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Clinical, Diagnostic, and Treatment Characteristics of SDHA-Related Metastatic Pheochromocytoma and Paraganglioma
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Background: Pheochromocytoma and paraganglioma (PHEO/PGL) are rare neuroendocrine tumors which may cause potentially life-threatening complications, with about a third of cases found to harbor specific gene mutations. Thus, early diagnosis, treatment, and meticulous monitoring are of utmost importance. Because of low incidence of succinate dehydrogenase complex subunit A (SDHA)-related metastatic PHEO/PGL, currently there exists insufficient clinical information, especially with regards to its diagnostic and treatment characteristics.

Methods: Ten patients with SDHA-related metastatic PHEO/PGL were followed-up prospectively and/or retrospectively between January 2010–July 2018. They underwent biochemical tests (n = 10), 123I-MIBG (n = 9) scintigraphy, and multiple whole-body positron emission tomography/computed tomography (PET/CT) scans with 68Ga-DOTATATE (n = 10), 18F-FDG (n = 10), and 18F-FDOPA (n = 6).

Results: Our findings suggest that these tumors can occur early and at extra-adrenal locations, behave aggressively, and have a tendency to develop metastatic disease within a short period of time. None of our patients had a family history of PHEO/PGL, making them appear sporadic. Nine out of 10 patients showed abnormal PHEO/PGL-specific biochemical markers with predominantly noradrenergic and/or dopaminergic phenotype, suggesting their utility in diagnosing and monitoring the disease. Per patient detection rates of 68Ga-DOTATATE (n = 10/10), 18F-FDG (n = 10/10), 18F-FDOPA (n = 5/6) PET/CT, and 123I-MIBG (n = 7/9) scintigraphy were 100, 100, 83.33, and 77.77%, respectively. Five out of 7 123I-MIBG positive patients had minimal 123I-MIBG avidity or detected very few lesions compared to widespread metastatic disease on 18F-FDG PET/CT, implying that diagnosis and treatment with 123/131I-MIBG is not a good option. 68Ga-DOTATATE PET/CT was found to be superior or equal to 18F-FDG PET/CT in 7 out of 10 patients and hence, is recommended for evaluation and follow-up of these patients. All 7 out of 7 patients who received conventional therapies (chemotherapy, somatostatin analog therapy, radiation therapy, 131I-MIBG, peptide receptor radionuclide therapy) in addition to surgery showed disease progression.

Conclusion: In our cohort of patients, SDHA-related metastatic PHEO/PGL followed a disease-course similar to that of SDHB-related metastatic PHEO/PGL, showing highly aggressive behavior, similar imaging and biochemical phenotypes, and suboptimal response to conventional therapies. Therefore, we recommend careful surveillance of the affected patients and a search for effective therapies.
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INTRODUCTION

Pheochromocytomas and paragangliomas (PHEOs/PGLs) are rare neuroendocrine tumors that produce catecholamines which may cause potentially life-threatening complications. Recently, there has been a vast influx of information regarding the genetic basis of these tumors (1–5). Our current understanding is that most of these tumors are inherited (1, 3).

The SDH (succinate dehydrogenase) respiratory complex with a role in the Krebs cycle and oxidative phosphorylation (6) has four subunits encoded by 4 SDHx genes-SDHA, SDHB, SDHC, and SDHD that act as tumor suppressors (7–15). Initially, the SDHA gene had been associated only with Leigh syndrome (4, 16). Subsequent studies linked mutations in this gene to abdominal PGL, pituitary adenoma, gastrointestinal stromal tumors (GIST), neuroblastoma, and renal cell carcinoma (RCC) (8, 12, 13, 17–27). SDHA-related PHEO/PGL is less well-characterized due to low incidence (17, 28, 29). However, emerging data shows that SDHA-related PHEO/PGL is likely to be highly associated with metastases (29). Unfortunately, there is a paucity of data regarding SDHA-related metastatic disease. Inadequate knowledge of these tumors poses challenges to those who counsel and treat affected patients (30).

