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New Syndrome of Paraganglioma and Somatostatinoma
Associated With Polycythemia

Karel Pacak, Ivana Jochmanova, Tamara Prodanov, Chunzhang Yang, Maria ]. Merino, Tito Fojo,
Josef T. Prchal, Arthur S. Tischler, Ronald M. Lechan, and Zhengping Zhuang

Purpose
The occurrence of = two distinct types of tumors, one of them paraganglioma (PGL), is unusual
in an individual patient, except in hereditary cancer syndromes.

Patients and Methods
Four unrelated patients were investigated, with thorough clinical evaluation. Plasma and tissue

catecholamines and metanephrines were measured by high-performance liquid chromatography.
Anatomic and functional imaging were performed for tumor visualization. Germline and tumor
tissue DNA were analyzed for hypoxia-inducible factor 2 alpha (HIF2A) mutations. The prolyl
hydroxylation and stability of the mutant HIF2« protein, transcriptional activity of mutant HIF2A,
and expression of hypoxia-related genes were also investigated. Immunohistochemical staining
for HIF1/2a was performed on formalin-fixed, paraffin-embedded tumor tissue.

Results
Patients were found to have polycythemia, multiple PGLs, and duodenal somatostatinomas by

imaging or biochemistry with somatic gain-of-function HIF2A mutations. Each patient carried an
identical unigue mutation in both types of tumors but not in germline DNA. The HIF2A mutations
in these patients were clustered adjacent to an oxygen-sensing proline residue, affecting HIF2«
interaction with the prolyl hydroxylase domain 2—containing protein, decreasing the hydroxylation
of HIF2a, and reducing HIF2« affinity for the von Hippel-Lindau protein and its degradation. An
increase in the half-life of HIF2a was associated with upregulation of the hypoxia-related genes
EPO, VEGFA, GLUTT1, and END1 in tumors.

Conclusion
Our findings indicate the existence of a new syndrome with multiple PGLs and somatostatinomas

associated with polycythemia. This new syndrome results from somatic gain-of-function HIF2A
mutations, which cause an upregulation of hypoxia-related genes, including EPO and genes
important in cancer biology.

J Clin Oncol 31:1690-1698. © 2013 by American Society of Clinical Oncology

and GI tract share the ability to secrete specific
peptides or amines, as do C cells of the thyroid and

Paraganglioma (PGL) and somatostatinoma are
tumors arising from distinct types of neuroendo-
crine cells. PGLs arise from chromaffin or
chromaffin-like cells that develop during em-
bryogenesis from neural crest cells." As these neu-
roendocrine cells migrate, they populate the
adrenal medulla and extra-adrenal paraganglia
associated with paraxial sympathetic nerve fibers
and branches of the vagus and glossopharyngeal
nerves in the head and neck, including the carotid
body.1 In contrast, somatostatinomas develop
from enteric endocrine cells currently believed to
arise from the endoderm.” Despite their different
origins, neuroendocrine cells of the paraganglia
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neuroendocrine cells found in the lungs, pituitary
gland, brain, and other tissues."” Neuroendocrine
tumors (NETs) are distinguished by their loca-
tion, the cell or tissue type from which they arise,
and their specific hormonal secretion.

The occurrence of = two distinct types of NET's
in an individual patient is unusual, except in patients
with hereditary syndromes such as von Hippel-
Lindau (VHL) disease, neurofibromatosis 1 (NF1),
mutations in the succinate dehydrogenase (SDH)
subunits, and multiple endocrine neoplasia (MEN)
types 1 and 2.*° In this study, we investigated the
clinical and genetic characteristics of four female
patients who presented to the National Institutes of
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Health (NIH) and Tufts Medical Center with PGL, somatostatinoma,
and polycythemia.

Laboratory Analyses

Mutation analysis, hydroxylation assays, real-time polymerase chain re-
action (PCR), and chromatin immunoprecipitation were performed as previ-
ously described.®

High-Performance Liquid Chromatography
Plasma and tissue catecholamines and metanephrines were measured by
liquid chromatography with electrochemical detection.”

Immunohistochemistry

Immunohistochemical staining was performed on formalin-fixed,
paraffin-embedded tissue. After deparaffinization and heat-induced anti-
gen retrieval using 1 mmol/L ethylenediaminetetraacetic acid, we used a
commercially available somatostatin rabbit polyclonal antibody (Cell
Marque; DAKO, Carpinteria, CA) for the diagnosis of somatostatinoma, a
rabbit polyclonal antibody for hypoxia-inducible factor 1 alpha (HIFla;
Sigma-Aldrich, St Louis, MO), and a mouse monoclonal antibody for
HIF2a (Abcam, Cambridge, MA). Primary antibodies were detected using
a peroxidase-labeled polymer conjugated to immunoglobulins (DAKO)
with 3,3"-diaminobenzidine as a chromogen.

