%) 2/8(25.0%) 0 5/12 (41.7%) 0 1/6(16.7%) 1 0
Catecholamine
NE 271.3 (126.0, 148.0 (81.7, 135.0 (51.9, 77.6 (38.6, 364.8) 502.6 (300.7, 343.4 (303.1, 31.4 256.9
967.5) 211.0) 246.7) 786.4) 399.8)
E 3.5 (2.6, 4.6) 3.0 (2,3.7.0) 4.0 (3, 4.9) 6.1 (3.4, 36.7) 3.6 (2.9, 4.7) 4.7 (4.0, 7.9) 4.4 105.8
DA 274.5 (220.9, 171 (1271, 258.4 (176, 287.7 (187.6, 253.3 (217.3, 389.8 (211, 617.1) 326 284.2
462.1) 212.5) 295.4) 326.8) 302.6)
Tumor size(cm) 6.4(4.5, 8.0) 4.7 8.9,5.2) 4.4 (3.5, 6.8) 6.0 (4.5, 7.5) 6.6 (5.0, 6.8) 5.0 (3.6, 6.7) 25 NA

Data are medians and interquartile ranges.

PCC represents for pheochromocytoma; PGL represents for paraganglioma; R represents for Retroperitoneal; P represents for Pelvic; T represents for Thoracic; HN represents for Head

and neck; bil-PCC represents for bilateral pheochromocytoma.

NE represents for 24-h urinary Norepinephrine (normal range:16.7~40.7 ug/24 h); E represents for 24-h urinary Epinephrine (normal range: 1.7~6.4 ug/24 h); DA represents for 24-h

urinary Dopamine (normal range: 120.9~330.6 ug/24 h).
NA represents for unavailable.

immunostaining of SDHB was presented in 3 VUS of SDHA and
one VUS of SDHD (Figure 2). Positive immunostaining of
SDHB was presented in 2 VUS of SDHA and 2 VUS of SDHD,
which suggests variants may not be pathogenic (Supplementary
Figure S1).

In 207 cases without variants in 12 common pathogenic
genes. SDHB immunohistochemistry was performed in 96/207
FFPE tissue sections, only one sample presented negative
immunostaining of SDHB. MLPA analysis of the SDHx was
then used in the immunohistochemistry negative sample and
another 43 samples which contain multiple, metastatic PPGL.
MLPA analysis of the VHL was used in early onset (under 20
years old) (n = 19), bilateral PCC (n = 2) or PCC and PGL (n = 6)
in succession. We did not detect any deletions and duplications
of VHL. Deletions of SDHB gene were detected in the negative
immunostaining sample, affecting exon 1.

Altogether, 93/314(29.6%) of PPGLs had germline mutations
in 12 known pathogenic genes.SDHB was the most frequently
mutated gene (46/314, 14.6%), followed by RET (12/314, 3.8%),
VHL (12/314, 3.8%), SDHD (8/314, 2.5%), SDHA (7/314, 2.2%),
MAX (6/314, 1.9%), FH (1/314, 0.3%), and KIFIB (1/314, 0.3%).

SDHB Variants

SDHB was the most commonly mutated gene in our series (46/93
variants, 49.5%) with a median age at diagnosis of 26. Compared
to sporadic PPGL, PPGL with SDHB variants were more likely to

develop distant metastases or PGL (Table 3). 25/46(54.3%) of
cases developed metastasis with the median duration of 12 (5, 51)
months. Eighty-five percent (39/46) of the cases were PGL, 5/46
of the cases were PCC and 2/46 of the cases had both PCC and
PGL (Table 2). In our cohort, SDHB variants were mainly
located in exon 2 and exon 7, which accounted for 26/46
(56.5%) of all SDHB variants. Among them, codon 46 in exon
2 and codons 230 and 242 in exon 7 were hot variant sites, and
were found in 8, 5, and 4 patients, respectively. Besides, variants
in IVS7 (c.765+1G>A and ¢.766—1G>A) were also common in
our study and the rate was 6/46 (13.0%).Four unrelated
individuals had a family history of PPGL. Two PPGL
complicated with pancreatic neuroendocrine tumor and renal
clear cell carcinoma, respectively.

The risk of metastasis in SDHB-mutated and sporadic PPGL
patients was shown in Figure 3. There was a statistically significant
difference in the risk of development into distant metastasis between
patients with SDHB variants and sporadic PPGLs (P <.001). For
PPGLs with SDHB variants, the risk of metastasis by the age of 60
was close to 60%, while in patients with sporadic PPGL, the risk was
roughly 20% (P <.001) (Figure 3).

SDHA Variants

There were 13 cases with SDHA variants. Seven patients with
pathogenic SDHA variants were diagnosed at a median age of 46
(range: from 13 to 63 years). Most of the patients had PGL (6/7,
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staining in PPGL with RET mutation and normal adrenal medulla (F, G).

FIGURE 2 | SDHB immunohistochemistry. (A) PPGL with SDHA mutation (c.C508A). (B) PPGL with SDHA mutation (c.G773T). (C) PPGL with SDHA mutation
(c.G1865A). (D) PPGL with SDHD mutation (c.T24G). (E) PPGL with an exon 1 large deletion of SDHB. (F) PPGL with RET mutation. (G) Normal adrenal medulla.
Note: Absence of SDHB immunostaining in the tumour cells (A-E), with positive staining in the normal cells of the intratumoral fiorovascular network. Strong granular

85.7%), and of them, 4 had retroperitoneal PGL and 2 had pelvic
PGL. One cases developed metastasis (Table 2). Exon 5 tended to
have recurrent variants. There was no family history or
syndrome in PPGLs with SDHA variants.

SDHD Variants
There were 11 cases with SDHD variants while 8 variants were
verified as pathogenic and 3 remained VUS. Cases carrying

pathogenic SDHD mutation were diagnosed at a median age of
27 (range: from 23 to 57 years), and 99mTc-HYNIC-TOC
scintigraphy was used for the detection of head and neck PGL
or multiple PGL in SDHD mutation carriers. All cases had PGL.
PGL was in head and neck in 4 and in retroperitoneal cavity in 2.
Thirty seven percent (3/8) of cases had multiple PPGL. The
mutation type of 3 cases with multiple PPGL were framshifts or
splicing. Three cases with single nucleotide variants, mostly (2/3,
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TABLE 3 | Genotype-phenotype correlation in patients with PPGL.

Metastasis Location Age(years) Family History
Yes No PCC PGL Multiple <30 >30 Yes No
n = (69) n = (245) n = (141) n = (156) (PCC and n = (105) n = (209) n=(18) n = (296)
PGL)
n=(17)
SDHB (n = 46) 25/69 21/245 (8.6%) 5/141 (3.5%) 39/156 2/17 (11.8%) 28/105 18/209 (8.6%) 5/18 40/296
(36.2%) (25.0%) (26.7%)* (27.8%) (13.5%)
SDHD (n = 8) 3/69 (4.3%)  5/245 (2.0%) 0 6/156 (3.8%) 2/17 (11.8%)  5/105 (4.8%)  2/209 (1.0%) 2/18 6/296 (2.0%)
(11.1%)
SDHA (N =7) 1/69 (1.4%)  6/245 (2.4%)  1/141 (0.7%) 6/156 (3.8%) 0 1/105 (1.0%)  6/209 (2.9%) 0 7/296 (2.4%)
RET (n=12) 1/69 (1.4%)  11/245 (4.5%) 11/141 (7.8%) 1/156 (0.6%) 0 5/105 (4.8%)  7/209 (3.3%) 5/18 7/296 (2.4%)
(27.8%)
VHL (n=12) 2/69 (2.9%) 10/245 (4.1%) 6/141 (5.0%)  3/156 (1.9%)  2/17 (11.8%) 10/105 2/209 (1.0%) 4/18 8/296 (2.7%)
(9.5%)* (22.2%)
MAX (n = 6) 2/69 (2.9%)  4/245 (1.6%)  6/141 (4.3%) 0 0 3/105 (2.9%)  6/209 (2.9%) 1/18 (5.6%) 5/296 (1.7%)
FH (h=1) 0 1/245 (0.4%) 0 1/156 (0.6%) 0 0 1/209 (0.5%) 1/18 (5.6%) 0
KIF1B (n=1) 1/69 (1.4%) 0 1/141 (0.7%) 0 0 0 1/209 (0.5%) 0 1/296 (0.3%)
12 pathogenic 35/69 58/245 30/141 56/156 6/17 (35.3%) 52/105 43/209 18* 75/296
genes (50.7%)* (23.7%) (21.3%) (35.9%)" (49.5%)* (20.6%) (25.3%)
(n=93)
Sporadic(n = 206) 31/69 175/245 105/141 93/156 8/17 (47.1%) 50/105 156/209 0 206/296
(44.9%) (71.4%) (74.5%) (569.6%) (47.6%) (74.6%) (69.6%)

*P < 0.001 vs. sporadic group.
#P < 0.05 vs. sporadic group.
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FIGURE 3 | Risk of metastasis in SDHB-mutated and sporadic PPGL
patients. Kaplan-Meier analysis includes 46 SDHB (succinate dehydrogenase
subunit B) mutated PPGLs and 206 apparently sporadic PPGLs.

66.7%) nonsence mutation, tend to develop into single head and
neck PGL and metastasis. Two patients had both PCC and
PGL.The variant scattered across the 4 exons of SDHD. Two
cases had a family history of PPGL, and one case had pituitary
growth hormone adenoma in addition to PPGL.

RET Variants

RET variants were found in 12 patients. Ninety one percent (11/
12) of patients had PCC, among which, 7 had bilateral PCC.
Variants in codon 631 and codon 634 in exon 11 of RET, were
found in 10/12 (83.3%) cases. Forty one percent (5/12) had PPGL
family history. In addition to PPGL, 6 patients also had clinical
manifestations of medullary thyroid carcinoma. One patient had
both PCC and primary hyperparathyroidism.

VHL Variants
VHL variants were detected in 12 patients. Six cases had PCC,
including 3 bilateral PCC. Two patients had retroperitoneal PGL,
and 4 patients had both bilateral PCC and retroperitoneal PGL
(Table 1). Two metastatic PPGL which had no proof of renal cell
carcinoma were also found in VHL mutated patients. Variants in
codon 161 and 167, the most frequently reported mutant sites,
were detected in 5/12(41.7%) patients. Four patients had family
history of PPGL.And two cases had other clinical manifestations
of VHL disease, such as bilateral retinoblastoma, cerebellar
hemangioblastoma, renal clear cell carcinoma, and pancreatic
neuroendocrine tumor in addition to PPGL.

Compared to sporadic PPGLs, pathogenic germline variants,
especially SDHB and VHL, were more likely to be detected in
patients under 30 (P <.001).

Other Gene Variants

Six cases had MAX variants, and all of them were PCC and half
of the PCC were bilateral. Five variants were nonsense and one
disrupted the MAX protein by affecting the initial methionine
(c.1A>G). The most frequent variant was ¢.97C>T, p.Arg33Ter
(4/6, 66.7%), and 2 of the 4 patients with such variant had
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metastatic PPGL. One of the patients with MAX variants had
family history. In addition to PCC, two patients had pituitary
growth hormone/prolactin adenoma and thyroid papillary
carcinoma, respectively. One case with a family history of
PPGL carried a FH pathogenic variant. A patient with KIFIB
variant had metastatic PCC.

Comparison Between Apparently Sporadic
PPGLs and Their Counterparts

In our cohort, further analysis was conducted in 206 patients
with apparently sporadic PPGL (i.e., patients without variants in
12 known pathogenic genes) and 25 cases with family history or
syndromic presentation (Table 4). Compared to apparently
sporadic PPGLs, patients with family history or syndromic
presentation had an earlier age of onset (P <.000), a higher
level of norepinephrine (P <.038) and were more likely to
develop multiple PPGL (P <.000). Besides, PCC was more
common in apparently sporadic PPGLs (P = 0.014).

Variants in PCC and PGL
There were 141 PCC in 314 PPGLs. The 141 PCC patients
included 15 bilateral PCC and 21 metastatic PCC patients. Thirty
PCC patients (30/141, 21.3%) had germline variants (Figure 1
and Table 3). The top two most frequently mutated genes were
RET (11/141, 7.8%) and VHL (6/141, 4.3%), followed by MAX
(6/141, 4.3%), SDHB (5/141, 3.5%), SDHA (1/141, 0.7%), and
KIF1B (1/141, 0.7%).

Twenty bilateral PCC were included in our cohort (Figure 1),
5 were complicated with PGL. 7/20 (35%) had RET variants, 7/20
(35%) had VHL variants, 3/20 (15%) had MAX variants, 1/20
(5%) had SDHD variant, and 2/20 (10%) had no known germline
variants (Table 2).

One hundred and fifty six PGL patients were included in our
research, involving 129 retroperitoneal PGL, 18 pelvic PGL, 9

TABLE 4 | Comparison of the clinical characteristics between PPGLs with family
history or syndromic presentation and apparently sporadic PPGLs.

PPGLs with family
historyor syndromic

PPGLs withapparently P-value
sporadic presentation

presentation (n = 25) (n =206)

Age at onset 24 (16, 38) 38 (30, 47) 0.000
(year)

Age at diagnosis 25 (18, 37) 42 (31, 52) 0.000
(year)

Duration (month) 24 (8, 54) 24 (4, 60) 0.297
Metastasis 4/25 (16%) 32/206 (16%) 1.000
PCC 6/25 (24%) 103/206 (50%) 0.014
PGL 7/25 (28%) 89/206 (43%) 0.145
Multiple PPGL 12/25 (48%) 14/206 (7%) 0.000
Tumor size (cm) 6.0 (4.8, 8.0) 5.4 (4.0,7.2) 0.260
NE 348.8 (141.0, 542.8) 113.7 (39.4, 440.3) 0.0388
E 4.4(29,7.4) 4.0(2.7,6.7) 0.700
DA 285.1 (204.8, 350.0) 230.1 (172.2, 329.1) 0.300

Data are medians and interquartile ranges.

PCC represents for pheochromocytoma; PGL represents for paraganglioma; PPGL
represents for pheochromocytoma and paraganglioma; NE represents for 24-h urinary
Norepinephrine (normal range:16.7~40.7ug/24 h), E represents for 24-h urinary
Epinephrine (normal range: 1.7~6.4 ug/24 h); DA represents for 24-h urinary Dopamine
(normal range: 120.9~330.6 ug/24 h).

head and neck PGL, and 4 thoracic PGL (Table 2). Thirty six
percent (56/156) of the PGLs had known pathogenic gene
variants (Table 3). In 129 retroperitoneal PGL (Table 2),
34.1% of them had germline mutations. The most frequently
mutated gene was SDHB (36/129, 27.9%), followed by SDHA
(4/129, 3.1%), VHL (2/129, 1.6%), SDHD (1/129, 0.8%), and RET
(1/129, 0.8%). In 18 pelvic PGL patients, 33.3% of them had
germline variants, including SDHB (2/18, 11.1%), SDHA (2/18,
11.1%), RET (1/18, 5.6%), and FH (1/18, 5.6%). In 9 patients with
head and neck PGL (Figure 1), 66.7% of the patients had
germline variants, including SDHD (4/9, 44.4%) and SDHB (2/
9, 22.2%). Thoracic PGL were related to SDHB (1/4, 25%) and
sporadic PPGL (3/4, 75%). Five patients had both bilateral PCC
and PGL. All of them had pathogenic variants, of which 4 carried
VHL mutation and 1 carried SDHD mutation.

Compared to sporadic PPGLs, PPGLs with variants in known
pathogenic genes were more likely to develop PGL (P <.001).

Genetic Alterations in Metastatic PPGLs
Pathogenic germline variants were more likely to occur in
metastatic PPGL than in their non-metastatic counterparts
[35/69 (50.7%) vs. 58/245 (23.7%), P <.001]. Moreover, distant
metastasis occurred more often in PGL than in PCC [45/156
(28.8%) in PGL vs. 21/141 (14.9%) in PCC, P = 0.004]. In
metastatic PPGL, SDHB (25/69, 36.2%) was the most
commonly mutated gene (Figure 1 and Table 3). SDHD (3/69,
4.3%), MAX (2/69, 2.9%), and VHL (2/69, 2.9%) had relatively
higher frequency of variants. SDHA, RET, and KIF1B were also
found to have variants, with a rate of 1.4% (1/69), while we did
not found mutations in FH in metastatic PPGLs. Of note, 31/69
(44.9%) metastatic PPGL did not possess 12 known pathogenic
genes (Figure 1 and Table 3).

Catecholamine Phenotype in PPGLs

Twenty four-hour urinary catecholamine excretion charactered
elevated NE or elevated NE and DA in SDHB mutated PPGLs.
Most patients carrying mutations in SDHD, SDHA, or MAX had
elevated NE.

DISCUSSION

In this cohort of Chinese PPGL patients, we profiled the genetic
variants and demonstrated genotype-phenotype correlation in
Chinese PPGL patients. We found that germline variant rate in
PPGL patients was up to 29.6%, and SDHB was the most
frequently mutated gene. The genetic and clinical features of
Chinese PPGL patients were unique in some aspects compared to
their non-Chinese counterparts.

The overall variant rates of pathogenic genes in PPGLs in our
cohort were similar to those reported previously, standing
somewhere between 11% to over 40% (7, 20, 21). A study
conducted in Italy examined 10 genes in 501 PPGL patients
and found that germline variant rate was 32.1%, and VHL was
the most frequently mutated gene (22). A recent study from
Saudi Arabia reveals that the variant rate was 36.6%, and SDHB
was the most common variant (9). Jiang J et al. recently reported
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719 PPGLs from two centers in China, of the 719 PPGLs, 266
cases were included in the analysis of germline mutations.
Almost twenty one percent of PPGL had pathogenic germline
mutations and VHL was mostly mutated in PPGL at a rate of 23/
261(8.8%) in germline level (10). Compared to the research of
Jiang ] et al., our single center had a higher mutation rate of
29.6% and SDHB was the most commonly mutated gene in our
center. The difference may come from that patients were referred
to our hospital from all over the country mostly for their relative
complicated or hard-treated diseases. Moreover, the proportion
of metastatic PPGL and extra-adrenal PGL in a cohort might also
affect the profile of genetic variants.

It is noteworthy that the variant hotspots of SDHB varied with
different cohorts. According to TCGA data from 173 PPGL
patients (23), the detection rate of SDHB germline variant was
9.8% (17/173). Among the 17 SDHB mutated PPGLs, p.Arg46Ter
variant, which was the most frequently mutated one in our SDHB
mutated PPGLs (6/45, 13.3%), occurred in only one patient (1/17,
5.9%). And the most frequent SDHB variant in TCGA data was
p-Ile127Ser [29.4% (5/17)], which was not detected in our cohort.
In a research conducted in Saudi Arabia, the most common SDHB
variant was p.Arg90Ter, occurring in 57% of all the SDHB mutated
cases, while in our series, no case had such variant (9). A national
study from the Netherlands revealed that IVS4 (c.423+1G>A) was
the most common variant site and was detected in 16/83 (19%)
SDHB mutated patients, while the variant was found in 2/45 (4.4%)
SDHB mutated patient in our cohort (24). In addition, in our study,
novel variants ¢.765-1G>A and p.Asp221Gly in SDHB were
recurrent. Exon 2, exon 7, and the splicing of IVS7 (c.765+1G>A
and ¢.766-1G>A) were the most commonly mutated domains in
our cohorts, and the finding was different from the results of other
large sample researches (24-27). All the aforementioned studies,
including ours, strongly suggest that the hotspots of SDHB variant
vary in different races or countries, and it may be feasible to
preferentially detect some specific sites of SDHB gene for metastatic
PPGL patients according to the variant hotspots to achieve better
cost-effectiveness and efficiency. The clinical features of patients
with SDHB variants in our series mimicked those in other studies,
and SDHB variant is associated with development of metastasis and
extra-adrenal tumors.