The objective of the present study is to perform a comprehensive review of SDHA-related metastatic PHEOs/PGLs and to provide new insights into their clinical behavior, course of disease, biochemical and imaging phenotypes, their possible association with other diseases/tumors, and treatment responses that could help concerned specialists formulate diagnostic and management strategies.

PATIENTS AND METHODS

Fifteen patients with PHEO/PGL related to SDHA germline mutations were referred to the National Institutes of Health (NIH), a tertiary specialized center for PHEO/PGL. These patients were enrolled and retrospectively and prospectively followed from January 2010–July 2018 under the protocol Diagnosis, Pathophysiology, and Molecular Biology of Pheochromocytoma and Paraganglioma (ClinicalTrials.gov Identifier: NCT00004847), which was approved by the Eunice Kennedy Shriver National Institutes of Child Health and Human Development and Institutional Review Board. Written informed consent was obtained from all participants or their legal guardians. Ten of these 15 patients with documented imaging and/or histopathological evidence/s of metastatic disease as per the 2017 World Health Organization classification (lesions in the bone and/or lymph nodes) were included in this study. At their initial evaluation at the NIH, all 10 patients were found to have metastatic disease and 6 out of 10 patients had prior documentation of SDHA mutation. Five of the 15 patients without documented metastatic disease were excluded. At our institution, the patients underwent biochemical tests (n = 10), [68Ga]-(DOTA)-[Tyr3]-octreotate (68Ga-DOTATATE, n = 10), [18F]-fluorodeoxyglucose (18F-FDG, n = 10), [18F]-fluorodihydroxyphenylalanine (18F-FDOPA; n = 6, patients 2, 4, 6, and 8–10) positron emission tomography/computed tomography (PET/CT), and 123I-metaiodobenzylguanidine single photon emission computed tomography/computed tomography (123I-MIBG SPECT/CT; n = 4, patients 1–3 and 8) scintigraphy. Five patients also received 123I-MIBG (planar; n = 1, patient 5; SPECT only; n = 1, patient 10; and SPECT/CT; n = 3, patient 4, 7, and 9) scintigraphy at outside institutions which were included in this report. Pertinent events that happened to the patient prior to referral to our institution were also obtained to review the entire disease course. With respect to the evolution of metastatic lesions, patients were further divided into those with synchronous vs. metachronous disease, defined as the diagnosis of metastases within and beyond 6 months post PHEO/PGL diagnosis, respectively. Table 1 summarizes the patients' main characteristics.


Table 1. SDHA-related metastatic PHEO/PGL demographic, genetic mutation, and clinical profile.
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Patient 1

An 11-year-old female presented with an incidental left-sided neck mass. Computed tomography (CT) scan revealed a 6.0 cm mass that was biopsied and found to be a PGL. At age 12, 123I-MIBG SPECT/CT scintigraphy showed lack of tracer avidity of the described mass. She had surgical resection at this age and was found to have a vagal PGL and a solitary lymph node involvement. Monitoring with whole body magnetic resonance imaging (MRI) scan for the next 3 years showed no recurrence or metastases. At the age of 15 however, her CT scan revealed a recurrent 1.0 cm left-sided neck mass, multiple subcentimeter bilateral lung lesions and, 1.0 and 0.8 cm pancreatic body and tail masses, respectively. A 123I-MIBG SPECT/CT scintigraphy remained negative. All biochemical tests remained normal. No treatment was initiated. Periodic surveillance for the next 3 years showed stable disease until she was lost to follow-up. Although asymptomatic, progressive disease was found at the age of 21, involving 2 left cervical lymph nodes measuring 2.0 and 0.9 cm, and left 2nd rib and left iliac bone lesions all positive on CT, MRI, 68Ga-DOTATATE, and 18F-FDG PET/CT scans. She underwent modified radical left neck dissection. Pathology revealed multiple cervical lymph node metastases, with the largest measuring 2.7 cm. One year later, the patient was found to be stable on CT, MRI, and 68Ga-DOTATATE PET/CT scans and biochemical tests remained normal. No further treatment was initiated.