Quantitative Real-Time PCR

Total RNA was extracted from microdissected tumor specimens and
normal adrenomedullary tissue. mRNA was reverse transcribed to cDNA and
examined by real-time PCR on the Eco Real-Time PCR System (Illumina, San
Diego, CA). Erythropoietin (EPO) (HP200740; OriGene, Rockville, MD) and
GAPDH (QT01192646; Qiagen, Hilden, Germany) primer sets were used.

Patient Evaluation

Patients were evaluated under a protocol approved by the Eunice Ken-
nedy Shriver National Institute of Child Health and Human Development
Institutional Review Board. All patients provided written informed consent.
Anatomic imaging; positron emission tomography (PET) studies using '*F-
fluorodopamine, '*F-fluorodopa, and ['*F]fluorodeoxyglucose (['*F]JFDG);
and '*’I-metaiodobenzylguanidine ('*’I-MIBG) scintigraphy were per-
formed.® In two patients, computed tomography (CT) scans with negative
contrast were used to better detect duodenal tumors.

Case Series

Patient 1. A 31-year-old white woman from Serbia had presented with
polycythemia since birth (Table 1), managed with phlebotomies. At age 14
years, she was found to have a tumor in the left para-aortic region and hepa-
tosplenomegaly. The patient started to experience headaches, diaphoresis,
night sweats, fatigue, heat intolerance, nausea and vomiting, and blurred
vision. At age 23 years, she presented with blood pressure of 180/100 mmHg.
Abdominal magnetic resonance imaging revealed multiple tumors. The pa-
tient underwent surgical resection, with histopathology consistent with PGLs.
After resection, her hemoglobin (HgB), hematocrit (Hct), and EPO levels
decreased (Table 1). One year later, follow-up abdominal CT imaging showed
a 1-cm lesion around the left renal vein and another close to the inferior vena
cava, with both enlarging during the next year. Blood tests revealed elevated
Hgb, chromogranin A, and norepinephrine (NE) levels. An echocardiogram
showed an ascending aorta aneurysm. Two years later, whole-body magnetic
resonance imaging and '**I-MIBG scintigraphy showed multiple abdominal
tumors, hepatosplenomegaly, aneurysm of the ascending aorta, pericardial
cyst, and mitral valve prolapse. Laboratory evidence indicated recurrence of
polycythemia (Table 1). At age 29 years, the patient was referred to NIH
(admission findings listed in Table 1).

Imaging studies confirmed multiple abdominal masses and also showed
multiple duodenal lesions. The patient underwent surgery. Histopathology
confirmed duodenal somatostatinomas, multiple extra-adrenal PGLs, and
cholecystitis (Table 1). After surgery, her Hct and Hgb levels normalized, most
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likely as a result of blood loss during surgery, but her serum EPO levels
remained high, most likely resulting from remaining tumors, which were
detected on follow-up imaging 1 year later (Table 1).

Patient 2. A 46-year-old white woman of Irish origin had presented
from birth with pink cheeks. At age 7 years, she was diagnosed with polycythe-
mia. Her only available blood test results at ages 15 and 19 years are listed in
Table 1. From ages 26 to 27 years, the patient reported transient episodes of
palpitations, nausea, headache, and anxiety. At age 35 years, she presented to
the hospital with dark urine and jaundice. An ultrasound showed dilation of
the common bile and pancreatic ducts and a 4-cm cystic mass in the retroperi-
toneum, posterior to the pancreas. A CT scan of the abdomen and pelvis
demonstrated the left retroperitoneal mass, lymphadenopathy, biliary and
pancreatic ductal dilation, and possible ampullary or duodenal intraluminal
masses. She underwent a Whipple resection; histopathology confirmed ab-
dominal extra-adrenal PGL, two duodenal somatostatinomas, and cholecys-
titis (Table 1). Metanephrine and somatostatin levels were not measured
before surgery.

After surgery, her EPO levels were high, with normal Hct, HgB, RBC,
WBC, and platelet counts. Plasma (Table ) and urine metanephrine levels were
elevated postoperatively. '**I-MIBG scintigraphy showed uptake in the left
parasagittal midabdomen and two foci in the para-aortic regions of the central
upper and lower abdomen, confirmed by CT. At age 36 years, the patient was
referred to NTH for evaluation. '*F-fluorodopamine PET/CT revealed a mass
in the upper abdomen to the left of the midline, with a smaller focus located
medially. Two additional left para-aortic lesions were found in the mid to
lower abdomen, with another small focus in or adjacent to the liver. The
patient received '*'TI-MIBG therapy and, 1 year later, underwent resection of a
4.3-cm para-aortic PGL and several para-aortic lymph nodes. Two of eight
lymph nodes contained microscopic foci of paraganglionic tissue in the pe-
riphery, interpreted as either hyperplastic paraganglionic tissue contiguous
with the lymph nodes or metastatic tumors.