Our results revealed that patients under 30 had a high
germline variant rate (52.6%), suggesting that it is necessary to
screen the genes in young patients. On the other hand, with
SDHA and SDHD variants, corresponding tumors tend to affect
elderly patients (23). It has been reported that the SDHD variant
carrier had a penetrance rate of 86% at the age of 50 (22, 24, 25).
In our study, only 2/8 (25%) SDHD-mutated patients had family
history of PPGL. Family history may be underestimated because
it was obtained by enquiring rather than systematic examination
and gene detection in family members.

In our cohort, the hotspot variants of RET and VHL genes
were similar to those reported previously, and were at codons
631 and 634 in exon 11 of RET gene and at codons 161 and 167
in exon 3 of VHL gene (26, 27). Of note, a synonymous variant
recently reported in VHL was found in two patients in our study
(28). RET and VHL gene variants mainly cause PCC, and they

are principally responsible for development of bilateral PCC,
accounting for 70% in all bilateral PCC in our study. Previous
studies also found PGL in RET- and VHL-mutated patients (26,
27). In our series, only one patient (1/12, 8.3%) with RET variant
developed PGL. But in VHL-mutated patients, 50% (6/12 cases)
had retroperitoneal PGL. The rate was higher than that of
previous research (10%-20%) (26). Our study suggested that
although VHL and RET gene variants mainly lead to adrenal
PCC, they may also result in extra-adrenal PGL. This is especially
true of VHL variant, which needs to be screened carefully in
clinical practice.

Up to now, only 12 PPGL patients with FH gene variants have
been reported (29-31). In our cohort, we identified six FH
variants in 314 individuals with PPGL. Only one of the FH
variants was identified to be pathogenic variants against ACMG.
The first published report showed that metastatic PPGLs
accounted for 60% (3/5 cases) in FH-mutated PPGLs.
Nonetheless, no evidence of metastasis of the PPGL with FH
mutation in our cohort has been found till now.

MAX has been recently described at a total of ~40 PPGLs (9,
32-34). In our study, 6 patients had MAX variant, with the ratio
being 1.9% in all PPGL patients. All MAX-mutated patients
developed PCC in our cohort, which was coincident with
previous studies (35). The frequent variant c.97C>T was also
common in European and American populations (8/23 vs. 4/6 in
our study) (35). Interestingly, of all the 4 PPGL cases carrying the
same variant site c.97C>T, two were metastatic cases, while
previous studies (26, 35) showed that patients carrying
¢97C>T did not develop metastasis. This might be a unique
genotype-phenotype correlation in Chinese.

KIFIB gene variant had been reported previously in a familial
PCC patient. Both the proband and his grandfather had bilateral
PCC without distant metastasis. Besides, the proband was also
diagnosed with a neuroblastoma and a large well-differentiated
leiomyosarcoma successively (36). Our research found a case of
KIFI1B variant who had a unilateral PCC with a metastatic lesion.
Of note, the variant site had been previously reported in a patient
with neuroblastoma (37). Our case suggested that the germline
variants of the KIFIB gene could also pose risk of metastatic PCC.

Metastatic PPGL was reported to make up 2% to 13% (vs. 21/
141, 14.9% in our study) in PCC and 2.4% to 50% (vs. 45/156,
28.8% in our study) in PGL (38). In our cohort, 50.7% (35/69) of
metastatic PPGLs had hereditary germline variants, and were
mostly caused by SDHB variant, followed by SDHD, VHL, MAX,
SDHA, RET, and KIF1B. The results were in line with previous
reports (26). The median age at diagnose in metastatic PPGLs
was 7 years older (32 years vs. 39 years in our study) than the
previously reported age (38, 39). PPGLs with SDHB variants
need more attention since they are highly predisposed to
distant metastasis.

Our study had several limitations. The research focused on the
most common 12 pathogenic genes of PPGL and registered a
variant detection rate of 29.6%. Our study did not include rare
pathogenic genes such as DLST, SLC25A11 and DNMT3A, etc,,
which might lower the detection rate of pathogenic mutations.
Furthermore, next-generation sequencing used in this study could
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not detect large deletions of some pathogenic genes, such as SDHx
and VHL. Nevertheless, we added SDHB immunohistochemistry
technique and MLPA detection to all samples with multiple PPGL
or metastasis or early onset that are most likely to have large
deletions. The proportion of large deletions in SDHx was 1.6%
(1/61), lower than previously reported.

CONCLUSIONS

In conclusion, our study profiled the genetic variants and
identified the corresponding clinical characteristics of PPGL in
Chinese subjects. SDHB mutation hotspots are different between
Chinese and other races. The genotype-phenotype relationship
in Chinese is helpful in the prioritization of genetic tests and
clinical decision-making.

DATA AVAILABILITY STATEMENT

The raw sequence data reported in the manuscript have been
deposited in the Genome Sequence Archive in National
Genomics Data Center, Beijing Institute of Genomics (China
National Center for Bioinformation), Chinese Academy of
Sciences, under accession number HRAO000415 that are
accessible at https://bigd.big.ac.cn/gsa-human/s/sKCKPTOA.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Medical Ethics Committee at Peking Union Medical
College Hospital and written informed consent to participate in
the study was provided by participants or their legal guardians/

REFERENCES

1. Ben Aim L, Pigny P, Castro-Vega L], Buffet A, Amar L, Bertherat J, et al.
Targeted next-generation sequencing detects rare genetic events in
pheochromocytoma and paraganglioma. ] Med Genet (2019) 56(8):513-20.
doi: 10.1136/jmedgenet-2018-105714

2. Toledo RA, Burnichon N, Cascon A, Benn DE, Bayley JP, Welander J, et al.
Consensus Statement on next-generation-sequencing-based diagnostic
testing of hereditary phaeochromocytomas and paragangliomas. Nat Rev
Endocrinol (2017) 13(4):233-47. doi: 10.1038/nrendo.2016.185

3. Toledo RA, Dahia PL. Next-generation sequencing for the diagnosis of
hereditary pheochromocytoma and paraganglioma syndromes. Curr Opin
Endocrinol Diabetes Obes (2015) 22(3):169-79. doi: 10.1097/
med.0000000000000150

4. Remacha L, Curras-Freixes M, Torres-Ruiz R, Schiavi F, Torres-Perez R,
Calsina B, et al. Gain-of-function mutations in DNMT3A in patients with
paraganglioma. Genet Med (2018) 20(12):1644-51. doi: 10.1038/s41436-018-
0003-y

5. Remacha L, Pirman D, Mahoney CE, Coloma J, Calsina B, Curras-Freixes M,
et al. Recurrent Germline DLST Mutations in Individuals with Multiple
Pheochromocytomas and Paragangliomas. Am ] Hum Genet (2019) 104
(5):1008-10. doi: 10.1016/j.ajhg.2019.04.010

6. Buffet A, Morin A, Castro-Vega L], Habarou F, Lussey-Lepoutre C, Letouze E,
et al. Germline Mutations in the Mitochondrial 2-Oxoglutarate/Malate
Carrier SLC25A11 Gene Confer a Predisposition to Metastatic

next of kin. Written informed consent to participate in this study
was provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

XM conducted the experiments and drafted the manuscript. ML
conducted the experiments and analyzed the data. FW, YC, SC,
XZ, and YZ collected the specimens. YL and AT reviewed the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This research was funded by CAMS Innovation Fund for
Medical Sciences (CIFMS), grant number 2017-12M-1-001.

ACKNOWLEDGMENTS

The authors are indebted to Dr. Zhengpei Zeng in Department of
Endocrinology and Dr. Hanzhong Li in Department of Urology
for providing expert advice in treating the patients.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2020.
574662/tull#supplementary-material. The Supplementary
Material (Table_1.xlsx) for this article can be found online at:
https://doi.org/10.6084/m9.figshare.12034230.v1

Paragangliomas. Cancer Res (2018) 78(8):1914-22. doi: 10.1158/0008-
5472.Can-17-2463

. Dahia PL. Pheochromocytoma and paraganglioma pathogenesis: learning
from genetic heterogeneity. Nat Rev Cancer (2014) 14(2):108-19.
doi: 10.1038/nrc3648

. Gimenez-Roqueplo AP, Lehnert H, Mannelli M, Neumann H, Opocher G, Maher
ER, et al. Phaeochromocytoma, new genes and screening strategies. Clin
Endocrinol (Oxf) (2006) 65(6):699-705. doi: 10.1111/j.1365-2265.2006.02714.x

9. Albattal S, Alswailem M, Moria Y, Al-Hindi H, Dasouki M, Abouelhoda M,

et al. Mutational profile and genotype/phenotype correlation of non-familial

pheochromocytoma and paraganglioma. Oncotarget (2019) 10(57):5919-31.

doi: 10.18632/oncotarget.27194

Jiang J, Zhang J, Pang Y, Bechmann N, Li M, Monteagudo M, et al. Sino-

European Differences in the Genetic Landscape and Clinical Presentation of

Pheochromocytoma and Paraganglioma. J Clin Endocrinol Metab (2020) 105

(10):3295-307. doi: 10.1210/clinem/dgaa502

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The

Sequence Alignment/Map format and SAMtools. Bioinformatics (2009) 25

(16):2078-9. doi: 10.1093/bioinformatics/btp352

Li H, Durbin R. Fast and accurate short read alignment with Burrows-

Wheeler transform. Bioinformatics (2009) 25(14):1754-60. doi: 10.1093/

bioinformatics/btp324

Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic

variants from high-throughput sequencing data. Nucleic Acids Res (2010) 38

(16):e164. doi: 10.1093/nar/gkq603

~

fosd

10.

11.

12.

13.

Frontiers in Endocrinology | www.frontiersin.org

76

December 2020 | Volume 11 | Article 574662


https://bigd.big.ac.cn/gsa-human/s/sKCKPT0A
https://www.frontiersin.org/articles/10.3389/fendo.2020.574662/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2020.574662/full#supplementary-material
https://doi.org/10.6084/m9.figshare.12034230.v1
https://doi.org/10.1136/jmedgenet-2018-105714
https://doi.org/10.1038/nrendo.2016.185
https://doi.org/10.1097/med.0000000000000150
https://doi.org/10.1097/med.0000000000000150
https://doi.org/10.1038/s41436-018-0003-y
https://doi.org/10.1038/s41436-018-0003-y
https://doi.org/10.1016/j.ajhg.2019.04.010
https://doi.org/10.1158/0008-5472.Can-17-2463
https://doi.org/10.1158/0008-5472.Can-17-2463
https://doi.org/10.1038/nrc3648
https://doi.org/10.1111/j.1365-2265.2006.02714.x
https://doi.org/10.18632/oncotarget.27194
https://doi.org/10.1210/clinem/dgaa502
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/nar/gkq603
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Ma et al.

Pheochromocytoma Genetics Profile in China

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, et al.
dbSNP: the NCBI database of genetic variation. Nucleic Acids Res (2001) 29
(1):308-11. doi: 10.1093/nar/29.1.308

Adzhubei I, Jordan DM, Sunyaev SR. Predicting functional effect of human
missense mutations using PolyPhen-2. Curr Protoc Hum Genet (2013) 76
(7):20. doi: 10.1002/0471142905.hg0720s76

Ng PC, Henikoft S. SIFT: Predicting amino acid changes that affect protein
function. Nucleic Acids Res (2003) 31(13):3812-4. doi: 10.1093/nar/gkg509
Schwarz JM, Rodelsperger C, Schuelke M, Seelow D. MutationTaster evaluates
disease-causing potential of sequence alterations. Nat Methods (2010) 7
(8):575-6. doi: 10.1038/nmeth0810-575

Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J. A general
framework for estimating the relative pathogenicity of human genetic
variants. Nat Genet (2014) 46(3):310-5. doi: 10.1038/ng.2892

Bahcall OG. Genetic testing. ACMG guides on the interpretation of sequence
variants. Nat Rev Genet (2015) 16(5):256-7. doi: 10.1038/nrg3940

Brito JP, Asi N, Bancos I, Gionfriddo MR, Zeballos-Palacios CL, Leppin AL,
et al. Testing for germline mutations in sporadic pheochromocytoma/
paraganglioma: a systematic review. Clin Endocrinol (Oxf) (2015) 82
(3):338-45. doi: 10.1111/cen.12530

Crona J, Lamarca A, Ghosal S, Welin S, Skogseid B, Pacak K. Genotype-
phenotype correlations in pheochromocytoma and paraganglioma: a
systematic review and individual patient meta-analysis. Endocr Relat Cancer
(2019) 26(5):539-50. doi: 10.1530/erc-19-0024

Mannelli M, Castellano M, Schiavi F, Filetti S, Giacche M, Mori L, et al.
Clinically guided genetic screening in a large cohort of italian patients with
pheochromocytomas and/or functional or nonfunctional paragangliomas.
J Clin Endocrinol Metab (2009) 94(5):1541-7. doi: 10.1210/jc.2008-2419
Cascon A, Remacha L, Calsina B, Robledo M. Pheochromocytomas and
Paragangliomas: Bypassing Cellular Respiration. Cancers (Basel) (2019) 11
(5):683. doi: 10.3390/cancers11050683

Ricketts CJ, Forman JR, Rattenberry E, Bradshaw N, Lalloo F, Izatt L, et al.
Tumor risks and genotype-phenotype-proteotype analysis in 358 patients
with germline mutations in SDHB and SDHD. Hum Mutat (2010) 31(1):41-
51. doi: 10.1002/humu.21136

Neumann HP, Pawlu C, Peczkowska M, Bausch B, McWhinney SR, Muresan
M, et al. Distinct clinical features of paraganglioma syndromes associated with
SDHB and SDHD gene mutations. Jama (2004) 292(8):943-51. doi: 10.1001/
jama.292.8.943

Neumann HPH, Young WF Jr., Eng C. Pheochromocytoma and
Paraganglioma. N Engl ] Med (2019) 381(6):552-65. doi: 10.1056/
NEJMral806651

Castinetti F, Qi XP, Walz MK, Maia AL, Sanso G, Peczkowska M, et al.
Outcomes of adrenal-sparing surgery or total adrenalectomy in
phaeochromocytoma associated with multiple endocrine neoplasia type 2:
an international retrospective population-based study. Lancet Oncol (2014) 15
(6):648-55. doi: 10.1016/s1470-2045(14)70154-8

Flores SK, Cheng Z, Jasper AM, Natori K, Okamoto T, Tanabe A, et al. A
synonymous VHL variant in exon 2 confers susceptibility to familial
pheochromocytoma and von Hippel-Lindau disease. J Clin Endocrinol
Metab (2019) 104(9):3826-34. doi: 10.1210/jc.2019-00235

Richter S, Gieldon L, Pang Y, Peitzsch M, Huynh T, Leton R, et al.
Metabolome-guided genomics to identify pathogenic variants in isocitrate

30.

31.

32.

33.

34.

36.

37.

38.

39.

dehydrogenase, fumarate hydratase, and succinate dehydrogenase genes in
pheochromocytoma and paraganglioma. Genet Med (2019) 21(3):705-17.
doi: 10.1038/s41436-018-0106-5

Clark GR, Sciacovelli M, Gaude E, Walsh DM, Kirby G, Simpson MA,
et al. Germline FH mutations presenting with pheochromocytoma.
J Clin Endocrinol Metab (2014) 99(10):E2046-50. doi: 10.1210/
jc.2014-1659

Muller M, Ferlicot S, Guillaud-Bataille M, Le Teuff G, Genestie C, Deveaux S,
et al. Reassessing the clinical spectrum associated with hereditary
leiomyomatosis and renal cell carcinoma syndrome in French FH mutation
carriers. Clin Genet (2017) 92(6):606-15. doi: 10.1111/cge.13014

Taieb D, Jha A, Guerin C, Pang Y, Adams KT, Chen CC, et al. 18F-FDOPA
PET/CT Imaging of MAX-Related Pheochromocytoma. J Clin Endocrinol
Metab (2018) 103(4):1574-82. doi: 10.1210/jc.2017-02324

Daly AF, Castermans E, Oudijk L, Guitelman MA, Beckers P, Potorac I, et al.
Pheochromocytomas and pituitary adenomas in three patients with MAX
exon deletions. Endocr Relat Cancer (2018) 25(5):L37-142. doi: 10.1530/erc-
18-0065

Chang X, Li Z, Ma X, Cui Y, Chen S, Tong A. A Novel Phenotype of Germline
Pathogenic Variants in MAX: Concurrence of Pheochromocytoma and
Ganglioneuroma in a Chinese Family and Literature Review. Front
Endocrinol (Lausanne) (2020) 11:558. doi: 10.3389/fendo.2020.00558

. Burnichon N, Cascon A, Schiavi F, Morales NP, Comino-Mendez I, Abermil

N, et al. MAX mutations cause hereditary and sporadic pheochromocytoma
and paraganglioma. Clin Cancer Res (2012) 18(10):2828-37. doi: 10.1158/
1078-0432.Ccr-12-0160

Yeh IT, Lenci RE, Qin Y, Buddavarapu K, Ligon AH, Leteurtre E, et al. A germline
mutation of the KIF1B beta gene on 1p36 in a family with neural and nonneural
tumors. Hum Genet (2008) 124(3):279-85. doi: 10.1007/s00439-008-0553-1
Schlisio S, Kenchappa RS, Vredeveld LC, George RE, Stewart R, Greulich H,
et al. The kinesin KIF1Bbeta acts downstream from EgIN3 to induce apoptosis
and is a potential 1p36 tumor suppressor. Genes Dev (2008) 22(7):884-93.
doi: 10.1101/gad.1648608

Hamidi O, Young WF Jr., Iniguez-Ariza NM, Kittah NE, Gruber L, Bancos C,
et al. Malignant Pheochromocytoma and Paraganglioma: 272 Patients Over
55 Years. J Clin Endocrinol Metab (2017) 102(9):3296-305. doi: 10.1210/
jc.2017-00992

Benn DE, Gimenez-Roqueplo AP, Reilly JR, Bertherat J, Burgess J, Byth K,
et al. Clinical presentation and penetrance of pheochromocytoma/
paraganglioma syndromes. J Clin Endocrinol Metab (2006) 91(3):827-36.
doi: 10.1210/jc.2005-1862

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Ma, Li, Tong, Wang, Cui, Zhang, Zhang, Chen and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Endocrinology | www.frontiersin.org

n

December 2020 | Volume 11 | Article 574662


https://doi.org/10.1093/nar/29.1.308
https://doi.org/10.1002/0471142905.hg0720s76
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1038/nmeth0810-575
https://doi.org/10.1038/ng.2892
https://doi.org/10.1038/nrg3940
https://doi.org/10.1111/cen.12530
https://doi.org/10.1530/erc-19-0024
https://doi.org/10.1210/jc.2008-2419
https://doi.org/10.3390/cancers11050683
https://doi.org/10.1002/humu.21136
https://doi.org/10.1001/jama.292.8.943
https://doi.org/10.1001/jama.292.8.943
https://doi.org/10.1056/NEJMra1806651
https://doi.org/10.1056/NEJMra1806651
https://doi.org/10.1016/s1470-2045(14)70154-8
https://doi.org/10.1210/jc.2019-00235
https://doi.org/10.1038/s41436-018-0106-5
https://doi.org/10.1210/jc.2014-1659
https://doi.org/10.1210/jc.2014-1659
https://doi.org/10.1111/cge.13014
https://doi.org/10.1210/jc.2017-02324
https://doi.org/10.1530/erc-18-0065
https://doi.org/10.1530/erc-18-0065
https://doi.org/10.3389/fendo.2020.00558
https://doi.org/10.1158/1078-0432.Ccr-12-0160
https://doi.org/10.1158/1078-0432.Ccr-12-0160
https://doi.org/10.1007/s00439-008-0553-1
https://doi.org/10.1101/gad.1648608
https://doi.org/10.1210/jc.2017-00992
https://doi.org/10.1210/jc.2017-00992
https://doi.org/10.1210/jc.2005-1862
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

:\' frontiers

in Endocrinology

ORIGINAL RESEARCH
published: 11 March 2021
doi: 10.3389/fendo.2021.647610

OPEN ACCESS

Edited by:

Ichiro Abe,

Fukuoka University Chikushi Hospital,
Japan

Reviewed by:

Xin Gao,

Tohoku University, Japan

Nils Lambrecht,

VA Long Beach Healthcare System,
United States

*Correspondence:
Shaoling Zhang
zhshaol@mail.sysu.edu.cn;
413744863@qqg.com

These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Neuroendocrine Science,

a section of the journal
Frontiers in Endocrinology

Received: 30 December 2020
Accepted: 15 February 2021
Published: 11 March 2021

Citation:

Guo Y, You L, Hu H, Tong A,

Zhang X, Yan L and Zhang S (2021)
A Predictive Nomogram for

Red Blood Cell Transfusion in
Pheochromocytoma Surgery : A Study
on Improving the Preoperative
Management of Pheochromocytoma.
Front. Endocrinol. 12:647610.

doi: 10.3389/fendo.2021.647610

Check for
updates

A Predictive Nomogram for Red
Blood Cell Transfusion in
Pheochromocytoma Surgery: A Study
on Improving the Preoperative
Management of Pheochromocytoma

Ying Guo ™", Lili You?, Huijun Hu?, Anli Tong?®, Xiaoyun Zhang’, Li Yan'
and Shaoling Zhang"*

" Department of Endocrinology, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, China, 2 Department of
Radiology, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, China, S Department of Endocrinology,
Peking Union Medical College Hospital, Bejjing, China

Purpose: Surgery is the major treatment option for pheochromocytoma but carries
potential risks, including hemorrhage and hemodynamic instability. Even with
laparoscopic adrenalectomy, intraoperative blood transfusion happens from time to time,
but few studies have investigated risk factors. For the first time we develop and validate a
nomogram for prediction of red blood cell transfusion in pheochromocytoma surgery.

Methods: There were 246 patients in our center and 56 patients in Peking Union Medical
College Hospital, who underwent pheochromocytoma surgery, enrolled in the study. We
incorporated clinical and radiological risk factors, and presented this with a nomogram.
Lasso regression model was used for feature selection. Logistic regression analysis was
performed to identify the odd ratios. The performance of the nomogram was assessed
with respect to its discrimination, calibration and clinical usefulness.

Results: Thirty-two features were reduced to five, which were phenoxybenzamine use,
phenoxybenzamine treatment duration, preinduction heart rate, tumor diameter and
surgical procedure. The model showed good discrimination (C-index, 0.857; 95% ClI,
0.781-0.836) and application in the validation sets also gave good discrimination (internal
validation: C-index, 0.831; 95% ClI, 0.750-0.822; external validation: C-index, 0.924; 95%
Cl, 0.766-1.000). Calibration tested with the Hosmer-Lemeshow test yielded a good
agreement between prediction and observation (training P=0.358; internal validation
P=0.205; external validation P=0.395). Odd ratios of phenoxybenzamine use,
phenoxybenzamine treatment duration, preinduction HR, tumor diameter and open
surgery were 13.32 (95% ClI, 1.48-197.38; P = 0.034), 1.04 (95% ClI, 0.99-1.08; P =
0.092), 1.04 (95% ClI, 1.01-1.08; P=0.006), 1.038 (95% ClI, 1.02-1.06; P<0.001), 17.13
(95% CI, 5.18-78.79; P<0.001), respectively. Decision curve analysis demonstrated the
clinical usefulness of the nomogram.
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Surgical Blood Transfusion in Pheochromocytoma

Conclusions: This study presents a nomogram that may be used to facilitate the
prediction of red blood cell transfusion in pheochromocytoma surgery and help to do
the preoperative management more efficiently.

Keywords: pheochromocytoma, blood transfusion, nomogram, prediction model, surgery

INTRODUCTION

Pheochromocytoma (PCC) is a catecholamine secreting tumor
arising from chromaffin cells of the adrenal medulla. Circulating
catecholamines cause a series of clinical symptoms such as
elevated blood pressure, palpitation, headache, as well as heart,
brain, kidney and other organ complications (1).

Surgery is the major treatment option but carries potential
risks, including hemorrhage and hemodynamic instability, due
to the tumoral release of catecholamines during anesthetic
induction and tumor manipulation. The mortality associated
with surgical resection has significantly improved from 20-45%
to 2.9% (2), largely due to the wide use of adrenergic blockade
and advances in surgical and anesthetic practice during the past
three decades (3). However, surgical resection of PCC still poses
significant clinical management challenges. Preoperative
management is the key to safe surgery (4, 5).

There is currently no standardized method to assess operative
risk for PCC surgery. Based on the available literature, clinicians
take age, tumor size, preoperative blood pressure (BP), orthostatic
hypotension, body weight change, hematocrit (HCT) and heart
rate (HR) as the predictors of hemodynamic stability (6, 7), which
is crucial for intraoperative safety. Meanwhile, due to the rich
vascularity of PCC, even with laparoscopic adrenalectomy,
hemorrhage stays a challenge to surgeons. Therefore
intraoperative blood transfusion still happens from time to time,
and the global blood product shortage increases the difficulty of
such operations to a certain extent. But few studies have
investigated risk factors of blood transfusion during PCC
surgery to date. Here, we address the question: Is there a way to
predict the intraoperative red blood cell (RBC) transfusion before
surgery? To answer the question, we develop and validate a
nomogram that incorporated both the radiological and clinical
risk factors, which may give us some ideas about an individualized
prediction of intraoperative RBC transfusion in PCC surgery and
help to do the preoperative management more efficiently.

MATERIALS AND METHODS

Ethics Statement

This study was approved by the Institutional Review Board at
Sun Yat-sen Memorial Hospital, Sun Yat-sen University. All the
data were collected and analyzed after obtaining informed
consent by participants.

Subjects
Patients who underwent surgery for PCC, of which the diagnoses
were confirmed by postoperative pathological examination (8),

from January 2000 to October 2020 in Sun Yat-sen Memorial
Hospital, Sun Yat-sen University and from January 2018 to October
2020 in Peking Union Medical College Hospital, were enrolled.
Patients from Peking Union Medical College Hospital served as the
external validation group. Patients who met any of the following
criteria were excluded: (1) diagnosed metastatic PCCs; (2) extensive
resection involving adjacent non-tumor organs; (3) surgery for
recurrent or bilateral PCCs; (4) with incomplete medical records.

Surgical Quality Control

All surgeries were conducted under general anesthesia.
Furthermore, all operations were performed by the same
surgical team with experience in the treatment of PCC. Two
chief surgeons were involved in the surgery.

Data Collection

We collected demographic and preoperative clinical data,
pharmacological and family history, hemodynamics, biochemical
and radiographic results, operation and anesthesia records.
Catecholamines and their metabolites in plasma and urine were
measured by radioimmunoassay methods (ALPCO, Salem, NH,
US). Blood parameters were measured using a Sysmex automated
blood cell counter (Sysmex XE-2100). Plasma albumin and glucose
level were measured using a Mindray automatic biochemical
analyzer (Mindray BC-31s). Pathoglycemia, including impaired
fasting glucose (IFG), impaired glucose tolerance (IGT) and
diabetes, was defined according to American Diabetes Association
(ADA) guidelines updated in 2020 (9). Tumor size was derived
from the maximum measurement in millimeter (mm). From 72 h
before the operation, preoperative systolic blood pressure (SBP) and
diastolic blood pressure (DBP) were measured and recorded every
6 h. The BP and HR were measured while seated, having the patient
sit quietly for more than 15 min before measurement and avoid
caffeine, exercise, eating and smoking for at least 60 min before
measurement. The BP fluctuation was defined as the maximum BP
minus the minimum BP. The preinduction BP and HR were
defined as the BP and HR value measured in the morning of
the surgery.

Preoperative Preparation

A non-selective adrenergic blockade, phenoxybenzamine, was
started before surgery to control BP and was titrated according to
BP level and tolerability. A beta-adrenoceptor blockade was
added in patients with tachycardia after administration of
phenoxybenzamine. A calcium channel blockade (CCB) was
added if the use of phenoxybenzamine in a sufficient/tolerable
dose did not achieve normotension. A high-sodium diet and
fluid intake were encouraged to reverse catecholamine-induced
blood volume contraction (8).
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Statistics
Statistical analyses were performed using RStudio software. All tests
were two-tailed, and a two-sided value of P<0.05 was considered
statistically significant. Continuous variables were presented as the
means * standard deviation for normally distributed data and
Student’s t-test was used to compare the differences in
characteristics of the patients, whereas variables with a skewed
distribution were presented as the median (interquartile range, IQR)
and differences between groups were tested with Mann-Whitney U
test. For the categorical variables, the data were presented as
frequencies (percentage) and was compared using the Chi-square
test. The least absolute shrinkage and selection operator (LASSO)
regression analysis, a method that could minimize the impact of
human factors on feature selection, was used to identify the
important features associated with intraoperative RBC transfusion
in the training set. The glmnet package in R was used for LASSO
regression analysis. Odd ratios (ORs), 95% confidence interval (CI)
and probability values were calculated by logistic regression analysis.
To evaluate the predictive abilities of this model, an index of
the probability of concordance (C-index) was calculated among
predicted and actual outcomes. The area under the curve (AUC)
in receiver operating characteristic (ROC) analysis was used to
evaluate the predictive accuracy of RBC transfusion. Hosmer-
Lemeshow tests were sued to assess the calibration of the
nomogram. Decision curve analysis (DCA) was performed to
assess the clinical usefulness of nomogram by evaluating net
benefits at various threshold probabilities in training and
validation sets.

RESULTS

Characteristics of the Subjects
A total of 246 patients from our center and 56 patients from
Peking Union Medical College Hospital were finally included in

the study. We randomly split the patients from our center into
training (189 subjects, 76.83%) and internal validation (57
subjects, 23.17%) subsets in a 7:3 ratio using simple random
sampling method. There was no significant difference in the
demographic, clinical, biochemical or radiological parameters
between the training and internal validation sets (see
Supplementary Table 1, which shows characteristics of
patients underwent PCC surgery).

The median age was 46.50 (33.25, 56.00) years old. Hypertension
was the most common comorbidity (201 cases, 81.71%). The
prevalence of clinical symptoms, such as headache, palpitation
and sweating was 71.14%. There were 51.63% cases suffered from
diabetes, IFG or IGT during disease. The mean diameter of tumor
was 52.06 + 26.31 mm. Elevated catecholamines/metabolites levels
were found in 205 (83.33%) cases.

Non-selective adrenergic blockade, phenoxybenzamine, was
commonly used as the preoperative preparation, while 15
patients did not have preoperative adrenergic blockade
treatment. Phenoxybenzamine treatment duration was 18.46 +
11.79 days. 112 patients (45.53%) were given beta-adrenoceptor
blockades, while 57 patients (23.17%) were given CCBs. The
preinduction heart rate was 80 (76, 90) bpm, which was still
higher than the level recommended by current guidelines (8, 10).

The majority of patients (183 cases, 74.39%) were American
Society of Anesthesiologists (ASA) physical status III. There were
201 patients (81.71%) underwent laparoscopic adrenalectomy.
RBC transfusion was performed in 73 cases (29.67%), of which
41 underwent laparoscopic adrenalectomy and 32 underwent
open surgery (Table 1).

Compared with non-transfusion group, patients in transfusion
group had larger tumor volume, longer preoperative use of
phenoxybenzamine, larger preoperative SBP fluctuation and faster
preinduction HR, but there was no difference in gender, age, family
history, prevalence of hypertension, additional medical history and
medications, incidence of positive symptom, BMI, preoperative

TABLE 1 | Comparison between RBC transfusion and non-RBC transfusion groups.

Variables Training data set (n = 189) Validation data set (n = 57)
Transfusion Non-transfusion P-value Transfusion Non-transfusion P-value
(n=61) (n =128) (n=12) (n=45)

Male 27 (44.26%) 59 (46.09%) 0.936 8 (66.67%) 19 (42.22%) 0.237
Age, years 43.0 (33.0,52.0) 49.0 (33.0, 57.5) 0.131 44.0 (39.0, 57.5) 50.0 (37.0, 56.0) 0.652
Family history 3 (4.92%) 3 (2.34%) 0.345 1(8.33%) 2 (4.44%) 0.529
Hypertension 51 (83.61%) 103 (80.47%) 0.604 11 (91.67%) 36 (80.00%) 0.345
Elevated catecholamines 53 (86.89%) 107 (83.59%) 0.821 11 (91.67%) 34 (75.56%) 0.224
Tumor diameter, mm 67.53 + 32.39 44.60 + 18.00 <0.001 69.67 + 38.89 47.57 +22.63 0.082
PBZ use 59 (96.72%) 119 (92.97%) 0.303 12 (100%) 41 (91.11%) 0.284
PBZ duration, day 20.36 + 8.64 17.09 + 10.33 0.024 16.00 + 3.52 20.44 + 18.58 0.138
Preoperative SBP fluctuation, mm Hg 35.93 + 16.72 30.96 + 13.26 0.044 33.83 + 19.31 29.04 + 12.65 0.43
Preoperative DBP fluctuation, mm Hg 22.03 + 10.10 20.87 + 8.41 0.436 21.75 + 11.41 21.07 +£10.19 0.853
Preinduction SBP, mm Hg 130.00 (118.00, 142.00) 132.00 (115.00, 141.00) 0.786  126.00 (118.00, 146.25) 127.00 (115.00, 141.00)  0.695
Preinduction DBP, mm Hg 80.00 (72.00, 92.00) 77.50 (70.00, 87.00) 0.190 80.00 (76.00, 87.75) 79.00 (72.00, 87.00) 0.557
Preinduction HR, bpm 88.00 (80.00, 93.00) 80.00 (73.00, 88.00) <0.001 90.50 (81.50, 96.00) 80.00 (74.00, 84.00) 0.011
Laparoscope adrenalectomy 35 (57.38%) 120 (93.75%) <0.001 6 (50%) 40 (88.89%) 0.002
Open Surgery 26 (42.62%) 8 (6.25%) 6 (50%) 5(11.11%)

RBC, red blood cell; PBZ, phenoxybenzamine; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate.
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DBP fluctuation, preinduction BP or biochemical parameters
between the two groups (Table 1 and Supplementary Table 2).
Meanwhile, more patients in transfusion group were performed
open surgery (42.62% vs. 6.25%, as shown in Table 1).

Feature Selection and Risk Factor Analysis
of Intraoperative RBC Transfusion
A A value of 0.056 with log (A), —2.878, was chosen (1 standard
deviation) by LASSO regression analysis according to 10-fold cross-
validation based on the minimum criteria. Features with non-zero
coefficients were selected as the risk factors of intraoperative RBC
transfusion (Figures 1A, B), while features excluded by LASSO
analysis were more inclined to no difference between groups.
Thirty-two texture features (see Supplementary Table 3 for all
contents) were reduced to five (Figures 1A, B), which were
phenoxybenzamine use, phenoxybenzamine treatment duration,
preinduction HR, tumor diameter and surgical procedure (Table 2).
Multivariate logistic regression analysis was also performed to
identify the OR values as shown in Table 2 (OR values of
phenoxybenzamine use, phenoxybenzamine treatment duration,
preinduction HR, tumor diameter and open surgery were 13.32
(95% CI, 1.48-197.38; P = 0.034), 1.04 (95% CI, 0.99-1.08; P =
0.092), 1.04 (95% CI, 1.01-1.08; P = 0.006), 1.03 (95% CI, 1.02-
1.06; P < 0.001), 17.13 (95% CI, 5.18-78.79; P < 0.001), respectively.

Development and Validation of an
Individualized Prediction Model

for RBC Transfusion

The model for individualized prediction of intraoperative RBC
transfusion, which incorporated phenoxybenzamine use,
phenoxybenzamine treatment duration, preinduction HR, tumor
diameter and surgical procedure, was presented as a nomogram
(Figure 2). We constructed ROC curves to evaluate the predictive
ability of the nomogram model to predict the prevalence of
intraoperative RBC transfusion in both training set (Figure 3A)
and internal validation set (Figure 3B). The AUC of ROC curve in
training and internal validation were 0.857 (95% CI, 0.781-0.836)

TABLE 2 | Risk factor analysis of intraoperative RBC transfusion.

Intercept and variable Model in training dataset

B OR(95%CI) P-value
Intercept -9.918 <0.001
PBZ Use 2.590 13.32 (1.48-197.38) 0.034
PBZ Treatment Duration 0.035 1.04 (0.99-1.08) 0.092
Preinduction HR 0.044 1.04 (1.01-1.08) 0.006
Tumor Diameter 0.034 1.03 (1.02-1.06) <0.001
Surgical Procedure 2.841 17.13 (6.18-78.79) <0.001

(Open vs. Laparoscope)

B is the regression coefficient.
RBC, red blood cell; OR, odd ratio; PBZ, phenoxybenzamine; HR, heart rate.

and 0.831 (95% CI, 0.750-0.822), respectively. Besides, external
validation was conducted (see Supplementary Table 4) and the
AUC of ROC curve was 0.924 (95% CI, 0.766-1.000) (Figure 3C).
The calibration of the nomogram demonstrated good agreement
between prediction and observation, while the Hosmer-Lemeshow
test yielded a nonsignificant statistic in training (P=0.358), internal
validation (P=0.205) and external validation (P=0.395) sets.

Clinical Use

DCA for the nomogram was presented in Figure 4, which showed
that using the nomogram model to predict intraoperative RBC
transfusion added more benefit than either the treat-all-patients
scheme or the treat-none scheme in both training and validation
sets. Within this range, the net benefit was comparable on the basis
of the nomogram.

DISCUSSION

Currently, there is little study on blood transfusion in PCC surgery.
For the first time, we developed and validated a clinical- and
radiological- based nomogram for the preoperative individualized
prediction of RBC transfusion in PCC surgery. The nomogram
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FIGURE 1 | Texture feature selection using the least absolute shrinkage and selection operator (LASSO) logistic regression model. (A) LASSO coefficient profiles of
the 32 texture features. (B) Tuning parameter (lambda) selection in the LASSO model used 10-fold cross-validation via minimum criteria for risk of intraoperative RBC
transfusion.
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FIGURE 3 | Receiver operating characteristic (ROC) curves for evaluating the nomogram model’s discrimination performance in both training and validation sets.
(A) ROC curve of the nomogram in the training set. (B) ROC curve of the nomogram in the internal validation set. (C) ROC curve of the nomogram in the external
validation set. The AUC of ROC curves plot sensitivity against 1-specificity of the nomogram.

integrates phenoxybenzamine use, phenoxybenzamine treatment
duration, preinduction HR, tumor diameter and surgical procedure
with satisfactory discrimination achieved.

For the construction of the nomogram, 32 texture features
were reduced to 5 risk factors by examining the predictor-
outcome association by shrinking the regression coefficients
with the LASSO method. This method surpasses the method of
choosing predictors on the basis of the strength of their
univariable association with outcome and minimizes the
impact of human factors (11, 12).

The data presented here demonstrate that the nomogram
applies well to patients undergoing surgery for PCC. As a
nomogram constructed based on data from a single institution
and validated by other additional institution, this nomogram has
broader applicability. But since the data are based on unilateral

PCC, this nomogram is not applicable to patients who undergo
surgical resection for recurrent or bilateral disease.

In our study, preoperative phenoxybenzamine treatment and a
longer duration showed obvious predictive power of increased RBC
transfusion. There was no evident reason that could account for this
finding, and we speculated that the observed effect might be the
impact of phenoxybenzamine on vascular elasticity.