Since surgery, she has had only mildly elevated urine normetanephrine
(NMN) levels. The most recent abdominal CT showed a stable 1.1-cm para-
aortic mass and slightly enlarged retroperitoneal lymph nodes, unchanged
over 6 years. '*F-fluorodopamine and '*F-fluorodopa PET/CT showed seven
foci of radiotracer uptake (Figs 1A and 1B). Somatostatin levels have remained
in the high to normal range since surgery (Table 1). She has not required
phlebotomies since her first surgery; in fact, she developed anemia associated
with iron and vitamin B, deficiency as a result of the Whipple resection. With
vitamin B,, and iron replacement, she has maintained normal HgB and
Hct levels.

Patient 3. A 22-year-old white woman had presented with polycythe-
mia since birth. The earliest available blood tests are summarized in Table 1. At
age 15 years, she experienced episodes of severe headache, tachycardia, shaki-
ness, and shortness of breath. At age 18 years, she developed episodes of
shakiness, tachycardia, decreased exercise tolerance, dizziness, and exercise-
associated nausea. She was found to have blood pressure of 180/130 mmHg
and was referred to NIH for evaluation (admission findings listed in Table 1).
A CT scan of the chest, abdomen, and pelvis demonstrated a left renal cystic
lesion, partially necrotic right adrenal mass, and mass inferior to the aortic
bifurcation. '**I-MIBG scintigraphy showed radiotracer uptake in the right
adrenal gland area and another focus around the organ of Zuckerkandl. The
patient underwent surgical resection of the tumors, and histopathology con-
firmed multiple PGLs. EPO and somatostatin levels before surgery were retro-
spectively measured at NIH in 2012 (Table 1). Follow-up 2 years later revealed
para-aortic and aortocaval foci on [**F]FDG PET/CT and high levels of NE,
NMN, and EPO (Table 1). Histopathology after surgical resection again con-
firmed multiple PGLs. After surgery, her EPO level decreased (Table 1). Be-
cause of high plasma somatostatin levels, a follow-up CT scan using water in
place of conventional enteric contrast material was performed to increase the
detection sensitivity for a duodenal mass. This technique revealed a 1-cm mass
extending into the lumen of the distal second portion of duodenum, a small
mass in the second portion of duodenum, a small paraduodenal/parapancre-
atic node near the head of pancreas (Figs 1C and 1D), and cholecystolithiasis.
The histopathology and immunohistochemistry of the duodenal tumors were

© 2013 by American Society of Clinical Oncology 1691



Pacak et al

"BUIOUIIRISOIBUIOS JO UO[109S8. Jalje 818 S|9Ad| Ul1eISO1BWOS [}
‘uoneoipaw Bunigiyur duind-uojoid seAledal Juaned asnedaq paselq aq p|nod B9 o sjenaT ||
‘Z10Z Ul HIN 1B AjoA0adsou1al painseawl a1om San|eAs
'S1S81 [ROIWBYD0I] SNOLIBA JO S}HWI| 90U8I9481 [BLIOU 91edIpUl Sabuey+

"YHIQ Wolj syeayd Juid yum parussald usiedl

‘selwiologe|yd seinbeal Ag pelesil sem ays 8|Iym paulelgo aiem | lusiied Jo synsey,
‘1wl uoidelep Jepun 1N ‘ewolbuebeled ‘1od ‘AydeiBouloy uoissiwe uolnsod ‘| 34 ‘eunydaueiowlou ‘NIAIN ‘YieaH JO Semnuisu| [euoneN ‘HIN ‘eulydauidaiou
‘JN ‘euop jou ‘gN ‘e|gejieAe lou ‘yN ‘(eulydsuelswliou Jo suuydsuelswl) ssulydsuelsw ‘SN ‘eulydsuelsw ‘NN ‘uigojbowsy ‘gbH ‘11001eway ‘10 ‘esoon|BAxospolon|y ‘g4 ‘unslodoiyiAle ‘0d3
‘ounydauids ‘|43 ‘proe oneoejAusydAxoipAyip-1's ‘OVdOQ ‘euluejejAusydAxolpAyip-1's 'YdOQq {|09AIB|AusydAxoipAyip-'s ‘OdHQ ‘euluedop ‘yq ‘Aydeibowol paindwod ‘|9 uluesBowolyd b)) :suoneinaiqqy

snnsAosioyd

(ebed BuIMmO||04 U0 panUUOD)