Current guidelines suggest that in order to normalize BP of PCC
patients, the preoperative medication should be initiated 7 to 14
days before surgery, and adrenergic blockade is recommended as
the first choice mostly (1, 8). Liu et al. (13) reported that
preoperative adrenergic blockade treatment duration < 14 days
was a risk factor of massive hemorrhage in PCC surgery and
increased RBC transfusion rate. Recent studies had provided
different viewpoints and questioned the routine preoperative use
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of adrenergic blockade. Groeben et al. (14, 15) revealed that
intraoperative hypotension occurred more with a preoperative
adrenergic blockade, which was closely related to the
pharmacological effect of phenoxybenzamine on vasodilation.
Furthermore, Li et al’s study (16) found that intraoperative
hypotension was an independent risk factor of complications,
including RBC transfusion, in patients who underwent PCC
surgery. Compared to Liu et al’s study (13), the average
phenoxybenzamine treatment duration in our study was longer
than 14 days to meet the control criteria recommended by the
guideline (10). Combined with previous studies (14-16), the
influence of phenoxybenzamine use on intraoperative RBC
transfusion in our study might be due to the decrease of
vasoconstriction then affected hemostasis. So far the potential
benefit of preoperative adrenergic blockade treatment in
controlling preoperative BP and BP fluctuation in PCC surgery
remains convinced (7, 17-22). To the authors’ knowledge, there is
no randomized controlled trial to determine the ideal application
standard of the adrenergic blockade and the existing studies have
failed to discuss the influence of treatment duration on perioperative
safety. According to our results, the duration of adrenergic blockade
treatment is not the longer the better but should be individualized.

Our study observed that faster preinduction HR was associated
with more frequent intraoperative RBC transfusion. HR is an
important index for evaluating hemodynamics (23, 24) as well as
BP and BP fluctuation. A higher preoperative SBP variability in the
RBC transfusion group was also proved as shown in Table 1. Our
results indicated that preoperative hemodynamic instability was
closely related to not only intraoperative hemodynamics but also
RBC transfusion. Previous studies have proved that preoperative
adrenergic blockade treatment served as a major factor affecting the

stability of preoperative hemodynamic (7, 17-20), which suggests
that hemodynamics might be used as an assessment of the efficacy
of preoperative medication in the future.

Our study also showed that larger tumor diameter and open
surgery were identified as risk factors of RBC transfusion. In existing
studies, tumor size > 5 cm and open surgery were proposed to be
independent risk factors for hemorrhage in PCC surgery (13, 25).
Yet, studies on the impact of adrenal tumor size on intraoperative
hemorrhage have yielded inconsistent results, when assessing
adrenal tumors in general (26-30). However, it should be noted
that PCCs have a more prominent vascular network than other
types of adrenal tumors. Generally, PCCs larger than 5 cm are
considered to be at the risk of metastasis (31, 32), and activated
angiogenesis is indispensable and critical for establishing metastasis
and growth (31, 33). Our study showed a risk of RBC transfusion
increased by 3% per unit of tumor diameter (OR, 1.03; 95% CI,
1.02-1.06; Table 2). From the current perspective, all PCCs are
believed to exhibit malignant potential though only subsets of cases
will display full blown malignant properties (34). Our result allowed
the possibility that activated angiogenesis was already present even
in PCCs smaller than 5 cm. For further growth, activated
angiogenesis promoted more vascular network formation.
Therefore it was not surprising that larger tumors required more
blood vessel manipulations during surgery, which resulted in more
bleeding and RBC transfusion. The superiority of the laparoscopic
approach over the open approach had been established by
numerous studies, including shorter hospital stay, decreased need
for intensive care, lower mean operative time and less hemorrhage
(35, 36). The collated results of studies showed a mean hemorrhage
of 48 to 150 ml in laparoscopic adrenalectomy for PCC while a
mean hemorrhage of 164 to 500 ml in open surgery (37).
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Laparoscopic surgery is the recommended operative approach for
most PCC, which can be done via a transabdominal or
retroperitoneal route, while open resection is only recommended
for large (eg, 6 cm) or invasive PCC to ensure complete tumor
resection (8). Recently with more and more practices, the size of a
tumor is no longer a limitation of laparoscopic surgery (26-28). In a
word, laparoscopic surgery can significantly reduce the probability
of intraoperative RBC transfusion if possible.

A preoperative estimate of intraoperative RBC transfusion in
PCC surgery will help to optimize blood conservation and fully
prepare allogeneic blood products to ensure patient safety. Thus
the most important and final argument for the usefulness of the
nomogram is based on the need to interpret individual needs for
additional treatment or care. However, the risk-prediction
performance, discrimination and calibration, could not capture
the clinical consequences of a particular level of discrimination
or degree of miscalibration (12, 38, 39). Therefore, to justify the
clinical usefulness, DCA was applied in this study. This method
offers insight into clinical consequences on the basis of threshold
probability, from which the net benefit could be derived (12, 40,
41). The decision curve showed that using the nomogram in the
current study to predict RBC transfusion adds more benefit than
either the treat-all-patients scheme or the treat-none scheme.

The limitation of the study is its retrospective design. This study
includes patients from a 20-year interval. It is likely that increased
experience of the surgical team has impacted RBC transfusion rate
over the last 20 years. This effect is hard to quantify and should be
considered when interpreting the results of this study. At the same
time, methods of catecholamine detection had changed greatly in
the past two decades so the effect of catecholamine levels in this
study were unable to analyze. Besides, very few patients underwent
the surgery without preoperative adrenergic blockade treatment,
which could have masked some of the artificial influences. In
addition, in our center retroperitoneal laparoscopic adrenalectomy
is preferable, it is unknown whether transperitoneal laparoscopic
adrenalectomy will give different results (42). On all these counts,
further randomized controlled prospective multi-center studies are
needed to improve the accuracy of this nomogram.

CONCLUSIONS

In conclusion, our study presents a nomogram that incorporates
phenoxybenzamine use, phenoxybenzamine treatment duration,
preinduction HR, tumor diameter and surgical procedure, which
may be used to facilitate the preoperative individualized
prediction of RBC transfusion in PCC surgery and help to do
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Paragangliomas and pheochromocytomas (PPGLs) are chromaffin tumors associated
with severe catecholamine-induced morbidities. Surgical removal is often curative.
However, complete resection may not be an option for patients with succinate
dehydrogenase subunit A-D (SDHx) mutations. SDHx mutations are associated with a
high risk for multiple recurrent, and metastatic PPGLs. Treatment options in these cases
are limited and prognosis is dismal once metastases are present. Identification of new
therapeutic targets and candidate drugs is thus urgently needed. Previously, we showed
elevated expression of succinate receptor 1 (SUCNRT) in SDHB PPGLs and SDHD head
and neck paragangliomas. Its ligand succinate has been reported to accumulate due to
SDHx mutations. We thus hypothesize that autocrine stimulation of SUCNR1 plays a role
in the pathogenesis of SDHx mutation-derived PPGLs. We confirmed elevated SUCNR1
expression in SDHx PPGLs and after SDHB knockout in progenitor cells derived from a
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Tumorigenic Succinate Effects via SUCNR1

human pheochromocytoma (hPheo1). Succinate significantly increased viability of
SUCNR1-transfected PC12 and ERK pathway signaling compared to control cells.
Candidate SUCNRT1 inhibitors successfully reversed proliferative effects of succinate.
Our data reveal an unrecognized oncometabolic function of succinate in SDHx PPGLs,
providing a growth advantage via SUCNR1.

Keywords: succinate receptor 1, SUCNR1 (GPR91), paraganglioma, succinate, SDHB gene

INTRODUCTION

Paragangliomas (PGLs) are catecholamine-producing chromaffin
tumors of the autonomic nervous system, including adrenal-derived
pheochromocytomas (together PPGLs). While curative in the
majority of cases, resection is not an option for many
paragangliomas with loss-of-function mutations of succinate
dehydrogenase (SDH) subunits A-D (summarized as SDHx).
Particularly mutations in the SDHB gene predispose to metastases
(34-69%) (1-4), usually making complete resection impossible.
Mutations in SDHA, SDHC, and SDHD subunits predominantly
cause head and neck PGLs (HNPs) (5-7), which can be inoperable
due to proximity to vital structures such as vessels or nerves. In
addition, surgical complication rate is high, particularly for carotid
body location, causing nerve damage in 48% of cases, including 17%
with permanent damage (8). Also for SDHA, SDHC, and SDHD
mutations, metastatic disease has been reported (9). Treatment
options for inoperable cases are extremely limited and prognosis is
dismal once metastases are present. Thus, identification of new
therapeutic targets and candidate drugs is urgently needed.
SDHx-PGLs are characterized by dysfunction of the SDH
enzyme. The conversion of succinate to fumarate is impaired,
causing substantial succinate accumulation (10-13). Similarly,
reduced SDH activity and succinate accumulation has been
associated with progressive disease or poor outcome in
endometrial cancer (14) and hepatocellular carcinoma (15).
Accumulated succinate can cross both the inner and outer
mitochondrial membrane via the dicarboxylic acid transporter
and the voltage-dependent anion channel (VDAC) [summarized
in (12, 16)] to reach the cytosol. There, excess succinate mediates
oncogenic effects by inhibition of 2-oxoglutarate-dependent
prolyl hydroxylases and demethylases (17). Obstruction of
prolyl hydroxylation of hypoxia inducible transcription factors
(HIFs) prevents their degradation and induces expression of
tumor promoting HIF-target genes. Moreover, inhibition of
DNA and histone demethylases causes hypermethylation,
which represses transcription of affected genes. Despite
knowledge of the underlying mechanisms, targeted treatment
approaches for mostly inoperable SDHx-PPGL are still lacking.
In addition to its established role as an oncometabolite,
succinate has also been recognized to act as a ligand for the G-
protein-coupled receptor succinate receptor 1 (SUCNRI1/
GPRI1) (18). Elevations in succinate levels arise during
hypoxia/ischemia, hyperglycemia, due to tissue damage, or at
sites of inflammation [summarized in (19)]. More recently, pH
dependent transport of succinate from intact cells via
monocarboxylate transporter 1 has been shown in an ischemia

reperfusion model of the heart and following exercise under
acidic conditions (20, 21). An apparent function of SUCNRI is
the activation of coping mechanisms upon adverse conditions,
including stimulation of proliferation of different cell types,
migration, and angiogenesis (22-29).

Cancer promoting effects of succinate-SUCNRI signaling
have recently been recognized, and include induction of
epithelial to mesenchymal transition, migration, and metastatic
spread of lung cancer cells as well as immunosuppressive effects
(30). Involvement of SUCNRI in tumor angiogenesis has also
been proposed (31).

Depending on cell type, the effects of SUCNRI stimulation are
conveyed by different mechanisms, at least in part related to G-
protein coupling. In kidney cells, coupling to Goq- and/or Goi-
proteins has been proposed, leading to activation of extracellular-
signal-regulated-kinases (ERK), generation of inositol
triphosphate, augmentation of intracellular calcium, and decrease
of cyclic adenosine monophosphate (cAMP) (25). Some authors
suggested that calcium mobilization is rather mediated by the By
dimers than coupling to Goq (26). In cardiomyocytes, SUCNRI1
stimulation has been shown to increase cAMP concentration, thus
coupling to Gats is also possible (25).

Among a range of different tissues (32) Sucnrl has also been
observed in the mouse adrenal (33) and chromaffin cells of the
carotid body (34). Its role in chromaffin cells and chromaffin cell-
derived PPGLs however is not yet clear.

Succinate treatment as well as SDHB-silencing has been shown
to induce SUCNRI mRNA and protein expression in human
hepatoma cells (35), suggesting a positive feedback of
inappropriate succinate accumulation on expression of its
receptor. Consistently, we detected elevated SUCNRI expression
in SDHB PPGLs and SDHD HNPs (36). We thus hypothesized
that a combination of abundant succinate and its receptor
SUCNRI is a unique characteristic of SDHx-mutated tumors,
which highly likely contributes to tumor formation, growth, or
spread. Potent and selective small molecule inhibitors for
SUCNRI1 have been previously described (37). Targeting
SUCNRI thus represents a promising new therapeutic strategy
for SDHx PPGLs.

MATERIAL AND METHODS

Human Tissue
Fresh PPGL tissue was collected at the National Institutes of
Health in Bethesda, MD, USA, under a protocol approved by the
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Eunice Kennedy Shriver National Institute of Child Health and
Human Development’s Institutional Review Board. Previous to
tissue collection, patients gave informed written consent in
accordance with the protocol. Tumor tissue was partially fixed
in 4% formalin for subsequent paraffin embedding.

Immunohistochemistry

Paraffin was removed from the tissues after warming slides to
60°C with xylene. Tissue was rehydrated stepwise in decreasing
ethanol concentrations and epitopes were retrieved in heated
citrate buffer (10 mM sodium citrate, 1 mM citric acid, pH 6).
Tris-buffered saline with 0.1% tween 20 was used for wash steps.
Endogenous peroxidases were inhibited with 3% H,O, followed
by DAKO protein block serum-free (Dako, Glostrup, Denmark).
Slides were incubated with rabbit anti-SUCNRI antibody
(ab140795 Abcam, Cambridge, UK) in blocking solution in a
humidified chamber for 1 h at 37°C. Peroxidase-labeled polymer
conjugated with secondary goat anti-rabbit antibody (Dako
EnVision) was applied. Visualization was based on the
peroxidase reaction with 3,3-diaminobenzidine solution
(Dako). Tissue was counterstained with hematoxylin.
Dehydration was performed by stepwise immersion in
increasing ethanol concentrations followed by xylene
before mounting.

SUCNR1 Expression Analysis

mRNA data from 227 tumors was extracted from gene expression
array (38-40) and RNAseq datasets (41) using a data analysis
pipeline as detailed elsewhere (42). One-tailed Mann-Whitney test
was applied to test for differences in SUCNRI expression between
SDHx and cluster 2 PPGLs (RET, MAX, NF1, TMEM127, FGFRI,
and HRAS) in the different series.

Cell Culture

Rat pheochromocytoma cells (PC12) and mouse tumor
tissue cells silenced for Sdhb (MTTCtr, MTTshSdhb63,
MTTshSdhb64) (43) were cultured at 37°C with 5% CO, in
DMEM with 4.5 g/L glucose, 4.5 g/L L-glutamine without
pyruvate (Gibco, Grand Island, NY, USA) supplemented with
10% heat-inactivated horse serum (Biowest, Nuaille, France),
5% fetal bovine serum (BioWhittaker, Lonza, Basel,
Switzerland). For PC12 1% penicillin/streptomycin (Merck,
Darmsadt, Germany) was added to the media, while MTTCtr,
MTTshSdhb63, MTTshSdhb64 were grown in presence of 1 g/
ml puromycin (InvivoGen Euorpe, Toulouse, France) to
suppress untransfected cells. Oxygen deprivation experiments
and collection of cells were performed in an InvivO,
workstation (Baker, Sanford, ME, USA) at the indicated
oxygen concentrations.

hPheo1 SDHB Knockout

Progenitor cells derived from a human pheochromocytoma
(hPheol) were used. Genomic deletion of SDHB in hPheol
cells was performed by the CRISPR/AsCPF1 system (44) using
the pX AsCpfl-Venus-NLS crRNA entry plasmid. Suitable guide

RNAs were identified using the Crispor software. An oligo was
designed containing an overhang for plasmid insertion, followed
by an array of three guide RNAs targeting before
(TATCCAGCGTTACATCTGTTGTG), inside (CCATCTATC
GATGGGACCCAGAC), and after (GCTTTTCACATCC
TTGGAAGGCT) exon 2 of human SDHB, separated by the
AsCpfl direct repeat sequences: AGATTATCCAGCG
TTACATCTGTTGTGAATTTCTACTCTTGTAGATCCAT
CTATCGATGGGACCCAGACAATTTCTACTCTTGTAG
ATGCTTTTCACATCCTTGGAAGGCT. The oligo was cloned
into the plasmid cleaved by FastDigest Bpil (Thermo Fisher) and
the correct insertion was confirmed by colony PCR and DNA
sequencing. hPheol cells were transfected with the verified
CPF1 construct using Lipfectamine3000 (Thermo Fisher),
followed by single cell sorting for Venus-positive cells into a
96-well culture plate. Clones were collected and deletion of the
targeted locus was confirmed by genomic PCR using primers
ACTTTCCCAACAGTATCGCTCTT and TCAAGGCAA
GTTTCTGGCGGT. SDHB knockout clones were confirmed
by western blotting for SDHB and DNA sequencing. Human
SDHB was re-expressed in SDHB KO cells from the pLYS5-
SDHB-Flag plasmid (Addgene # 50055, a kind gift of Vamsi
Mootha) using lentiviral transduction. Lentivirus particles were
produced in Hek293T cells using second generation psPAX and
pMD.2G plasmids and Lipofectamine3000. Virus-containing
media were collected after 48 h, centrifuged at 3,000 x g for
15 min and stored at —80°C.

hPheol parental cells (Ctr) and SDHB KO (SDHBX°?%) or
re-expressing cells (SDHBX®**R<¢) were kept in RPMI (Life
technologies, Darmstadt, Germany) with 10% FBS
(BioWhittaker), 1% penicillin/streptomycin (Merck,
Darmsadt, Germany), 4.5 g/L glucose, 2mM sodium
pyruvate, and 50 pg/ml uridine (Sigma-Aldrich, Saint Louis,
MO, USA). SDHB*®?*R<¢ received 50 pg/ml hygromycin B (Th.
Geyer, Hamburg, Germany).

Evaluation of Oxygen Consumption Rate
The Seahorse XF96 Extracellular Flux Analyzer was used for
assessment of cellular oxygen consumption rate (OCR) following
the manufacturer’s instructions. Briefly, all hPheol cells were
seeded in poly-L-lysine coated XF96 cell culture microplates at
5 x 10° per well in standard culture media. After 24 h, the
medium was replaced by serum-free DMEM containing 10 mM
glucose, 2mM L-glutamine, 1 mM pyruvate, and 5 mM HEPES,
pH 7.4. After equilibration of temperature and pH for 30 min at
37°C mitochondrial respiration was determined in consecutive
injection steps [1 UM oligomycin (OMY), 1.5 uM CCCP, and a
combination of 0.5 UM rotenone (ROT) and 0.5 uM antimycin A
(AMA)]. OCR measurements were made using the
manufacturer’s setting. As last injection, Hoechst 33432 was
added (2 pug/ml) and the number of cells was evaluated by MD
ImageXpress Micro XLS. Results were analyzed by the XF Stress
Test Report Generators (Agilent Technologies) and normalized
to cell count.
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Mass Spectrometric Analysis of Krebs
Cycle Metabolites

hPheol-Ctr, -SDHB*®** and -SDHB*°**"** (300,000 cells/well)
or MTTCtr, MTTshSdhb63, MTTshSdhb64 (500,000 cells/well)
were seeded into rat tail collagen-coated six-well plates. MTTCtr,
MTTshSdhb63, MTTshSdhb64 were grown under hypoxic
conditions (1 and 10% O,) and cells from the same passage
were kept at normoxia (N1 and N10). Cells were harvested in ice-
cold methanol. Extracts were centrifuged, dried down using a
SpeedVac concentrator (Thermo Scientific) and MTTCtr,
MTTshSdhb63, MTTshSdhb64 metabolites were resuspended
in mobile phase for subsequent quantification by ultra high-
pressure liquid chromatography tandem mass spectrometry (LC-
MS/MS) as described previously (11).

Conditioned media from hPheol-Ctr, -SDHB*®** and
-SDHBX®?***¢ were collected previous to cell lysis in methanol.
Extracts and media were dried down using a SpeedVac
concentrator (Thermo Scientific) and metabolites were re-
suspended in methanol at 10-fold concentration, agitated at
600 rpm and 4°C for 10 min, followed by centrifugation at
20,000 x g for 10 min at 4°C. Relative quantification of
metabolites in the supernatant was performed on a LC-MS/MS
system, consisting of a Dionex Ultimate 3000 RS LC-system
coupled to an Orbitrap mass spectrometer (QExactive,
ThermoFisher Scientific, Bremen, Germany) equipped with a
heated-electrospray ionization (HESI-II) probe. A Waters
Acquity UPLC BEH Amide column (2.1 x 100 mm, 2.5 pm),
maintained at 40°C, was used for chromatographic separation.
Mobile phases consisted of (A) 0.1% formic acid in water and (B)
0.1% formic acid in acetonitrile with a flow rate of 0.2 ml/min.
Following gradient was applied: 75% B to 70% B in 0.5 min and
to 65% B in 1.0 min. Final step to 60% B in another 0.5 min, held
for 1.0 min and back to 75% B in 0.1 min. Equilibration time was
1.9 min. A parallel reaction monitoring (PRM) experiment in the
negative ionization mode was used for the targeted analysis of
succinate and fumarate. Mass resolution was 70,000, the isolation
window was set to 1.5 m/z. PRM transitions and scan parameters
are shown in Table S1.

PC12 Cell Transfection

PCI12 cells were seeded into collagen-1-coated 96-well plates
(Corning Biocoat, Kaiserslautern, Germany). Lipofectamine3000
was used to transfect PCI2 cells with a pmCherry-N1 vector
encoding a fusion protein of mCherry and human SUCNRI or
enhanced green fluorescent protein (EGFP) following
manufacturer recommendations. Plasmids were generously
provided by Prof. Deen. Geneticin resistance allowed selection
of stable clones in presence of 1 mg/ml geneticin (Roth,
Karlsruhe, Germany). Since propagation of PC12 from single
clones was not possible, multiclonal cultures were used.

Quantitative Real-Time Polymerase Chain
Reaction

Cells were collected in NucleoSpin RNA mini kit lysis buffer and
RNA extraction was performed according to the manufacturer’s
manual (Macherey-Nagel, Diiren, Germany). For cDNA

synthesis the SuperScriptTM III First-Strand Synthesis SuperMix
has been used (Thermo Fisher). Quantitative RT-PCR was
performed on a Quant studio 5 instrument (Thermo Fisher)
using SYBR green PCR Master mix (Thermo Fisher), following
the recommended cycling conditions. Used primers are listed in
Table S2.

Western Blot

Stably SUCNRI1- and EGFP-expressing cells were seeded into
10 cm collagen-1-coated cell culture dishes at 10> cells/ml in
10 ml DMEM supplemented as described above. Cells were
treated with 0, 2, or 10 mM succinate for 5 min. Cell
collection, protein estimation, separation, and transfer were
done as previously reported (45). Antibodies were rabbit anti-
phospoERK (#4370 Cell Signaling, Danvers, MA, USA), rabbit
anti-ERK antibody (AF1576 R&D Systems, Minneapolis, USA),
goat anti-GFP (AB0020 Sicgen-Research and Development in
Biotechnologa Ltd, Carcavelos, Portugal), goat anti-mCherry
(AB0040 Sicgen), or mouse anti-B-actin (A1978 Sigma-
Aldrich). Appropriate peroxidase-labeled secondary antibodies
(Dako) were used. Visualization was achieved by
chemiluminescence detection using Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare, Freiburg,
Germany) in a Fusion SL imaging system (Vilber Lourmat,
Eberhardzell, Germany). Band intensity was determined by
optical density analysis using image J (Rasband, W.S., Image],
U. S. National Institutes of Health, Bethesda, MD, USA, https://
imagej.nih.gov/ij/, 1997-2016).

Proteins of hPheol-Ctr, -SDHB°%, and -SDHB<**"<¢ were
harvested and blotted as previously described (46). The following
primary antibodies were used: anti-GAPDH (Cell Signaling,
#5174), anti-SDHA (Abcam, ab14715), anti-SDHB (Abcam,
ab14714). HRP-conjugated secondary antibodies were used in
TBS/tween with 5% non-fat dried milk for 1h at room
temperature. Protein bands were quantified using AzureSpot
2.0 software (Azure Biosystems).

Confocal Microscopy

Cells were grown in Lab-Tek II chamber slides (Thermo Fisher
Scientific, coated with rat tail collagen (Sigma-Aldrich,
Taufkirchen, Germany), as previously described (47) and fixed
in 4% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA, USA) after washing in PBS (Gibco). Cells were
incubated in 300 nM DAPI solution to visualize cell nuclei
(Invitrogen, Thermo Fischer Scientific). After washing cells
were coverslipped in a solution containing 12% mowiol 4-88
(Calbiochem, EMD Chemicals, Inc., Gibbstown, NJ, USA), 30%
glycerol, 2.5% 1,4- diazobicyclo-[2.2.2]-octane (DABCO)
(Sigma- Aldrich), in 0.12 M tris, pH 6.8. A TCS SP5 confocal
microscope (Leica, Wetzlar, Germany) with HCX PL APO CS
63x 0il UV corrected objective, aperture 1.4, scanning frequency
100 Hz, average 4x and pinhole 1 AU was used to take
representative images.

Cell Viability
Stably transfected PC12 cells were seeded at 10,000 cells/well into
collagen-1-coated 96-well plates in 100 pl supplemented DMEM
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media. The following day, cells were treated with sodium
succinate (Sigma-Aldrich) at 0.5, 1, 2, 10, or 20 mM in
supplemented media or supplemented media alone as control.
Media pH was unaffected by succinate at the indicated
concentrations. Cell viability was measured after 24 h and 48 h
using an XTT-based cell proliferation kit (PromoKine,
PromoCell, Heidelberg, Germany). Signal was detected with a
microplate reader (Spectrostar Nano, BMG Labtech, Ortenberg,
Germany) at 450 nm and 630 nm 4 h after addition of 25 pl
reaction solution per well.

Candidate SUCNRI inhibitors were kindly provided by Prof.
Guang-Bo Ge (Table 1). Cells were treated with the inhibitors for
48 h in the presence or absence of 10 mM succinate, after which
cell viability was determined.

SUCNRT1 Inhibitors

SUCNRI inhibitors have been synthesized following previously
published protocols (37). Compound 1 corresponds to
compound 5 g from the cited reference. Structures and purities
are listed in Table 1.

TABLE 1 | Structure and purity of SUCNR1 inhibitors.

No. MwW Structure Purity

1 458.40 98.3%

2 440.42 98.4%

3 386.45 98.1%

Statistics

Statistic evaluation was performed using SPSS, Stata, or Prism.
ANOVA, or multivariate ANOVA was performed with
Dunnett’s or LDS post-hoc analysis, as indicated.

RESULTS
SUCNR1 Expression in Human PPGLs

In a previous microarray study, we detected elevated mRNA
expression of SUCNRI in SDHB PPGLs and SDHD HNPs
compared to normal adrenal medulla (36). Here we show that
SUCNRI displays higher expression in SDHx PPGLs compared
to cluster 2 tumors (Figures 1A-C). Cluster 2 PPGLs have a far
lower risk of metastatic disease and are characterized by
activation of kinase-signaling. Immunohistochemical staining
of human PPGL tissues with different hereditary backgrounds
confirmed elevated SUCNRI protein expression in SODHB PPGLs
and SDHD HNPs, compared to VHL pheochromocytomas.
Normal adrenal medulla barely showed a SUCNRI signal
(Figure 1D).

SUCNR1 in Chromaffin Cells

Sucnrl expression was evaluated in established chromaffin cell
models. However, qRT-PCR revealed very low mRNA levels in
MPC, MTT, PC12, and hPheol (Ct >30 at 30-50 ng
template load).

In HepG2 cells, SDHB silencing and succinate treatment have
been shown to induce SUCNRI expression (35). We thus
evaluated succinate levels and Sucnrl expression in previously
prepared MTT cells silenced for Sdhb (43). The succinate to
fumarate and succinate to citrate levels were increased by 1.6-
2.4-fold in shSdhb cells compared to control cells, while the
fumarate levels were mainly similar in all cell types
(Supplementary Figure S1A). No significant difference was
observed in Sucnrl expression level (Supplementary Figure
S1B). To better model the situation observed in human PPGL
tissue of 25-fold elevated succinate and 80% decreased fumarate
(11), we exposed the cells to hypoxia for 24 h (1 and 10% O,), as
has been previously effectively performed (48). As hypothesized
(49), hypoxia augmented succinate accumulation and fumarate
depletion particularly in the shSdhb cells, leading to an increase
of the succinate to fumarate ratio (Supplementary Figure S1A).
Nevertheless, the still mild succinate accumulation did not
significantly induce Sucnrl mRNA expression (Supplementary
Figure S1B).

Interestingly, treatment of hPheol with external succinate at
10 mM or exposure to 3% oxygen for 24 h significantly increased
SUCNRI expression (Figure 2A). A three-way ANOVA revealed
no interaction for succinate and oxygen. Replicate and oxygen
factors were coded as categorical, while the succinate level was
coded with continuous values of 1/2/3, to reflect the expected
ordered impact of increasing succinate dose, showing significant
differences for oxygen (p = 0.033) and treatment (p = 0.014).
Dunnett’s post-hoc test on treatment main effect showed that the
0 and 10 mM succinate levels differed with p = 0.022.
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FIGURE 1 | (A) Box and whisker Tukey plots showing the expression of SUCNRT in PPGLs of three published series. Data from GSE19422 and GSE51081 (38,
39), showing two different probes for SUCNRT. SDHx (n = 19: 10 SDHB, 3 SDHC, 6 SDHD), cluster 2 (n = 37: 3 FGFR1, 7 HRAS, 3 MAX, 5 NF1, 16 RET, and 3
TMEM127). (B) Data from the TCGA project (41), SDHx (n = 20: 17 SDHB, 3 SDHD) and cluster 2 (n = 61: 2 FGFR1, 17 HRAS, 2 MAX, 22 NF1, 17 RET, and 1
TMEM?127); (C) Data from E-MTAB-733 (40), SDHx (n = 23: 1 SDHA, 16 SDHB, 1 SDHB+SDHA, 2 SDHC, 3 SDHD) and cluster 2 (n = 67: 2 FGFR1, 6 HRAS, 2
MAX, 36 NF1,17 RET, 1 TMEM127, and three tumors with mutations in two different drivers: MAX+HRAS, NF1+FGFR1, and RET+SDHA). One-tailed Mann-Whitney
test was applied to test for significant differences. (D) SUCNR1 protein expression determined by immunohistochemical staining in human PPGL tissue and normal
adrenal medulla. Paraffin embedded PPGL samples from patients with mutations in succinate dehydrogenase B (SDHB, n = 2), succinate dehydrogenase D (SDHD,
n = 4), the von-Hippel-Lindau gene (VHL, n = 2) as well as one sample of normal adrenal medulla (NAM) were used. SDHD PGLs were from the head and neck area
(HNP).

To evaluate causality of SDHB dysfunction, SDHB was  EGFP was equally distributed in control transfected cells,
knocked out in hPheol. Successful knockout and re-expression  indicating cytosolic localization (Figure 3A). Western blot for
are shown by qRT-PCR and Western blot (Figure 2B). = mCherry and EGFP showed strong bands in the transfected cells,
Respiration was vastly decreased in hPheol-SDHB®*?  with no signal in the respective counterparts (Figure 3B).
compared to the parental and -SDHB>"* cells (Figure 2C). Treatment of SUCNRI-transfected PC12 with 2, 10, or 20
Succinate to fumarate levels from cell extracts showed a mean =~ mM succinate significantly increased cell viability compared to
40-fold increase of succinate to fumarate (Figure 2D). Excess untreated controls after 24 and 48 h of treatment. Cell viability of
succinate was released to the media, as evident by a doubling of =~ EGFP-transfected PC12 did not change in response to succinate
the succinate to fumarate ratio. treatment (Figure 3C). Furthermore, SUCNRI-stimulation with

SDHB deficient hPheol showed significantly increased 10 mM succinate significantly induced ERK-phosphorylation in
SUCNRI expression (p = 0.018, Figure 2E). PTGS2/COX2 a  SUCNRI-, but not EGFP-transfected cells (Figure 3D).
downstream effector of SUCNRI signaling in inducible  Simultaneous treatment of SUCNRI-PC12 cells with 10 mM
pluripotent neural stem cells (50) and retina in diabetic rats  succinate and 10 nM of one of three candidate succinate receptor
(29) was also significantly increased in hPheol-SDHB*®** andto  inhibitors successfully reversed the increase in relative viability of
a much smaller extent in -SDHBYO?Re (Figure 2E). SUCNRI-PCI12 treated with 10 mM succinate alone (Figure 3E).

Succinate Promotes Proliferation via

SUCNR1

To explore SUCNRI related effects in PPGL cells independent of  DISCUSSION

intracellular succinate accumulation, we stably transfected PC12

cells with human SUCNRI. Confocal microscopy revealed a ~ SUCNRI expression is induced by hypoxia, extracellular
punctate staining pattern, which is in line with cell surface  succinate, and loss of SDHB in hPheol, and SUCNRI signaling
expression of the mCherry-hSUCNRI fusion protein, while  increases viability in PC12 cells. Taken together, these data
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FIGURE 2 | (A) Relative SUCNRT mRNA expression in hPheo1 treated with succinate or oxygen deprivation (n = 3). Three-way ANOVA showed significant
differences for oxygen (p = 0.033) and treatment (p = 0.014), after verifying there was no interaction between oxygen and treatment. Dunnett’s post-hoc test was
performed for the treatment main effect. The * above the 10 mM succinate bars reflects the significant difference from 0 mM, p = 0.022. (B) Relative expression of
SDHB mRNA in hPheo1 parental cells (Ctr), SDHB knockout (SDHB"?), and SDHB knockout cells re-expressing SDHB (SDHBK?%7¢%). Representative Western
blot for SDHB, SDHA, and GAPDH in hPheo1-Ctr, -SDHB*0?2, -SDHB ®?%R¢° (right). SDHB protein expression was diminished in hPheo1-SDHB“?® and
normalized in -SDHB"©237€¢ with re-constitution of human SDHB-FLAG. (C) Basal oxygen consumption rate of hPheo1-Ctr, -SDHBX28, -SDHBO237ec a5
determined by Seahorse XF analyzer. Basal respiration measured as oxygen consumption rate was significantly decreased in SDHB"©?® and normalized with SDHB
re-constitution (n = 2). (D) Succinate-to-fumarate ratios in cell extracts (left) of hPheo1-Ctr, -SDHB"0?®, -SDHB"“?R*° and conditioned media (right) (n = 3, each).
Data are shown as mean + SEM. (E) Relative mRNA expression of SUCNRT and PTSG2 in hPheo1-Ctr, -SDHB*®?%, and -SDHB"®?Re. ANOVA with Dunnet’s
post hoc test for difference from Ctr was performed for delta Cts. *p < 0.05, *p < 0.01, **p < 0.001 (n = 3).

suggest that accumulating succinate in SDHx PPGLs may havea  extracellular succinate due to severe SDH inhibition or hypoxia.
previously unrecognized oncometabolic effect by stimulating ~ Here we show that hPheol SDHB"** release excess succinate

SUCNRI in an autocrine manner. into the media, which is probably related to the amount of
In several cell types and tissues, SUCNRI expression has been  succinate accumulation. Surprisingly, SUCNRI was not elevated
induced or correlated with SDHB silencing, succinate treatment,  in SDHD abdominal and thoracic PGLs in our microarray

or hypoxia (35, 51, 52). However, differences in susceptibility or ~ study, while expression was increased in SDHD HNPs and
interfering mechanisms may exist. In MTT shSdhb cells succinate ~ SDHB PPGLs (36). Succinate to fumarate levels have been
only slightly accumulated. However, under hypoxia, an up to 30- ~ shown to be lower in SDHx HNPs compared to adrenal or
fold increase in succinate to fumarate ratio was reached in extra-adrenal localization (11). Thus, additional factors likely
shSdhb64. Nevertheless, expression of Sucnrl was not  influence SUCNRI expression in PPGL tissue. Potentially,
significantly induced. At an only slightly higher 40-fold increase ~ tumor tissue pH and monocarboxylate transporter 1 expression
seen in hPheol SDHBX®?*’, SUCNRI was significantly up-  level play an essential role, as these highly likely determine
regulated. Interestingly, in hPheol SUCNRI induction was also  succinate release to the extracellular space (20, 21). Of note,
achieved by treatment with 10 mM extracellular succinate or 3%  hypoxia or HIF activation positively regulate monocarboxylate
oxygen. If the discrepancy we observed between MTT and  transporter 1 expression [summarized in (55)].

hPheol is due to cell specific reasons or the amount of It will be of major interest for future studies to evaluate
succinate accumulation remains unclear. Other cell models  discrepancies between the models in more detail, also with
with similarly or even more efficient succinate accumulation  respect to dysfunction of other SDH subunits. However, to
have been reported (48, 53, 54), however SUCNRI expression  date no comparable models with knockout of the different
has not been evaluated. Highly likely, extracellular succinate  subunits is available (56).

stimulation of the receptor leads to positive feedback on its Analysis of publically available data from three large mRNA
expression, which can only be reached by substantial increase in ~ expression studies showed a significant increase or strong trend
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FIGURE 3 | PC12 cells transfected with a fusion protein of mCherry and SUCNR1 or EGFP. (A) Confocal microscopy confirmed punctate mCherry signal in
accordance with cell surface location typical for G-protein coupled receptors, while EGFP was equally distributed throughout the cells. (B) Western blot for mCherry
and GFP confirmed successful transfection. (C) Cell viability of transfected cells was determined by XTT assay after 24 and 48 h of exposure to the indicated
succinate concentrations. ANOVA with post-hoc Dunnet’s test for difference from 0 mM succinate treatment was performed. *p < 0.05 (n = 4). (D) Representative
Western blot showing increased ERK phosphorylation in SUCNR?1 transfected cells after 5 min exposure to 2 mM or 10 mM succinate, while no difference in
phospho-ERK could be determined in EGFP transfected cells (n = 3). Mean optical density ratios of phospho-ERK to ERK + SEM of three independent experiments
are shown as bar graph. Three-way ANOVA of the log transformed pERK/ERK ratios revealed significant interaction between cell type and succinate concentration
(p = 0.045). ANOVA for the effect of treatment in PC12-SUCNR1 was significant at p = 0.006, with Dunnet’s post-hoc test indicating a significant difference in
phosphorylation at 10 mM succinate compared to control (p = 0.023). In PC12-EGFP cells, succinate had no effect on ERK phosphorylation (p = 0.454). (E) PC12-
SUCNR?1 cells were treated with candidate inhibitors (A—C) in presence and absence of succinate. The bars show the relative viability of cells treated with the drug or
vehicle and succinate relative to drug or vehicle alone (n = 2). Data are shown as mean + SEM.

towards increased SUCNRI expression in SDHx compared to
cluster 2 PPGLs (Figures 1A-C). Differences in composition of
the SDHx cohorts with respect to exact mutation, level of
succinate accumulation, and tumor location likely contribute
to the variance between the cohorts.

While the stimulatory concentration of succinate in the
millimolar range may appear high, such high levels can be
expected in SDHx PPGLs (11). The median concentration of
succinate in human SDHx-deficient PPGLs was close to 1 pg/
mg tissue. With the molecular weight of succinate of 118.09 g/

mol and an estimated density of PPGL tissue at the same level
as normal adrenal [1.03 g/ml (57)], the tissue succinate
content can be estimated at 8.7 mM. This is in the same
range as the pro-proliferative dose of 2-20 mM used in
our experiments.