snnsAosioyd

oseasip Joppe|q|len

aN + + + 904[dg,]
++ an aN an edopoionj-4g,
++ ++ aN ++ auledopolon|y-4g,
(1D/13d) Buibew jeuonoung
VN aan Buwy/bd *9vdod
VN 6L0°LL Bw/bd ‘va
VN 008°£01 Buy/bd ‘|43
VN aan Buwy/bd 'vdoa
VN 9€L'106'L Buy/bd 'IN
VN GS0'L Buwy/6d '9dHA
anssi} 19Hd ul saulwejoyosie)
be b+(0g 01 01) 92 best bzt §601 (Gz 01 01) Tw/6d ‘uneisolewios
9Ll ltiGLor61) ze +6E 01 9) & 617l ov9'L (§zz =) Tw/bu 'yB)
oL > oL > (PL >) Jw/Bd ‘suiweiAiAxoyre|n
9 9 L 8¢ (9 01 €) Tw/Bd ‘v
oL 6 6 8 00l (€8 01 p) W/Bd ‘143
€82 SLL 890°'L 615 1G6°01 (86Y 01 08) Tw/Bd ‘IN
44 44 9 14} (L9 01 Z1) Tw/Bd 'NIA
18 Glg 0zL'y 889 €8y (z1LL 01 8l) Tw/Bd ‘NN
f(ewsed) une1solewos
pue ‘y6) ‘sauiuwe|oyos1ed ‘sNIA
0'6SL §0°G91L 2'e8l 0€LL 0'Lve 0051 0°09 0'0cy (G'LE 01 £°€) TW/NIW ‘0d3
&0l 0L 0L 0L &0l 0L 0L 0L 0L 0L 0L 0L
X vl X 78l X vle X 0LS X [LcT X G917 X 9€0L X v61 X 0Ly X 99t X 00C X v€C (0L X 69€ 01 €£1) 1 Jed 'sjo|eleld
&0l 0L 0L 0L &0l 0L 0L 0L 0L 0L 0L 0L
X ¥9°C X L'y X ¥9°€ X 8LY X C'9 X 896 X Gl X 6lL X 09 X 86 X €8 X L'L (0L X ¥0°0L 01 86°€) 7 40d "DaM
€6 60L 6 6'8 6'Gl L'yl €ll Lyl avl o€l 8¢l 9'8l (£'GL 0y Z'LL) Ip/B "gbH
(sieeA gL
0'€ee 9'LE 9'¢ce g'oe obe 1e) 0'09 709 g'6e 9’09 o8y (0R54 9’8y 009 (61717 01 L'VE) % 1OH
2101 2101 2101 2101 2101 2101 2101 2101 2101 2101 2101 2101
XLy X LTS X 6’7 X 90'G X LL9 X ¢9'8 X 8'G X 8LL X '8 X 6L X LO'L X 6'8 (7,0l X 22901 €6°€) 1 Jed '0gy
+0d3 pue 1unod poo|g
alewa alewa X8S
usi| uelgles uiblio
(sieohA (siedhA (sieohA (sledhA gg 1SleaA L(S1e8h (sieoh 67 (s1e0A Slea\ Slea\ (s1e0A (sieoh g7 Buipul4/oydesbouwraq
1 abe) HIN v abe) Jajue) 9¢ obe) HIN  ebe) Auebing G| aby Lc obe) abe) HIN 1e 62 96e) HIN 17 9by 9z oby £z 9be) abe) Aiebing
18 dn-mojj04 |BOIPBIAl SHN| 18114 Joly dn-mojjo4 Aiebing Joyy Aiebung Jony alojog
U808y 18 dN-MO||04 1U8d8Y 108y
T wuened | aned

sjuslled xepu| Jo sbulpul4 Buibew| pue Aloieioge] pue solydeisbowsq L ajqep

JOURNAL OF CLINICAL ONCOLOGY

© 2013 by American Society of Clinical Oncology

1692



Paraganglioma, Somatostatinoma, and Polycythemia

sisely1|oisAosjoy)

siselyl|oisAosjoy)