Previously, ERK1/2 activation as well as induction of PTGS2
expression and/or prostaglandin E2 release have been reported as
downstream effectors of SUCNRI signaling (25, 29, 31, 50).
Expression of PTGS2/COX2 has been evaluated in PPGLs,
however no clear relation with genetic background was evident
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(58). As a hypoxia responsive gene, induction of PTGS2 in
hPheol SDHB®®** may not entirely depend on SUCNRI
activation, yet may be worthwhile to further explore. Further
roles of SUCNRI on metastatic spread, immune-modulation and
chemotaxis, or tumor angiogenesis, as observed in other tissues
(30, 31, 59), remain to be evaluated in SDHx PPGLs.

Our data indicate that SUCNRI mediated proliferation
enhancement can be disrupted by targeted treatment with
SUCNRI inhibitors. Three compounds generated to inhibit
SUCNRI (Drugs 1, 2, 3) were available to us. Drug 1
corresponds to the previously described small molecule
inhibitor 5 g, which shows excellent receptor binding
capabilities and selectivity (37). Drugs 2 and 3 are new
derivatives of Drug 1. Pharmacokinetic parameters of
compounds closely related to drug 1, such as oral
bioavailability and clearance (0.12-0.17 nmol/min/kg) are
favorable. Plasma concentrations of 37-70 puM have been
reached. Selectivity was at least 100-fold increased over binding
to the closely related GPR99 (37). It has been argued that newly
developed SUCNRI agonists may be superior to investigate the
role of SUCNRI as these agonists activate the SUCNRI without
the additional metabolic functions of succinate (60, 61).
Regardless, the confounding effect of succinate on cell viability
in PC12 cells should be negligible, since EGFP-transfected
control cells were not influenced by succinate treatment.
Expression of SUCNRI was considerably higher in SDHB
PPGL and SDHD HNP tissue than normal adrenal medulla.
Thus, normal adrenal medulla will most likely not be affected
by treatment with SUCNRI inhibitors. However, vulnerability
of normal adipocytes, hepatocytes, retinoblasts, or other
SUCNRLI expressing cells to systemic application of SUCNRI-
inhibitors remains to be evaluated together with potential
immunomodulatory effects.

SUCNRI inhibition may provide a promising new treatment
approach for the aggressive and often inoperable SDHx tumors.
Effectiveness of these novel drugs may likely be extended to
unresectable or metastatic SDH-deficient renal cell carcinomas,
gastrointestinal stroma tumors, thyroid, and pancreatic
neuroendocrine tumors, or other conditions exhibiting
disturbed SUCNRI-signaling due to hypoxia or hyperglycemia.
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Figure S1 | (A) Metabolite levels in MTT shSdhb and control cells under normoxia
and at 1% and 10% oxygen. The normoxia control cells that were kept in parallel to
the 1% oxygen condition are labelled N1, the control cells from the 10% oxygen
condition are labelled N10. The succinate to citrate, fumarate to citrate, and
succinate to fumarate levels are shown from top to bottom. The bars show means +
SEM of n=4 (1% oxygen) and n=5 (10% oxygen) independent experiments. 2-way
ANOVA showed significant differences between cell types and oxygen conditions.
P-values for LDS post-hoc statistics of ANOVA for main effects are shown. Lower
case letters indicate significant differences between oxygen concentrations for each
cell type. Replication of x indicate 1: p<0.05, 2: p<0.01, 3: p<0.001. Asterisks
indicate significant difference between cell types within a given oxygen condition.
* indicates p<0.05, ** indicates p<0.01, ** indicates p<0.001. (B) Relative
expression of Sucnr1 to Rplp0 in cells kept at 10% (top) and 1% (bottom) oxygen
with respective normoxia controls. There was no statistic difference (n=3).
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Pheochromocytoma, as a neuroendocrine tumor with the highest genetic correlation in all
types of tumors, has attracted extensive attention. Von Hipper Lindau (VHL) has the
highest mutation frequency among the genes associated with pheochromocytoma.
However, the effect of VHL on the proteome of pheochromocytoma remains to be
explored. In this study, the VHL knockdown (VHL-KD) PC12 cell model was established
by RNA interference (ShRNA). We compared the proteomics of VHL-KD and VHL-WT
PC12 celllines. The results showed that the expression of 434 proteins (VHL shRNA/WT >
1.3) changed significantly in VHL-KD-PC12 cells. Among the 434 kinds of proteins, 83
were involved in cell proliferation, cell cycle and cell migration, and so on. More
importantly, among these proteins, we found seven novel key genes, including
Connective Tissue Growth Factor (CTGF), Syndecan Binding Protein (SDCBP),
Cysteine Rich Protein 61 (CYR61/CCN1), Collagen Type Il Alpha 1 Chain (COL3A1),
Collagen Type | Alpha 1 Chain (COL1A1), Collagen Type V Alpha 2 Chain (COL5A2), and
Serpin Family E Member 1 (SERPINE1), were overexpressed and simultaneously
regulated cell proliferation and migration in VHL-KD PC12 cells. Furthermore, the
abnormal accumulation of HIF2o caused by VHL-KD significantly increased the
expression of these seven genes during hypoxia. Moreover, cell-counting, scratch, and
transwell assays demonstrated that VHL-KD could promote cell proliferation and
migration, and changed cell morphology. These findings indicated that inhibition of VHL
expression could promote the development of pheochromocytoma by activating the
expression of cell proliferation and migration associated genes.

Keywords: pheochromocytoma, Von Hippel-Lindau (VHL), connective tissue growth factor (CTGF), syndecan

binding protein (SDCBP), cellular communication network factor 1 (CCN1), collagen type lll alpha 1 chain
(COL3AA1), collagen type V alpha 2 chain (COL5A2), serpin family E member 1 (SERPINE1)
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INTRODUCTION

Pheochromocytoma and paraganglioma (PPGL) are rare
neuroendocrine tumors with a incidence of about six patients
per million, of which approximately 10% of patients are
diagnosed as malignant tumors (1, 2). Although the
malignancy rate of PPGL was not high, but it had relatively
high genetic relevance and germline mutation rate (3).
According to the statistics, about 40% of PPGL were related to
germline mutations (4, 5). So far, about 20 susceptibility genes
were found in PPGL, which could be divided into three different
clusters: the Cluster 1, which was related to the pseudo-hypoxia
signaling pathway, including VHL, SDHx, FH, PHD2, and
HIF20, which could be divided into two subgroups: the
tricarboxylic acid (TCA) cycle and the VHL/HIF axis (6-8);
the Cluster 2, which was related to kinase signaling pathways
including RET, NF1, MAX, KIF1B, H-RAS, and TMEM127; and
the Cluster 3 was related to the Wnt signaling pathway, including
CSDEI and MAMLS3 fusion gene (5, 9-13).

Among the PPGL susceptibility genes, the genes involved in
the VHL/HIF axis had the highest mutation frequency (14, 15).
The pVHL was a component of the ubiquitin ligase complex,
where VHL recognized the substrate. In addition to pVHL, the
ubiquitin ligase complex also contained elongin B, elongin C,
Cul2, and Rbx1 (16). Moreover, pVHL played an important role
in the formation of extracellular matrix and epithelial
differentiation (17), and was necessary for the interaction
between epithelial cells and extracellular matrix (18). The
abnormal function of pVHL prevented the ubiquitin ligase
complex from ubiquitating the o-subunit of the heterodimeric
transcription factor HIF (hypoxia-inducible factor), thereby
preventing the degradation of HIFo in the proteasome (19,
20). Some studies reviewed the molecular functions of pVHL,
indicating that pVHL could regulate many processes such as cell
cycle (21), mRNA stability, and hypoxia induced gene expression
(16, 22). Hypoxia inducible-factor 2o, (HIF20) inhibition was
necessary for pVHL to inhibit tumor (23). Meanwhile, there were
three kinds of HIFo proteins in human, including hypoxia-
inducible factor lao (HIFlo), HIF20, and hypoxia-inducible
factor 300 (HIF3o) (24), in which mutations in HIF20. or
downstream pseudo-hypoxia signaling pathway-related genes
were susceptible to PPGL (25).

Moreover, HIF20. mutations were found in a new unique type
of syndrome. The new syndrome disease carrying PPGL-
somatostatinoma-polycythemia greatly promoted our
understanding of the key molecular mechanisms of PPGL (26,
27). Melanie ] et al. reported that a gain-of-function missense
mutation occurred in HIF2o. and impaired the hydroxylation of
HIF2a protein. This mutation not only maintained the stable
conformation of HIF2o, but also caused the onset of
polycythemia (28). More gain-of-function missense mutations
in HIF20. were found in PPGL associated with polycythemia
(29). HIF20. was also considered to be a key regulator of
erythropoiesis (30). However, many researchers successively
reported that HIF20e mutations were found in PPGL patients
with or without polycythemia and somatostatinoma (27, 31-35).
The patients’ multiple organ involvement and distant metastasis

indicated that the HIF20. mutation occurred in the early life or
embryonic development stage. And the different periods of
HIF20. somatic mutations in pregnancy might affect the later
phenotype of the syndrome (36). At the same time, Lorenzo et al.
described a new germline mutation of HIF2c in PGLs patients
(37). On the other hand, HIF20 was necessary for the synthesis
of catecholamines. The analysis of the patient’s clinical
manifestations and HIF20. imbalance reflected the role of
HIF2o in preferential norepinephrine synthesis. So HIF2o
mutation might provide more guidance for the molecular
typing and prognosis of PPGL (38, 39). Furthermore, studies
showed that overexpression of HIF2a might lead to the
formation of diffuse clusters and the appearance of
pseudopodia (40), and enhance cell proliferation and
metastatic load (25, 41). Therefore, HIF2o. played an
important role in pheochromocytoma. The discovery of new
downstream genes driven by HIF2a. might provide new ideas for
the treatment of pheochromocytoma.

HIF20. stabilization was also found in patients with VHL
mutation (42). There were many reports on the function of
pVHL, and it was reported that pVHL could cause abnormal
accumulation of HIF2a thereby activating the expression of
downstream target genes of HIF20. In this study, we used the
latest high-sensitivity proteomics platform of isobaric labels
tandem mass tags (TMT) to discover the novel proteins
involved in pVHL/HIF2a. axis. This will help us to understand
the pathogenic mechanism of VHL dysfunction, guide the
treatment of clinical diseases and optimize the prognosis.

MATERIALS AND METHODS

Tumor Tissue Samples

From December 2017 to June 2018, 30 cases of tumor tissue and
para-carcinoma medulla samples were collected from PPGL
patients undergoing laparoscopic surgery in Xiangya Hospital,
Hunan, China. Through imaging examinations (computed
tomography and color Doppler ultrasound) and laboratory
examinations, all patients were diagnosed as PPGL. All PPGL
samples confirmed by pathological examination were stored at
—80°C for later use. Subsequently, Sanger and next-generation
sequencing confirmed VHL mutations in four patients who had
not received any treatment before surgery. All patients signed an
informed consent form before surgery and the study was
approved by the Ethical Committee of the School of Life
Sciences, Central South University.

Cell Culture and Proliferation Assay

The rat adrenal pheochromocytoma PC12 cell line was obtained
from the Advanced Research Center of Central South University
(Changsha, China). The cells were transported on dry ice, and
after receiving, the cells were resuscitated according to standard
methods, sub-cultured, and cryopreserved (43, 44). The frozen
cells were stored in liquid nitrogen and the recovered PC12 cells
were routinely inoculated into RPMI-1640 medium (GIBCO,
Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS)
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(GIBCO, Carlsbad, CA, USA), penicillin (100 U/ml), and
streptomycin (100 pg/ml). The cells were maintained in
humidified incubator containing 5% CO2 at 37°C for routine
culture. In order to analyze the proliferation of the cells, the cells
were seeded in six-well plates with 1 x 10° cells per well. The cells
were trypsinized every other day for 3 consecutive days and
counted with CellDrop BF counter (Denovix). To simulate a
hypoxic environment, different types of PC12 cells were cultured
in a hypoxic incubator containing 94% N,, 5% CO,, and 1% O,
for 24 h or 21% O,, and then the downstream experiments were
performed immediately.

VHL RNAi

According to VHL target gene sequence and RNAi sequence design
principle, three sShRNA sequences were designed by GeneChem Inc.
(Shanghai, China), and shRNA with the best kinetic parameters
were selected for subsequent experiments. The shRNA target
sequence was as follows: Negative Control (NC): 5'-
TTCTCCGAACGTGTCACGT-3"; VHL-LV-94: 5-CAGG
TCGCTCTATGAAGACTT-3"; VHL-LV-95: 5'-GTGC
CATCCCTCAATGTTGAT-3"; VHL-LV-96: 5'-CTGCCTTT
GTGGCTCAACTTT-3". The lentiviral vector system consisted of
three plasmids: GV112, pHelper 1.0, and pHelper 2.0 vectors
(provided by GeneChem Inc.). Among them, the clone sites of
GV112 were Agel and EcoRI. Then the NC and three target
sequences were inserted into the GV112 vector by double enzyme
digestion and T4 DNA ligase, and the recombinant plasmid was
extracted and verified by Sanger sequencing. All enzymes were
purchased from Thermo Fisher Scientific. Next, the recombinant
GV112, pHelper 1.0, and pHelper 2.0 were co-transfected into 293T
cells for lentivirus packaging (45). The lentiviral liquids were
collected, and the quality was tested for later use.

The sensitivity of different cells to lentivirus was different, so
pre-experiment should be carried out before transfection to
determine the multiplicity of infection (MOI = (Virus titer x
Virus volume)/cell number). The PC12 cells were seeded in a six-
well plate and cultured until 50% confluence the day before
transfection. On the next day, when the cells were cultured to the
appropriate density, the transfection experiment was carried out.
Then, 1.5 pg/ml puromycin (Sigma, USA) was used to select
stable expression clones, and the knockdown efficiency was
verified by RT-qPCR and Western blotting. The cell line with
the best silencing effect was used in subsequent experiments.

Quantitative Real-Time PCR

After grinding the frozen clinical tissue with liquid nitrogen (the cell
line goes directly to the next step), RNA was extracted by the TRIzol
method, and then the mRNA was reverse transcribed into cDNA
(Thermo Scientific, USA) using the RevertAid First Strand cDNA
Synthesis Kit (#K1622). Then, the Bio-Rad CFX96 real-time PCR
system (Bio-Rad, CA, USA) was used to perform SYBR Green real-
time quantitative PCR. The relative expression of mRNA transcripts
in carcinoma and para-cancerous tissues was determined by SYBR®
premix Ex Taq II Kit (Takara, Beijing, China) and target gene
specific primers were listed in Table S1. The relative expression of
different target genes was analyzed by Livak method (46).

Western Blotting Assay

The total cell protein was lysed and extracted with RIPA buffer
(PMSF, Solarbio, China) containing 1 mm of
phenylmethanesulfonyl fluoride, and then quantified using the
BCA protein assay kit (Beyotime, Shanghai, China).
Subsequently, the equal molecular proteins from the lysates
were separated using 12% SDS-PAGE gel and transferred to
the polyvinylidene fluoride membranes (Millipore Corp,
Billerica, MA, USA). After blocking with 5% skimmed milk in
Tris buffer for 2 h at room temperature, the membranes were
incubated in the target primary antibody at 4°C overnight
(ABclonal Technology, Wuhan, China). After incubating the
secondary antibody, the protein level was detected by the
enhanced ECL luminescence reagent on a chemiluminescence
imager (SmartChemi420, Sage Creation Science Co.
Ltd., Beijing).

Protein Extraction and Trypsin Digestion
Three parallel groups of negative control cells and LV-95 cells
were sent for mass spectrometry detection. By counting with a
hemocytometer, the number of cells in each dish was about 3~5 x
10°/ml. The samples were homogenized three times in the ice-cold
lysis buffer (8 M urea, 1% Protease Inhibitor Cocktail) using an
Ultrasonic Cell Disruptor (Scientz). After centrifugation at 4°C for
10 min, the cell debris was removed, and the cell supernatant was
collected and the protein concentration was determined with the
BCA kit according to the instructions (Beyotime Biotechnology,
China). For digestion, the protein solution was reduced with
5 mM dithiothreitol for 30 min at 56°C and alkylated with
11 mM iodoacetamide in the dark at room temperature for
15 min. The protein samples were diluted by adding 100 mM
tetraethyl ammonium bromide (TEAB) to urea concentration of
less than 2 M. Finally, trypsin was added at a mass ratio of trypsin
to protein of 1:50, and the first digestion was carried out
overnight, and then at a ratio of trypsin to protein of 1:100 for
the second digestion for 4 h.

After trypsinization, the peptides were desalted using a Strata
XC18 SPE column (Phenomenex) and vacuum dried. Peptides
were reconstituted in 0.5 M TEAB and processed according to
the manufacturer’s protocol for TMT kit (Thermo Scientific,
USA). The tryptic peptides were fractionated into different
components by high pH reverse-phase HPLC using Thermo
Betasil C18 column (5 pm particles, 10 mm ID, 250 mm length).

LC-MS/MS Analysis and Database Search

The peptides were dissolved in the mobile phase A [0.1% (v/v)
formic acid aqueous solution] of liquid chromatography, and then
separated using the nanoElute ultra-high-performance liquid
chromatography (UHPLC) system. Mobile phase A was an
aqueous solution containing 0.1% formic acid, and mobile phase
B was an acetonitrile solution containing 0.1% formic acid. The
peptides were processed from NSI sources, and then tandem mass
spectrometry (MS/MS) was performed in Q ExactiveTM Plus
(Thermo) connected to online UHPLC. The applied electrospray
voltage was 2.0 kV. The m/z scan range was 350 to 1,800 for full
scan, and intact peptides were detected in the Orbitrap with a
resolution of 70,000. Then used the NCE to set 28 to the selected
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peptides for MS/MS and detected these fragments in Orbitrap with
a resolution of 17,500. A data-dependent procedure alternated
between one MS scan and the subsequent 20 MS/MS scans with
an interval of 15.0 s. The automatic gain control (AGC) was set to
5E4, and fixed first mass was set as 100 m/z.

Database Search

We used Maxquant search engine (v.1.5.2.8) to process the obtained
MS/MS data. Tandem mass spectra were searched against human
UniProt database concatenated with reverse decoy database.
Trypsin/P was designated as a lyase, allowing up to four missing
cleavages. In the first search, the mass tolerance of precursor ions
was set to 20 ppm, and 5 ppm in the Main search, and the mass
tolerance of fragment ions was set to 0.02 Da. The carbamoyl group
on Cys was designated as a fixed modification, and acetylation
modification and oxidation on Met were specified as variable
modifications. FDR was adjusted to <1% and the lowest score for
modified peptides was set >40. Subsequently, the data searched in
the database were respectively annotated with GO, domain, KEGG
Pathway, and Subcellular Localization.

Gene Ontology, Kyoto Encyclopedia of
Genes and Genomes, and Protein Domain
Enrichment Analysis

Gene Ontology (GO) annotation was derived from the UniProt-
GOA database (http://www.ebi.ac.uk/GOA/), and GO enrichment
analysis was performed with InterProScan platform (v.5.14-53.0
http://www.ebi.ac.uk/interpro/). Firstly, the identified protein ID
was converted into UniProt ID, and then mapped to GO IDs
through protein ID. If the UniProt-GOA database didn’t annotate
some identified proteins, based on the protein sequence alignment
method, InterProScan software was used to annotate the GO
function of the protein. Secondly, GO annotations of proteins
were divided into three categories: biological processes, cell
composition, and molecular functions. Moreover, the KAAS
server (v.2.0 http://www.genome.jp/kaas-bin/kaas_main) was used
to perform the “Kyoto Encyclopedia of Genes and Genomes”
(KEGG) annotation, and the KEGG database was used for
pathway enrichment analysis. Furthermore, The InterPro
database (http://www.ebi.ac.uk/interpro/) was used to analyze the
enrichment of differentially expressed protein functional domains.
Finally, the Fischer exact double-ended test method was used to test
the differentially expressed proteins in the background of the
identified protein, and the enrichment test with a corrected P-
value of less than 0.05 was considered statistically significant.