osessIp Jappe|q|[eH

+ + + + 904[dg,]
+4+ ++ an +4+ mnouoko::.n_m_
++ ++ aN ++ wc_rr_mn_o_uoku.j_fn_mF
(LO/13d) Buibew: [euonound
aan Ian Buw/Bd ‘Ovdod
9v6'LL 98L'Y Bu/bd 'va
eLL'LE GlLL'Ge Buu/bd ‘143
09L's a8lL'e Buw/bd 'vdoda
8v6'607'C G59'985'2 Buu/bd ‘IN
Jan Jan Buy/bd '9dHA
BNssIl 19Hd Ul saulwejoyosie)
zl s0v °14 §0G (GZ 01 01) Tw/Bd ‘uneisorewos
02 goL 06 90L SEe] 051 oze (§zZ =) Tw/bu 'y6)
oL > oL > (71 >) Jw/Bd "euiwelAlAxoyls|A
6 Ll oL S L 6 L > 0z (9% 01 €) Tw/Bd 'v@
g vz (4 og g > 9 6 L > L (€8 01 ) Jw/bd ‘|43
92§ L0Z 89L'L 8eL 182 €61l 905 €ee 09'L (861 01 08) Tw/bd "IN
i 75 > 0§ ze G > G> ford 6 (19 01 Z1) Tw/Bd ‘NN
0ze €8 vZe 162 Yia 8z 192 858 (zL1 01 8l) Tw/Bd ‘NN
#AmEmm_QV uneisojewos
pue 'yBD ‘sauiue|oyosied ‘sNIA
G0z
09l §2°06 [oR7e]} 0ze 9gEy 00€2 88 298 0} 8'€) 0°GGL (G'L€ 01 £°€) TW/NIW ‘'Od3
&0l 0L 0L &0l &0l &0l 0L &0l &0l &0l 0L &0l 0L 0L 0L
X 78l X 061 P74 X 0zl X 9L X 002 X 022 X 88l X Glg X lle X 922 X 61C X 192 X 762 X €91 (501 x 69€ 01 /1) 7 Jod ‘siejele|d
&0l
0L 0L 0L 0L 0L 0L 0L 0L X 0L 0L 0L 0L 0L 0L
X G6'8 X g9 X G5 X 76'8 X €26 X ZL X LE8 X 9LLL LULL X 8€El X 98'G X €18 X TGl X 90l X 6'6 (0L X ¥0'0L 01 86°€) 71 40d "DGM
6L 09l 8l A €Ll TLL 6L LLL 0LL 9/L 99l 88l 0z g8l £0¢ (£'GL o1z LL) TP/ ‘gbH
L'y 069 86 769 969 699 L'6Y 6'7S foeIe] ¥'qg o] €69 €29 §9g z€9 (677 01 L'¥E) % 1OH
201 2.0b 2101 2.0L 201 2.0l 2101 2.0b 2.0L 2.0L 2101 2.0l 2.0b 2101 2101
X 68'8 X 89'6 X 99'8 X 0L X 870l X 9Z0L X 206 X LEL X769 X€L X Ll X G8'L X 629 X 99'L X ¥9'8 (7,01 X zZ'§ 01 £6°€) 7 Jod DGy
+0d3 pue 3unod poo|g
alewe4 Slewe Xeg
asaulyn Amu_r_\Sv uedllswy r__mto
(siedA (sieah (sieah 0z (siedh 0z (sieahA SEEYN (siedA (sieoA (siedh (sieoA (sieoA (sieoA gL (siedA gL SEEYN SEEYN JIEEYS Buipul4/oydesbowag
Gz obe) L obe) abe) HIN  9be) HIN 0z obe) 0z oby /L obe) /| obe) 2z 9be) Lz obe) |z obe) obe) HIN  9be) HIN 8l aby vl by L 9By
HIN 1€ HIN 0 1e Alebung  1e Auebung HIN 0} 002 A1ebing dn-mojo4 Asebing  AleBing  1e AleBing  1e AleBing
dn-mojjo4 apIsINQ Jaly alojeg uolssiwupy Asenuer 1814 U808y puooes  puooes laly alojeg
AVELET] dn-mojjo4 alojeg JEM alojeg
1 Jualed € Jusiled

(PaNUIIUOY) S1uBlled Xopu| Jo sBulpul4 Buibew| pue Aioieioge] pue solydeibowsaq °| ajqep

1693

© 2013 by American Society of Clinical Oncology

Www.jco.org



Pacak et al

Fig 1. Functional and anatomic imaging. (A) "®F-fluorodopa positron emission tomography (PET)/computed tomography (CT) in patient 2 showing (a) small focus at
base of skull consistent with glomus jugulare tumor, (b) focus at medial edge of liver, (c) aortocaval node at L1/L2 vertebral disc level, (d) another aortocaval focus at
L2/L3 vertebral disc level, (e) left periaortic focus at L4/L5 disc level, and (f) right presacral focus in upper pelvis. (B) "8F-fluorodopamine PET/CT in patient 2 also showed
(a) focus at base of skull, (b) focus at medial edge of liver or in adjacent node, (c) aortocaval node at L1/L2 disc level, (d) another aortocaval focus at L2/L3 vertebral
disc level, (e) left periaortic focus at L3/L4 disc level (not seen on '8F-fluorodopa PET/CT), (f) probable common iliac node at L4/5 disc level, and (g) presacral focus on
right in upper pelvis. (C, D) Early arterial phase of axial CT of abdomen performed with negative enteric contrast in patient 3 showed (a) mass protruding into lumen
in distal second portion of duodenum, near junction with third portion, (b) paraduodenal/parapancreatic node, and (c) another small mass in second portion of duodenum.

consistent with somatostatinoma. The latest laboratory findings did not show
increased metanephrines, catecholamines, or EPO level (Table 1).

Patient4. A 22-year-old woman of Chinese origin presented with ruddy
complexion and red lips at age 4 and was diagnosed with polycythemia at age
5 years. At age 15 years, she experienced exercise-associated nausea. At age 17
years, she presented with malignant hypertension (200/140 mmHg). A CT
scan revealed two paraspinal masses below the left renal hilum. '*’I-MIBG
scintigraphy showed four foci in the left paravertebral area. The patient had
elevated urine NE (exact value not available); her blood count is shown in
Table 1. The patient underwent surgery; histopathology confirmed multiple
PGLs. After surgery, urine NE decreased to within normal limits. At age 20
years, the patient underwent a cholecystectomy because of cholecystolithiasis,
and elevated urine NMN and NE were noted. The patient started to experience
recurrent hypertensive episodes, was found to have elevated urine NE and
NMN levels, and was referred to NIH for evaluation (admission findings listed
in Table 1). Anatomic and functional imaging revealed two nodules in the left
para-aortic area and in the right retroperitoneum at the level of the right
kidney and a lesion in the liver, compatible with a hemangioma. The patient
underwent surgical resection of the tumors; histopathology confirmed extra-
adrenal PGLs. At age 21 years, follow-up ['*F]FDG PET/CT revealed a hyper-
metabolic nodule near the left adrenal gland. The patient underwent another
surgery to remove two small PGLs in this region. Since the second surgery, she
has required infrequent phlebotomies. On a recent follow-up CT (at age 25
years), two abdominal lesions were found, and possible atypical lesions in the
distal duodenum and near the pancreas could not be excluded. The CT study
of the duodenum was limited because of subdistended bowel. **F-fluorodopa
PET/CT showed two abnormal areas of uptake in the upper abdomen, a small
focus in the right caval region, and another small focus in the upper outer
quadrant of the left breast. '*F-fluorodopamine PET/CT confirmed the two

1694 © 2013 by American Society of Clinical Oncology

small foci in the upper abdomen and revealed two foci in the right caval region.
Laboratory findings show persistently elevated NMN, NE, and EPO levels
(Table 1).

Tissue Analysis

Genetic testing in all the patients revealed HIF2A somatic mutations in the
tumors, clustered adjacent to an oxygen-sensing proline residue (Table 2). These
mutations reduced HIF2« hydroxylation by prolyl hydroxylase and binding to the
VHL protein, resulting in proteins four- to six-fold more stable than wild-type
HIF2A (Table 2) that could be readily detected in the patients’ tumors (Fig 2A).
Mimicking hypoxic conditions, expression of genes downstream of HIF2A, in-
cluding EPO, VEGFA, GLUT1, and EDN1, was increased in the PGLs and soma-
tostatinomas compared with normal human adrenomedullary tissue (Table 2).
EPO mRNA expression was substantially higher in somatostatinomas and PGLs
with somatic HIF2A mutations than in other PGLs (Fig 2B).

The four patients described here developed two distinct NETs—PGL
and duodenal somatostatinoma (histologically confirmed in patients
1 to 3)—associated with polycythemia. PGLs are rare catecholamine-
producing tumors derived from chromaffin cells of the extra-adrenal
paraganglia.”’ Those arising from the adrenal medulla are called pheo-
chromocytomas. Approximately one third of these tumors have thus
far been shown to be hereditary, including those associated with VHL,
NF1, RET proto-oncogene, and SDHB/C/D subunit mutations and,
recently, those associated with mutations in SDHA, SDHAF2,

JOURNAL OF CLINICAL ONCOLOGY



Paraganglioma, Somatostatinoma, and Polycythemia

Table 2. Somatic Mutations, HIF2a Transcriptional Activity, Stability, Binding Efficacy, and HIF2a Downstream Gene Expression in Tumor Tissue of Index Patients

Patient 1

Patient 2

Patient 3 Patient 4

Characteristic PGL Somatostatinoma PGL

Somatostatinoma PGL

Somatostatinoma PGL

Somatic mutation in HIF2A ¢.1588G>A p.Ab30T

Protein half-life compared with 57.6
wild-type protein, minutes
(wild type, 14.4)*

Affinity to VHL proteint

Pro531 hydroxylation¥

Transcription activity$

Decreased
Decreased

Decreased

Decreased

Intact binding efficiency to HRE
domain in genomic DNA

Somatic mutation in HIF2A
downstream gene
expression in tumor tissue,

mMRNA||
EPO Increased Increased Increased
VEGF Increased Increased Increased
EDN1 Increased Increased Increased
GLUT1 Increased Increased Increased

c.1595A>G p.Y532C
40.1 79.8 40.2

Intact binding efficiency to HRE
domain in genomic DNA

€.1589C>T p.AB30V ¢.1586T>C p.L529P

Decreased
Decreased

Intact binding efficiency to HRE
domain in genomic DNA

Decreased
Decreased

Intact binding efficiency to HRE
domain in genomic DNA

Increased Increased Increased
Increased Increased Increased
Increased Increased Increased
Increased Increased Increased

endothelial growth factor; VHL, von Hippel-Lindau.

“Protein half-life was calculated by cycloheximide assay.®'°

Abbreviations: DMT1, divalent metal transporter 1; EDN1, endothelin 1; EPO, erythropoietin; GLUT1, glucose transporter 1; HIF2a, hypoxia-inducible factor 2a;
HRE, hypoxia-responsive element; MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight mass spectrometer; PGL, paraganglioma; VEGF, vascular

tAffinity to VHL protein was measured by immunoprecipitation and peptide binding assay.®

$Pro531 hydroxylation was determined by measuring peptide mass through MALDI-TOF."!