Enrichment-Based Clustering

Further hierarchical clustering was performed based on the
functional classification of differentially expressed proteins. Firstly,
we collated all the categories and their P value obtained after
enrichment, and then filtered for those categories that are
enriched in at least one of the clusters with a P value <0.05. Then
the filtered P value matrix was transformed by the function
x = —logl0 (P-value). Finally, for each functional category, these x
values were converted to z. Then, these z-scores were clustered by
one-way hierarchical clustering (Euclidean distance, average linkage

clustering) in Genesis. The cluster membership was visualized by
using the heat map of “Heatmap. 2” function in the “gplots”
R-package.

The P value was calculated by two-sample two-tailed t-test
method. In terms of specification, the modulus (VHL shRNA/
WT) where the differential expression change exceeds 1.3 was
used as the change threshold for significant up or down
regulation. To study the relationship between different
proteins, all differentially expressed proteins (Fold change >1.3
or <0.769, VHL shRNA/WT) were searched against the STRING
database version 11 to understand the protein-protein
interactions. The protein-protein interaction network chart was
plotted according to the following rules: only the interactions
between proteins belonging to the search data set are selected to
exclude external candidates; the STRING defined a metric called
“confidence score,” which was used to define the confidence of
the interaction, and we selected the confidence score > 0.7 (high
confidence) for all interactions; the confidence score of the
protein was higher, indicating that the protein were more
important in the network. In addition, we labeled the different
functions and types of proteins to distinguish the different
functions of different proteins.

Scratch and Transwell Assays

The cells were plated in 6 cm petri dish with 1 x 10° cells per well.
Then scratched each petri dish with a 200 ul pipette tip and
Images were taken with inverted microscope on the same day
and for the next 2 days. The Image J software developed by the
National Institutes of Health (NIH) was used to analyze the
changes in the scratched area.

In the migration test, 5 x 10° cells were seeded in serum-free
media in the upper well of an 8 pm pore transwell (BD), and the
medium containing 20% FBS was placed at the bottom of the
well. The cells were fixed with 4% paraformaldehyde and stained
with crystal violet after 48 h and five random 10x images were
taken from each well for quantification.

Sanger Sequencing and Bioinformatics
Prediction

The DNA of the samples was detected by Sanger sequencing to
determine the mutation sites. Then the Protein Variation Effect
Analyzer (PROVEAN: http://provean.jcvi.org/seq_submit.php)
online prediction software was used to filter sequence variants
to identify non-synonymous or indel variants that were
predicted to be functionally important.

Statistical Analysis

All experiments were verified more than three times for
biological replicates and each subgroup was also repeated at
least three times. The Graphpad prism 8.0 software (GraphPad
Software Inc., San Diego, CA, USA) was used for variance
analysis. All data were expressed as mean + standard error
(SEM).The one-way ANOVA with a post-hoc test method
(Student-Newman-Keuls test) were used to analyze the
differences between the mean values. The probability value of
less than 0.05 was considered statistically significant.
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RESULTS

VHL Mutations in PPGL and Construction
of VHL-KD PC12 Cell Line

Since VHL mutation was the most common type of mutation in
PPGL genes, we collected four clinical samples with VHL
mutations, and the specific clinical information and mutation
sites were shown in Table 1. The PROVEAN was used to predict
the hazard of the four mutations, and the predicted scores were
shown in Figure 1A. To study the influence of VHL mutations

on the development of pheochromocytoma, we constructed
stable VHL-KD PC12 cell line model and evaluated the
efficiency of VHL-KD at mRNA and protein levels. Firstly, to
ensure the optimal growth state of cells during the VHL-KD
process, we carried out preliminary experiments to optimize the
transfection conditions. After transfection and puromycin
screening, the VHL shRNA mediated by recombinant plasmid
GV248 was stably expressed in the PC12 cells. The GV248 vector
had the GFP fluorescent protein gene, which could monitor
transfection efficiency of the recombinant vector in the PC12

TABLE 1 | Characteristics and mutation sites of four patients with VHL-mutated pheochromocytomas.

Serial Gender Age Diagnosis & Other Blood Immunohistochemical index Mutant Mutation site
No. location disease pressure gene
1 Female 61 PCC (Right) Sudden 156/76  CgA (++), Syn (+), S-100 (+), SF-1 (=), Ki67 (<1%-+), VHL NM_000551.3:
blindness inhibin (=), Melan-A (=), P53 (-) €.292T>C, p.Y98H
2 Male 32 PCC (Double)  Hepatic 140/87  CgA++, Syn+, S-100—, SF-1, Ki67 < 1%, inhibin—, Melan-  VHL NM_000551.3:
nodules A-, P53- ¢.500G>A, p.R167Q
3 Female 51 PCC (Left) PNET* 141/84  CgA+++, Syn++, S-100+, SF-1+, Ki67 < 1%+, inhibin—, ~ VHL NM_000551.3:
Melan-A-, P53— €.244C>G, p.R82G
4 Male 49 PCC (Double)  None 129/88  CgA (++), Syn (++), S-100 (++), Ki67 (2%-+), inhibin (+), VHL NM_000551.3:
Melan-A (=), P53 (-) c.499C>T, p.R167TW
*PNET, Primitive Neuroectodermal Tumor.
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FIGURE 1 | Constructing a VHL-KD PC12 cell line using shRNA. (A) The Protein Variation Effect Analyzer (PROVEAN) was used to filter sequence variants to identify
non-synonymous or indel variants. The default threshold was —2.5. The variants with a score equal to or below —2.5 were considered “deleterious,” and the variants
with a score above —2.5 were considered “neutral.” (B) We detected the expression of VHL mRNA in PC12 cells by gRT-PCR. At a specific number of cycles, the
reaction was stopped, and the PCR product was used to run agarose gel electrophoresis to observe the mRNA relative expression. (C) Compared with the empty
vector-transfected group, gRT-PCR verified the expression of VHL mRNA in VHL-KD and empty vector-transfected group, and each group was subjected to three
biological replicates. The bar performed by Mean + SEM; *P < 0.05, **P < 0.01, **P < 0.001, n = 3. (D) After transfection, the GV248 recombinant vector could be
stably expressed in PC12 cells. All un-transfected cells were cleared by puromycin [p (Puro) = 1.5 pg/ml, MOI = 12.5]. (E) Western blot was used to detect the
expression of VHL protein in PC12 in the experimental groups. (F) The histogram obtained by gray analysis showed the relative change of proteins (mean + SEM)
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cells (Figure 1D). The specific information of GV248 carrier
could be obtained from Table S2. After transfection, the
expression of VHL mRNA was significantly down-regulated in
the three RNAi groups. However, the interference efficiencies of
three kinds of shRNA targeting three segments of VHL mRNA
were different, and the interference efficiencies of LV-94 and LV-
95 were more significant (Figures 1B, C). To further verify the
efficiency of RNAi at protein level, western blot confirmed that
only LV-95 shRNA could successfully inhibit the expression of
pVHL (Figures 1E, F).

pVHL Regulating Multiple Cell Functions

To explore the biological processes regulated by pVHL, we
carried out mass spectrometry analysis. We identified a total of
5,819 quantifiable proteins through the TMT-labeled proteomics
quantitative platform. Among them, compared with the VHL-
WT group, 248 proteins in the VHL-KD group were up-
regulated, while 186 proteins were down-regulated (P < 0.05,
Figure 2A, Table S3). These proteins were depicted in the
quantitative volcanic distribution of differential proteins
(Figure 2B, Fold Change >1.3 or <0.769, P < 0.05). Moreover,
GO analysis annotated these proteins were divided into three
major categories: biological processes, cell composition, and
molecular functions, demonstrating the biological effects of
proteins from different perspectives. Among them, the proteins
related to cell proliferation, cell growth, and extracellular matrix
were significantly enriched in these three functional categories
(Figure 2C). Meanwhile, our results showed that the genes
regulating cell growth, proliferation, differentiation, cell
viability, and response to nutrients were significantly different
in the VHL-KD group, and the functional enrichment analysis of
the up-regulated proteins also showed that the enriched proteins
were mainly involved in cell growth, proliferation,
differentiation, and migration (Figure 2D).

A total of 405 differentially expressed proteins were searched
and included in the interaction network. Protein interaction
analysis showed that most of the proteins related to
proliferation, migration, and development in the VHL-KD
group were significantly increased, but phosphorylation,
ubiquitination, and ribosome-related proteins were
significantly reduced in the VHL-KD group. Meanwhile, the
up-regulations of cell surface receptor proteins, neurite
outgrowth proteins, and axonogenesis proteins might promote
synapseogenesis and enhance signal transmission and
communication between cells (Figure 3).

The Seven Novel Genes Up-Expressed in
Pheochromocytoma Tumor

In order to study the specific mechanism of pVHL affecting cell
biological functions, we first collected the functional classification
information of all proteomes and the corresponding enrichment P
value (Fisher’s exact test), and then screened the significantly
enriched functional classification (P-value <0.05) in at least one
protein group. For the P-value obtained by Fisher’s exact test, the
bubble chart showed the functional classification of significant
enrichment of differential proteins and the results were shown in

Figure 2D. As shown in the figure, the differentially expressed
proteins mainly tended to the types of cell proliferation and
migration. Therefore, we aimed to investigate the differentially
expressed proteins associated with cell proliferation and
migration. For biological process (BP), we selected 47 proteins
related to cell proliferation, migration, and growth from BP group;
for molecular function (MF), we selected 17 proteins related to
growth factor binding, insulin-like growth factor binding, and
peptidase regulatory activity from MF group. Furthermore, we
selected 57 proteins related to extracellular matrix and
extracellular space from the CC group as cell components (CC)
while the screening workflow was shown in Table S$4. In order to
find differentially expressed proteins with important regulatory
functions, we used the Venny Diagram online software (Venny-
v.2.0) to select 10 differentially expressed proteins in these three
parts (MF, CC, and BP groups) (Figure 4A). In order to further
prove the clinical significance and application value of these
proteins, we collected the tumor tissues of four patients with VHL
mutation pheochromocytoma to verify the expression of these genes
in vivo. We found that seven genes, including connective tissue
growth factor (CTGF), Syndecan Binding Protein (SDCBP),
Cysteine Rich Protein 61 (CYR61/CCN1), Type III Collagen A 1
Chain (COL3A1), Type I Collagen A 1 Chain (COL1A1), Type V
Collagen A 2 Chain (COL5a2), and Serpin Family E Member 1
(SERPINE1L), were significantly up-regulated in these tumor
samples, which proved that VHL mutation activated Expression
of these genes in pheochromocytoma. (Figure 4B). The up-
regulation of seven genes in tumor tissues indicated that they
played an important role in tumorigenesis and development.
Meanwhile, western blot further confirmed the conclusions
obtained by qRT-PCR (Figures 4C, D). The information of the
seven genes in the proteomics quantitative analysis was shown in
Table 2. In order to explore whether the overexpression of these
genes was related to hypoxia-inducible factor (HIF), we detected
HIFo and its downstream proteins vascular endothelial growth
factor A (VEGFA) and glucose transporter 1 (Glutl) in VHL
mutated carcinoma and para-carcinoma tissues. We found that in
tumor tissues, HIF20. accumulated significantly, while VEGF and
Glutl were significantly overexpressed at both the mRNA and
protein levels (Figures 4B-D).

HIF2a Regulated the Overexpression of
these Seven Novel Genes

We further explored the mechanism of pVHL regulating these
seven novel genes. Similar to other work, we found that HIF2o
accumulated when VHL was knocked down (Figure 5B). In the
case of abnormal accumulation of HIF2a, VEGF and Glutl were
significantly overexpressed (Figures 5A, B). To explore the role
of HIF2a. in the expression of these seven genes, we treated VHL-
KD cells with hypoxia and observed the expression levels of these
seven genes. After 24 h of hypoxia, the expression of six genes
including CTGF, SDCBP, CCN1, COL3A1, COL1A1l, and
SERPINEI significantly increased in the cells. Western blot
showed no significant change of COL5a2 expression (Figure
5B, C) maybe due to its low expression in the cell. Therefore,
HIF-20. might mediate the expression of these seven genes.
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FIGURE 2 | Proteomics analysis of VHL-KD PC12 cell line. (A) A bar graph showed the differential protein analyzed by TMT labeling quantitatively. (B) The volcano
mayp of differentially expressed proteins. The abscissa denotes the ratios of differential expression proteins in the VHL-KD PC12 cell line vs those in the empty vector-
transfected cell line; the ordinate represents the P-value between the two groups. (C) Differential protein was analyzed by GO function enrichment, and GO
annotations were divided into three categories: Biological Process, Cellular Component, and Molecular Function. (D) The three main categories of differential proteins
obtained by GO classification were further functionally analyzed. The circle in the figure indicated the number of differential proteins. The shade of the circle color
represented the size of the P value. The darker the color of the circle represented the smaller the P-value; the lighter the color of the circle represented the larger
the P-value.

VHL-KD Changes Cell Morphology and
Promotes Cell Proliferation and Migration
Since the discovered seven novel genes were related to cell
proliferation and migration, we wanted to know whether VHL-
KD would promote proliferation and migration. We observed
that the morphology of VHL-KD cells changed, and the neurites
of VHL-KD cells were longer than those of uninfected and empty
vector transfected cells (Figure 6A). Furthermore, VHL-KD cells
proliferated faster than empty vector-transfected cells (Figure
6B). Scratch and transwell assays showed that VHL-KD cells had

stronger migration ability as compared to empty vector-
transfected (Figures 6C-F).

DISCUSSION

As a rare neuroendocrine tumor, PPGL were mostly benign and
could be cured by surgery (47). However, due to the limitations
of precise diagnostic tools and effective treatment methods,
metastatic PPGL had become a major challenge in the medical
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proteins (mean + SEM), n = 3, *P < 0.05, **P < 0.01.

field (48, 49). Nowadays, more and more attention had been paid ~ Chitrakar et al. found that in Th17 cells, VHL was involved in
to the targeted therapy of PPGL (50). Therefore, optimizing the  the regulation of a variety of cellular pathways (56), including
diagnostic efficiency of metastatic PPGL and finding more  glycolytic pathways that were indirectly or directly inhibited by
effective biological target molecules had gradually become the  protein-coding genes (57). Furthermore, the VHL also controlled
trend of clinical and basic research (51). In this study, the most the function of innate immune cells (58), and the interleukin 33
relevant tumor malignant indicators and essential biological  receptor directly interacted with VHL (59). Our results suggested

characteristics were used as screening criteria, and high-  that pVHL was related to interleukin-related proteins. In order to
throughput technology was used to comprehensively evaluate  study the role of pVHL in hypoxia induced pathway, we carried
the molecular mechanism of tumor pathogenesis. As we know,  out the whole protein quantitative analysis. Our study showed
targeted therapy needs long-term and painstaking exploration to  that the differentially expressed proteins caused by VHL
obtain more effective treatments (52). inactivation were mainly concentrated in clusters related to

As the key protein of VHL syndrome, pVHL regulated the  proliferation and migration. The deregulation of HIF2o. could
expression of different tumor genes (53). The patients with VHL promote tumor development (60), but HIF2o. had an
germline mutations were susceptible to VHL disease, which was ~ undeveloped function that was largely independent of ARNT,
an autosomal dominant syndrome (54). The multiple subtypes of ~ which could affect gene transcription, cell differentiation,
VHL disease indicated that pVHL had multiple cellular functions  proliferation, and tumor metastasis and growth (61, 62). Sun
(55). Other related studies also showed that VHL was involved in et al. reported that VHL mutation promoted the proliferation,
other functions besides the regulation mechanism of HIFlo-  migration, and tumorigenesis of clear cell renal cell carcinoma
mediated proteasome degradation induced by hypoxia (19). (ccRCC) cells through the bridging function of SALL4 (63) and
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TABLE 2 | Specific information on differential expression of seven proteins in proteomics.

Protein accession Gene name Ratio g-value* Biological process Cellular component Molecular function
(shRNA/WT)
Q9R1E9 Connective Tissue Growth 1.763 0.000422 regulation of cell death and growth; extracellular matrix; fibronectin binding;
Factor (CTGF) regulation of GO to G1 transition; intracellular membrane-bounded organelle carbohydrate derivative
regulation of cell differentiation and motility. binding;
growth factor activity;
QoJI92 Syndecan Binding Protein 2.093 0.001103  regulation of vesicle-mediated transport; extracellular exosome; nucleoplasm; growth factor binding;
(SDCBP) positive regulation of cell migration; nuclear outer membrane-endoplasmic reticulum cell adhesion molecule
positive regulation of cell proliferation; membrane network; binding;
QB6HTS Cysteine Rich 2.286 0.000256 positive regulation of cell migration; extracellular matrix; insulin-like growth factor
Protein 61 angiogenesis; binding;
(CYR61) regulation of cell growth; integrin binding;
cell adhesion molecule
binding;
P13941 Collagen Alpha-1 (Ill) Chain 2.313 2.17E-05 nervous system development; supramolecular complex; structural molecule activity;
(COL3A1) negative regulation of cell development; extracellular matrix component; cell adhesion molecule
regulation of cell migration; binding;
growth factor binding;
P02454 Collagen Alpha-1 () Chain 1.832 3.66E-05 positive regulation of canonical Wnt membrane-bounded organelle; growth factor binding;
(COL1A1) signaling pathway secretory vesicle; extracellular matrix structural
response to transforming growth factor extracellular matrix component; constituent;
beta;
positive regulation of epithelial to
mesenchymal transition;
F1LQ0O0 Collagen Type V Alpha 2 Chain 1.875 0.000243 negative regulation of cell differentiation; proteinaceous extracellular matrix; structural molecule activity;
(COLBA2) cellular response to oxygen-containing supramolecular complex; SMAD binding;
compound;
F1LM16 Serpin Family E Member 1 1.343 0.005075 positive regulation of cell migration; extracellular exosome; protease binding;

(SERPINE)

positive regulation of vasculature
development
positive regulation of chemotaxis;

extracellular vesicle

peptidase inhibitor activity

*q-value indicate the p-value after FDR correction.
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inhibited the senescence of ccRCC cells (64). Kondo et al. proved
that pVHL achieved tumor suppression by inhibiting HIF2o
(23). Our results conferred the seven downstream genes related
to cell proliferation and migration regulated by the VHL/
HIF2q axis.

From the complicated network controlled by pVHL, we
found seven novel genes related to cell proliferation and
migration. Firstly, our results showed that SERPINEI
expression was significantly up-regulated in the VHL-KD
PC12 cell line, suggesting its distinctive biological significance.
In a series of cell biology and molecular biology experiments,
Yang et al. proved that overexpression of SERPINEI1, which
promoted the proliferation, invasion, and migration of ccRCC
cells, was used as an independent prognostic factor for patients
with gastric cancer (65). Secondly, our results showed that the
expression of SDCBP was significantly increased in vivo. Related
studies reported that the metastasis and spread of cancer cells
were indirectly completed by many discrete processes, such as
invasion, intravascular invasion, and angiogenesis (66), and
SDCBP was a unique gene that promoted metastasis (67).
Moreover, preclinical studies confirmed that inhibiting SDCBP
from a genetic or pharmacological perspective could effectively

inhibit cell metastasis (68). The expression of CTGF in our
results was also significantly increased. Therefore, in our
findings, the overexpression of SDCBP might promote the
metastasis of pheochromocytoma. The low expression of
CTGF was associated with the high overall survival rates of
neuroblastoma patients, indicating the important role of CTGF
in tumors (69). CTGF promoted the deposition of extracellular
matrix and the proliferation of fibroblasts, thereby causing
vascular diseases (70). Moreover, the phase-dependent
regulation of CTGF was crucial for the malignancy of
competent cancer cells (71). We discovered three collagen
family proteins which were significantly up-regulated in PCC
carcinoma. In liver cancer, there were relatively many studies on
the function of COL1A1L. Ma et al. proved that COL1A1, which
promoted the HCC cell proliferation and invasion and the
formation of tumor balls, was significantly up-regulated in liver
cancer and enhanced carcinogenicity (72). Additionally,
COL1A1 highly expressed in human breast and gastric cancer,
while COL1A2 highly expressed in gastric cancer, and affected
the prognosis (73, 74). As members of the collagen family, both
COL3A1 and COL5A2 had significant value in the prognosis of
gastric cancer (75). In our research results, they were significantly
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FIGURE 6 | VHL-KD changed the cell morphology and promoted the proliferation and migration of PC12 cells. (A) Phase contrasted 10x images of VHL-KD (LV-95)
and empty vector-transfected (Vector) PC12 cells. (B) Growth chart of VHL-KD and VHL empty vector-transfected cells, *P < 0.05. (C, D) Phase-contrast
micrographs illustrating migration by wound healing of PC12 cells transduced with empty vector or VHL shRNA. Images were taken at different time points after
wounding, as indicated. n = 3, ns: non significant, *P < 0.05, **P < 0.01. (E, F) Down: Micrographs illustrating trans-migration of PC12 cells transduced with empty
vector or VHL shRNA. Up: Bar graphs indicated trans-migration relative to empty vector transduced cells. ***P < 0.001.