§Transcription activity of H/IF2a was determined by its affinity to HRE in DMT1 gene promoter via chromatin immunoprecipitation assay.'?
[Hypoxia-related gene expression was measured by quantitative polymerase chain reaction.’’

TMEM127, MAX, PHD2/EGLN1, and HIF2a.*® Some of these genes
(VHL and SDHB/C/D) are involved in HIF« regulation.

Somatostatinomas, rare NETs of the GI tract, were first described
in the pancreas and duodenum in 1977."* Somatostatinomas account
for < 1% of NETs of the GI tract,'® with an annual incidence of one
case per 40 million people.'® They are occasionally found in patients
with VHL or MEN type 1 or 2."”

An association of somatostatinoma and PGL has been described
rarely in patients with NF1.'®'® In our patients, a diagnosis of NF1 was
ruled outbased on clinical grounds, as was a diagnosis of VHL or MEN
because of the lack of VHL or RET mutation. Although somatostati-
nomas may be asymptomatic, patients can develop a somatostati-
noma syndrome characterized by diabetes mellitus, steatorrhea, and
cholecystolithiasis, as in patients treated with somatostatin analogs.*’
Interestingly, all four patients presented with gallbladder disease, un-
common in this age group and most likely resulting from chronic
somatostatin elevation.

Paraganglia and the enteric endocrine system were postulated to
arise from a shared neural crest progenitor.>' Although this hypothesis
seemed to be disproven by subsequent embryologic studies,>** differ-
entiation of both enteroendocrine and neural crest cells is regulated in
asimilar manner.>® Moreover, there is a close relationship between the
development of neural enteric ganglionic cells and enteroendocrine
cells.** Thus, at present, although PGL and somatostatinoma seem
to have different origins, they share many common features and
signaling and developmental pathways. In discussing the embryol-
ogy of enteroendocrine cells, Fontaine and Le Douarin®” stated that
the possibility of ectodermal cells contributing to the endoderm
could not be ruled out, because the endoderm is formed by cells
migrating from the upper germ layer through Hensen’s node and
the primitive streak. This could explain the identical somatic mu-
tations in PGLs and somatostatinomas.

Www.jco.org

The occurrence of PGL with tumor-induced polycythemia has
been reported in only a few patients.”>*® The first co-occurrence of
PGL, duodenal somatostatinoma, and polycythemia was described in
a patient with a clinical diagnosis of VHL.” In that report, a woman
diagnosed with polycythemia at age 9 was found at age 22 years to have
multiple PGLs, with increased EPO levels. After tumor removal, the
catecholamine, but not the EPO, level normalized. At age 29 years, she
was diagnosed with a retinal hemangioblastoma, suggesting VHL type
2A, although genetic testing was not performed. The patient also had a
duodenal somatostatinoma.

The patients described in our report did not have a family history
of NETs or polycythemia, suggesting either a de novo germline or
somatic tumor mutation. The mutations most likely occurred during
an early developmental stage, because they seem to be distributed in
distinct and distant tumors. Patients 1 and 3 were included in our
recent report describing gain-of-function (secondary to a gain in sta-
bility) HIF2«: tumor mutations as a novel mechanism linking PGL
and polycythemia, with or without somatostatinomas.® Subsequently,
the other two patients’ tumors were identified to have HIF2a muta-
tions. In patient 3, multiple PGLs and multiple somatostatinomas
were found; in patient 4, multiple PGLs and elevated plasma soma-
tostatin levels were found, but histopathologic confirmation of soma-
tostatinoma was not performed, because the patient refused an upper
GI endoscopy. Recently, the somatostatin level in patient 4 normal-
ized, possibly as a result of treatment with a nonselective combined a-
and B-adrenergic antagonist (ie, labetalol), which has been shown to
inhibit the release of somatostatin and other neurohormones.”**
Furthermore, in some patients, especially those with duodenal soma-
tostatinomas, somatostatin levels may fluctuate, becoming normal or
only marginally elevated.*® In this patient, release of somatostatin
from PGLs was ruled out by tumor immunostaining. The normaliza-
tion of metanephrine and catecholamine levels in patient 2 most
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Paraganglioma

Somatostatinoma

Fig 2. Tumor tissue immunostaining for
hypoxia-inducible factor 2 alpha (HIF2a)
expression and EPO mRNA expression in
tumor tissue obtained from patients. (A)
Immunohistochemical staining for HIFs in
tumor sections (top row, paraganglioma
[PGLI; bottom row, somatostinoma) ob-
tained from patient 1, showing nuclear
staining (black arrows) for HIF2a (right
column) in contrast to HIF1a (left column;
scale, 100 mm; magnification, 80x). (B)
Comparison of EPO mRNA expression
assessed by quantitative polymerase
chain reaction in PGLs (indicated by P)

B 600 -] obtained from patients 1 and 4 and in
EPO somatostatinoma obtained from patient 1
(indicated by S) with expression in PGLs
from patients with germline SDHB,
c SDHD, MAX, and RET mutations, patients
.‘% with multiple endocrine neoplasia type 1
& (MENT1), and patients with normal adrenal
=3 400 medulla (NAM). Bars indicate SE.
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probably reflects her reduced tumor burden after the second surgery
and "'I-MIBG treatment.”'

All of the gain-of-function HIF2«a mutations described in our
patients resulted in HIF2« stabilization, by affecting the hydroxylation
of proline 531 and in turn the binding of VHL (Table 2). Prolyl
hydroxylation of HIF« is a crucial step for its recognition by the VHL
protein and its subsequent proteasomal degradation.”* Thus, disrup-
tion of prolyl hydroxylation results in reduced HIF2a degradation but
intact transcriptional activity, leading to the activation of downstream
hypoxia-related genes. HIF2« is a physiologic regulator of EPO tran-

1696 © 2013 by American Society of Clinical Oncology

scription; its overexpression is associated with increased EPO produc-
tion.”” The clinical presentations of these patients are consistent with
dysregulation of HIF2« signaling. First, the PGLs were found to have a
typical noradrenergic biochemical phenotype, reflecting the involve-
ment of HIF2a in NE biosynthesis in sympathoadrenal cells.*** Sec-
ond, the presence of increased tumor mRNA for EPO, GLUT1I, EDNI,
and VEGFA and strong positive immunohistochemical staining,
indicative of high HIF2« expression in the tumors (Fig 2), suggest that
the clinical phenotypes, including increased erythropoiesis (develop-
ment of polycythemia), glucose uptake (positive ['*F]FDG PET), and
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increased angiogenesis, may derive from a common denominator of  syndrome is caused by somatic gain-of-function HIF2A mutations. In

HIF2a upregulation. our patients, the association between HIF2« and EPO production is
HIF2« is considered the key regulator of erythropoiesis. This ~ supported by the decreased EPO levels after removal of the PGLs,
association has recently been demonstrated in four patients with acti- ~ except in patient 2, whose EPO level may have remained elevated

vating germline HIF2A mutations who developed polycythemia ata  because of chronic anemia after her Whipple resection, although other
young age.”® Although none of these patients had NETs or other ~ sources and mechanisms of EPO production may also have been
malignancies, hypoxia-dependent or -independent HIF stabilization  involved.*’ Tt would be of interest to investigate whether other tumors,
occurs in many tumors and is proposed to promote proliferation,  particularly other neuroendocrine tumors, including gastroentero-
survival, invasion, and metastasis.*>*”*® HIF2 « stabilization as a result pancreatic ones, have somatic gain-of-function HIF2A mutations.

of PHD2 and VHL mutations has also been associated with PGL-  Further study is needed to elucidate how this mutation precisely con-
related EPO production.*®*® However, none of our patients were  tributes to tumorigenesis and to determine whether some patients
found to have somatic PHD2 mutations in their tumors. with polycythemia should be screened for the presence of NETs or,

Figure 3 summarizes the current view of the pathogenesis of ~ conversely, whether patients with multiple seemingly sporadic PGLs
various inherited PGLs, which all result in HIF2« stabilization with or ~ with or without polycythemia should be screened for the presence of
without concurrent polycythemia and somatostatinoma. In contrast ~ somatostatinomas. Whether this syndrome exists only in women is
to all other currently known hereditary PGLs, however, this new  also unclear at the present time.
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Fig 3. Summary of pathways affecting hypoxia-inducible factor (HIF) turnover involved in development of various paragangliomas (PGLs), some associated with either
somatostatinoma or polycythemia. (1) Somatic gain-of-function HIF2A mutations have been described in this report to be associated with multiple PGLs,
somatostatinoma, and polycythemia. These mutations affect prolyl hydroxylation and pVHL (Von Hippel-Lindau protein) protein binding and reduce HIF2« degradation
but not transcriptional activity.® pVHL is part of an E3 ubiquitin ligase complex that targets HIFa for proteasomal degradation.*' Interaction of pVHL with HIF« is
determined by hydroxylation status of HIFa proline residues. This hydroxylation is oxygen (O,) dependent and catalyzed by family of prolyl hydroxylases (PHD1-3). HIFa
stabilization can occur as a result of mutations in either PHD or VHL. (2) Germline mutations in PHDZ2 have been associated with congenital polycythemia and
extra-adrenal PGLs.%° (3) VHL mutations prevent pVHL from binding hydroxylated HIFa and targeting it for proteasomal degradation. As a result of either PHD or VHL
mutation, HIFa accumulates in cytoplasm, translocates to nucleus, forms heterodimers with HIFB, and activates transcription of target genes. In pVHL-defective PGLs,
there is evidence of increased HIF activity.*> CBP, cAMP-response element-binding protein; CO,, carbon dioxide; cul2, cullin 2; EMT, epithelial-mesenchymal transition;
EPO, erythropoietin; ODD, oxygen-dependent degradation; OH, hydroxyl group; p300, histone acetyltransferase p300; Rbx1, ring-box 1 protein; Ub, ubiquitin.
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