B
<+ Vector
= VHL RNAIi
5
*
.
0 2 48 7
Time (h)
D E
Scratch assay Transwell
E I Vector o~
5 . LV-95 800
§ 0.4 - .
= 5 600
2] =
= £
14
S Z 400
@ 0.2
“ =
© )
& 01 © 200
<
=
3 0.0 0
5 "@& 49%
-9 Q& <

overexpressed in pheochromocytoma tissues and cell lines.
Finally, the enrichment of CYR61 was very significant in VHL-
KD cells. Mustafa Ilhan et al. demonstrated that overexpression
of CYR61 promoted Notchl-induced migration, invasion, and
anchorage-independent growth of the normal breast cancer cell
line MCF10A, suggesting its importance in cancer progression
(76). Thus, it could be concluded that the above seven genes
regulated the proliferation, invasion, and metastasis of various
tumors, suggesting that they could provide potential biomarkers
and therapeutic targets for effective treatment of PPGL patients.

In conclusion, we found that the inactivation of pVHL in
pheochromocytoma led to the up-regulation of the seven novel
genes, such as CTGF, SDCBP, CYR61, COL3A1, COLI1ALI,
COL5A2, and SERPINEI. The seven novel genes were closely
related to cell proliferation, migration, and differentiation.
Therefore, our results indicated that the seven proteins might

serve as important diagnostic and therapeutic candidates
for pheochromocytoma.
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Pheochromocytoma (PCC) is a rare neuroendocrine tumor of the adrenal gland with a high
rate of mortality if diagnosed at a late stage. Common symptoms of pheochromocytoma
include headache, anxiety, palpitation, and diaphoresis. Different treatments are under
observation for PCC but there is still no effective treatment option. Recently, the gene
expression profiling of various tumors has provided new subtype-specific options for
targeted therapies. In this study, using data sets from TCGA and the GSE19422 cohorts,
we identified two distinct PCC subtypes with distinct gene expression patterns. Genes
enriched in Subtype | PCCs were involved in the dopaminergic synapse, nicotine
addiction, and long-term depression pathways, while genes enriched in subtype |l
PCCs were involved in protein digestion and absorption, vascular smooth muscle
contraction, and ECM receptor interaction pathways. We further identified subtype
specific genes such as ALK, IGF1R, RET, and RSPO2 for subtype | and EGFR, ESRT,
and SMO for subtype I, the overexpression of which led to cell invasion and
tumorigenesis. These genes identified in the present research may serve as potential
subtype-specific therapeutic targets to understand the underlying mechanisms of
tumorigenesis. Our findings may further guide towards the development of targeted
therapies and potential molecular biomarkers against PCC.

Keywords: pheochromocytoma, prognosis, molecular subtype, mutation, subtype specific treatment

INTRODUCTION

Pheochromocytoma (PCC) is a type of tumor with catecholamine secretion derived from the
chromaffin cells of the sympathoadrenal system (1-4). The majority of PCC arises within the
adrenal medulla where the chromaffin cells are located in abundance (4). However, a small number
of them are found in extra-adrenal sites (such as neck, mediastinum, abdomen, pelvis, and organ of
Zuckerkandl) and are termed Paragangliomas (4, 5). The annual incidence rate of PCC is 1-4/ 10° of
the population while the recurrence rate is 4.6-6.5% (5, 6). In females the tendency for PCC
progression (55.2%) is slightly higher than in males (44.8%). PCC occurs most frequently in aged
individuals around 40-50 years old (7, 8). The most common signs and symptoms include
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hypertension, palpitation, headache, pallor, and sweating
because of excessive catecholamine secretion. While the less
common signs and symptoms are fever, nausea, weight loss,
constipation, flushing, and fatigue (9). The metastases rate is
about 10-15%in pheochromocytoma patients (10), but only a few
patients are suitable candidates for surgical resection of the
tumor in this case (11). Although the survival advantage of
surgical debunking is not proven, it can significantly reduce
organ damage, catecholamine secretion, and the required dosage
of alpha and beta blockades. The decreased tumor burden as a
result of surgical resection can also assist in successive
radiotherapy or chemotherapy (9). Different methodologies are
under process for guiding the treatment of cancers including
the recently developed gene expression profiling methods
used against gastric cancer, breast cancer, and uterine
carcinosarcomas (12-18). The successful categorization of
cancers into different molecular subtypes help cancer patients
to receive better diagnosis and get more effective therapy for
cancers (19). Therefore, the characterization of PCC into
molecular subgroups will provide a better understanding of the
underlying mechanisms of disease and thus will lead to a better
and more precise treatment for PCC in the future. In the current
study, by using gene expression profiling method, we successfully
defined two distinct solid subtypes of PCC with enriched
different potential genes and pathways. Our findings will
accelerate the understanding of PCC pathogenesis and provide
opportunities for effective subtype-specific therapies.

MATERIALS AND METHODS

Determination and Validation of Molecular

Subtypes of PCC

TCGA and Gene Expression Omnibus (GEO) databases were
checked to obtain the Expression profiling data of clinical PCC
cases. Two datasets, including one dataset from TCGA (154
cases) and the other dataset of GSE19422 from GEO (63
samples), were collected and used to define the molecular
subtypes of PCC. After filtering individual expression datasets
with standard deviation, the transformation of the data was done
by gene-based centering. To identify the molecular subtypes,
both datasets were separately run on Consensus clustering (R
package Consensus clustering Plus) (20) with a set of parameters,
including 80% sample resampling, distance (1-Pearson
correlation), 80% gene resampling, maximum evaluated k of
12, agglomerative hierarchical clustering algorithm, and 1000
iterations. Finally, the R package cluster (silhouette width) was
used to determine the accuracy of subtype assignment from
Consensus Clustering Plus (21).

Reproducibility Measurement of PCC
Molecular Subtypes

Subclass Mapping (SubMap) implemented in Gene Pattern was
used to determine the reproducibility of PCC molecular subtypes
between TCGA and GSE19422 cohorts. SubMap analysis was

achieved with parameters of (num. marker. genes=300,
num.perm=1000 and num.per.fisher=1000) (22).

Gene Ontology and Gene Set Enrichment
(GSEA) Analysis

Subtype-specific genes were identified by SAM (23) and SAMseq
(24) with a false discovery rate of less than 0.05. GO and KEGG
pathway analyses were performed using DAVID Bioinformatics
resources online version 6.7 (https://david.ncifcrf.gov/). GSEA
(25) analysis was carried out to examine the expression of gene
patterns and pathways of each subtype. Furthermore, therapeutic
genes of each PCC subtype were explored through the TARGET
V2 database (http://www.broadinstitute.org/cancer/cga/target).

Statistical Analysis

For the evaluation of statistical significance between the clinical
factors and subtypes of PCC, Fisher exact tests and chi-square
test were applied and a p-value value less than 0.05 was
considered to be significant. The survival curve was also
calculated by log-rank test and Kaplan-Meier plot through
Graphpad Prism 7 software.

RESULTS

Consensus Clustering Identifies Two
Different PCC Molecular Subtypes

PCC subtypes were identified using the gene expression profiling
data of PCC with consensus clustering. Initially, the TCGA
cohort (154 PCC samples) was revealed to have two optimal
molecular subtypes based on the curve of empirical cumulative
distribution (CDF) (Figures 1A-C). Subtype assignment was
confirmed through silhouette width analysis. Out of 154 samples,
114 samples were found to have positive silhouette value, which
was used for further analysis. In 114 samples, subtype I gathered
69 samples while 45 samples belonged to subtype II (Figure 1D).

Further Validation of PCC Molecular
Subtypes in an Independent Dataset

For further confirmation of PCC subtypes identified in the
TCGA cohort, a GEO dataset (GSE19422) with 63 PCC cases
was analyzed. Consensus clustering identified two distinct
molecular subtypes in the GSE19422 dataset as well (Figure 2).
As in the TCGA dataset, positive silhouette cases were obtained
and used for further analysis in GSE19422.

Reproduced Molecular Subtypes in
Independent PCC Cohorts by

SubMap Analysis

The correlation of two distinct molecular subtypes of PCC in
independent datasets was measured through SubMap analysis.
The result of SubMap analysis revealed a significant correlation
between A1-A2 subtypes of TCGA with the B1-B2 of GSE19422
(Figure 3), indicating the common and reproducible PCC
molecular subtype across different cohorts.
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FIGURE 1 | Represented two molecular subtypes in TCGA cohort of PCC. (A) The optimal number of PCC molecular subtypes was determined through Empirical
cumulative distribution plot. (B) The increasement of area under the CDF curve with the increased expected number of molecular subtypes. (C) Consensus clustering
matrix for the two distinct subtypes of PCC. (D) Silhouette plot based on Consensus clustering assignment.

Clinical Characteristics of PCC

Molecular Subtypes

To understand the clinical characteristics of PCC molecular
subtypes, the relationship between molecular subtypes and
clinical factors was checked in the TCGA cohort. Notably, the
laterality rate of subtype II PCC was found to be higher on the
left side of patients (24/45) than subtype I PCC (34/69)
(Supplementary Table S1, P = 0.2057). Furthermore, it is
noteworthy to highlight that the detection rate of the disease
during the initial screening was found to be higher in subtype I
PCC patients (37/69) than in subtype II PCC patients (22/45)
(P = 0.5883). The mean age at diagnosis was found to be higher
in Subtype I PCCs (48.4 years) as compared to Subtype II PCCs
(41.8 years) (P=0.02*). The median overall survival (OS) time in
patients of Subtype I PCCs was recorded as 736 days, which was
slightly shorter than the patients with Subtype II PCCs who had
an OS time period of 944 days. However, survival curve analysis
(Kaplan-Meier plots) showed no significant difference in survival
between the two PCC subtypes. In addition to the survival rate,
there was no significant difference found based on the patient’s
sex among the two subtypes (P = .5248) as well as their success in
primary therapy outcome (P = 0.6136) (Supplementary
Table S1).

Functional Analysis of PCC Subtype-
Specific Genes

SAMseq analysis was performed in the TCGA dataset to analyze
differentially expressed genes between two PCC molecular
subtypes. A total of 6813 genes were found to have differential
expression between the subtypes, among which 2840 genes were
overexpressed in subtype I while 3973 genes had higher
expression in subtype II (Supplementary Table S2). KEGG
and GO analyses were performed on the Top 1000
overexpressed genes from each PCC subtype to obtain further
biological information about the subtypes. GO analysis revealed
187 biological processes enriched in subtype I, including Nervous
system-associated genes (4.5%) (Supplementary Table S3).
KEGG analysis of subtype I overexpressing genes revealed 23
different pathways that belonged to Neuroactive ligands receptor
interaction, cAMP signaling pathways, and Calcium signaling
pathways, (Figure 4A). Whereas 259 biological processes and 26
KEGG pathways were significantly enriched in subtype II PCCs.
These pathways included Vascular Smooth Muscle Contraction,
ECM Receptor Interaction, and Hedgehog Signaling Pathway.
(Figure 4B). In addition, GSEA analysis in the TCGA cohort
demonstrated gene sets enriched with significant biological
pathways were found to be abundant only in subtype II. These
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FIGURE 3 | SubMap association between the two molecular subtypes from
the two independent datasets of TCGA and GSE19422 presents a significant
correlation. FDR-corrected p-value denoted the correlation significance.

pathways for subtype II include Hedgehog signaling pathways,
Vascular smooth interaction, ECM interaction, and TGF Beta
signaling pathway (Figure 5).

Clinical Implication of PCC Subtyping

The purpose of molecular subtyping of PCC was to search and
identify therapeutic routes and to employ those specified routes
further in clinical studies and discourses. Overexpressed genes in
each PCC subtype were obtained and compared with the target
database (that contains target genes and functional inhibitors)
for the determination of therapeutic molecules (26). Further
studies may be carried out on the targeted genes to translate
them into potential clinical stages (27-29).

We have found seven subtype-specific target genes which
would give relative benefits to the PCC patients from distinct
subtypes. Given in Table 1, subtype I PCCs benefit from four
target genes, namely ALK, IGFIR, RET, and RSPO2, while
subtype II contains three target genes: EGFR, ESRI, and SMO.

DISCUSSION

PCC is a type of catecholamine-secreting neuroendocrine
tumors, most of which arise from chromaffin cells of the
adrenal medulla. About 15-20% of these PCC tumors belong to
an extra-adrenal origin and are termed as paraganglioma (PGL)
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(30). Due to excessive secretion of catecholamines, both forms of
tumors (adrenal and extra-adrenal) have similar clinical
symptoms and are only distinguished based on potential
differences in prognosis (31). Most of the PCCs are benign,
although metastasis may develop in patients with specific
backgrounds (32, 33). At present, different studies have
debated PCC treatment. Patients at the same stage may still
respond to treatment differently due to the molecular
heterogeneity even if they were administered the identical
treatment (34, 35). Molecular subtyping approaches based on
gene expression profiling of tumors has greatly guided the
medical community in introducing subtype specific diagnostic
techniques and targeted therapies (20). The subtype-based
targeted therapies in clinical trials of breast cancer is a good
example of molecular prognostic and treatment of malignancies.
The positive response of HER2-positive breast cancer patients
towards subtype specific therapies is an example for the future
directions of the current study (36). Using the gene expression
profiling method, it is possible to get a better understanding of
the heterogeneity of PCCs, and also provides the opportunity to
develop subtype-specific therapeutic strategies.

In this study, we identified two molecular subtypes of PCC
(also confirmed previously by Fishbian et al.) (37). The Gene set

enrichment and Gene ontology analyses of the identified
subtypes revealed the overexpression of certain genes and
pathways specific to each subtype (Supplementary Table S4).
The subtype I PCCs include the overexpressed genes involved in
pathways of Dopaminergic synapse, Nicotine addiction, and
Long-term depression. The SALL4 involved in the proliferation
of cancer was also found to be overexpressed within subtype I
(Figure 5). SALL4 gene is involved in the maintenance of
pluripotency and self-renewal of embryonic stem cells (38, 39).
Expression of SALL4 has been reported in various cancers such
as precursor B-cell lymphoblastic lymphoma (40, 41), acute
myeloid leukemia (42), myelodysplastic syndromes (43), breast
cancer (44), chronic myeloid leukemia (45), lung cancer (46, 47),
endometrial cancer (48), liver cancer (49, 50) gastrointestinal
carcinoma (51-53), glioma (54), germ cell tumor, and yolk sac
tumor (55, 56). In subtype II PCCs, enriched genes and pathways
include the overexpression of smooth muscle-specific markers
and the genes involved in the lymph node. Overexpressed
pathways in subtype II include protein digestion and
absorption pathway, Vascular smooth muscle contraction
pathway, and ECM-receptor interaction pathway. The
overexpressed gene in this subtype include Twistl (Figure 5).
The consistent significance of Twist] gene in cancer biology
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TABLE 1 | Target genes enriched in each molecular subtype.

Gene overexpressed Examples of Potential Therapeutic Agents

ALK Crizotinib, ALK inhibitors
IGF1R IGF1R Inhibitor
Subtype | RET Sorafenib, vandetinib, RET Inhibitors
RSPO2 WNT inhibitors
EGFR Erlotinib, Gefitinib, EGFR Inhibitors
Subtype Il ESR1 Hormonal therapy
SMO Vismodegib, hedgehog inhibitors

involves its overexpression which is linked to metastasis,
therapeutic failure, recurrence, and inferior prognosis (57). The
role of Twistl has already been shown to serve as a useful
prognostic factor predicting poor outcome in breast cancer
(58), nasopharyngeal cancer (59), ovarian cancer (60) and
cervical cancer (61). Expression of these distinct genes and
pathways in each subtype will provide a better way to
understand PCC at the subtype level and to develop subtype-
specific treatment.

After analyzing the overexpressed genes and pathways in each
subtype, we further checked these overexpressed genes in the
TARGET database and identified seven known target genes for
each subtype. Subtype I PCCs have four overexpressed genes,
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subtype | and subtype Il. Over-expressed genes (Red) and down-expressed genes (blue). (B) GSEA enriched pathways in subtype Il. GSEA results presented
improved expression of vascular smooth muscle contraction and hedgehog signaling pathway. Distinct gene expression signatures are produced by the individual

namely ALK, IGFIR, RET, and RSPO2, while subtype II includes
EGEFR, ESR1, and SMO. In most types of cancers, overexpression
of the IGFIR gene is found to be a typical hallmark (62). In
addition, IGFIR has an important role in invasion, metastasis,
and angiogenesis (63-65). Its overexpression has also been found
in pheochromocytoma and paraganglioma with a high risk of
metastasis (66).

Blocking the IGFIR via antisense therapy (67), anti IGF1R
antibodies (68-70), dominant negative IGFIR (71), and small-
molecule inhibitors has proven efficacious in the treatment of
various cancers. A preclinical study found Cixutumumad
effective against prostate cancer as it caused significant
delaying of the androgen resistance by blocking IGFIR in
disease (72, 73). Recent studies have suggested linsitinib (OSI-
906) as a promising drug for PCC patients, when used alone or
combined with mTOR inhibitors (74). Therefore, IGFIR
inhibitors may play a significant role in subtype I of PCC.

The overexpression of EGFR has been observed to play a key
role in tumorigenesis (75). Targeting EGFR using different
approaches has proven effective in the treatment of various
solid tumors such as head and neck, colorectal, pancreatic, and
non-small lung cancer (NSCLS) (76-80). Gefitinib, the first
FDA-approved anti-EGFR drug (81, 82), has been shown to
prevent autophosphorylation of EGFR in many tumor cell lines
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and xenografts (83). It inhibits the cell growth in HER2-
overexpressing breast cancer cells (84, 85). Similarly, Erlotinib
is another FDA-approved drug that acts as an inhibitor of EGFR
(86, 87) and has been proven effective in the treatment of NSCLC
and metastatic pancreatic cancer when used in combination with
gemcitabine (76, 80). Gene expression analysis revealed the role
of the EGFR gene in subtype II patients of the PCC cohort. Based
on the EGFR’s role in cancer and the availability of anti-EGFR
inhibitors, patients of subtype II may benefit from anti-
EGFR inhibitors.

In conclusion, we have characterized two distinct molecular
subtypes of PCC in two independent cohorts. Differentially
expressed genes found in the two subtypes provide an insight
into the underlying mechanisms of tumorigenesis and
progression in a subtype-specific manner. Targeted therapies
against molecular targets identified in the present study may help
better understand the disease prognosis and aid in developing
specified therapies against individual subtypes of PCC.
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