Patient 2

A 53-year-old female presented with metastatic retroperitoneal PGL. Her initial biochemical tests revealed elevated urine norepinephrine (NE), dopamine (DA), and plasma normetanephrine (NMN). CT and MRI scans revealed a 6.0 cm retroperitoneal mass encircling the aorta. Although her 68Ga-DOTATATE, 18F-FDG, and 18F-FDOPA PET/CT scans revealed varied detection rates of multiple bone/bone marrow lesions and a right lung lesion, her 123I-MIBG SPECT/CT scintigraphy demonstrated only the retroperitoneal mass.

Due to the invasion of the retroperitoneal mass into the left aortic wall, it could only be partially resected. Histopathology confirmed the presence of PGL measuring 9.0 cm. Short-acting octreotide administered subcutaneously (sc) at 25 micrograms twice daily was initiated post-operatively with no relief of symptoms and little reduction in the level of catecholamines. Three months after surgery, disease progression was noted on MRI scan, with re-demonstration of the partially resected retroperitoneal PGL measuring 3.0 cm. There was an interval appearance of several lymph node and bone metastases. She underwent peptide receptor radionuclide therapy (PRRT) with 160 mCi of [90Y-DOTA]0-D-Phe1-Tyr3-Octreotide (90Y-DOTATOC) and 2 doses of 200 mCi of [177Lu-DOTA]0-D-Phe1-Tyr3-Octreotide (177Lu-DOTATOC) over a duration of 5-months. There were significant decreases in chromogranin A (CgA), urine DA, and plasma and urine NMN and NE. Her plasma metanephrine (MN) level was elevated, which was thought to be partly “stress” related. CT and MRI scans showed mixed results: a significant decrease in size of the retroperitoneal PGL from 3.0 cm pre-PRRT therapy to 1.8 cm post- PRRT therapy, decrease in size of the cervical and abdominal lymph nodes, and unchanged thoracic lymph node and lung lesions. There was interval appearance of new metastatic bone lesions and both enlargement and regression of previous bone lesions. 18F-FDG PET/CT scan showed a decrease in metabolic activity of the retroperitoneal PGL, cervical, thoracic, and abdominal lymph node lesions. 18F-FDG PET/CT scan likewise demonstrated decreased activity and disappearance of some of the bone lesions but increased activity of one bone lesion.

Eight months after her PRRT, she developed progressive disease, elevated CgA, methoxytyramine (MTY), plasma DA, plasma, and urine NMN and NE and extensive bone metastases on imaging. CT, MRI, and 18F-FDG PET/CT scans revealed a residual retroperitoneal mass, stable cervical lymph node lesions, increase in the size of one of the abdominal lymph node lesions, and both interval progression and development of new bone lesions. Chemotherapy with cyclophosphamide, vincristine, and dacarbazine (CVD) was started and resulted in a mixed response with a decrease in the size and activity of the abdominal lymph node lesions, stability in the size of the thoracic lymph node and lung lesions, and both stability and increase in the number and size of bone lesions as demonstrated by CT, MRI, and 18F-FDG PET/CT scans. Chemotherapy was discontinued after 10 cycles due to pancytopenia, which could have been caused by PRRT. She then had further disease progression. Bortezomib and clofarabine experimental therapy was subsequently tried but had further disease progression and hence, patient was started on combination capecitabine and temozolomide. However, the patient expired the following year.

Patient 3

A 14-year-old male was diagnosed with metastatic abdominal PGL. Biochemical tests at that time showed elevated CgA, urine NMN and NE. CT and MRI scans showed an abdominal PGL measuring 9.1 cm with invasion of the inferior vena cava (IVC) and bone metastases. Resection of the abdominal PGL was performed. Histopathology revealed a PGL measuring 9.0 cm. Two months after surgery, CT angiography revealed a 2.5 cm recurrent abdominal mass. 18F-FDG PET/CT scan confirmed this mass with several additional bone metastases. 123I-MIBG SPECT/CT scintigraphy did not show avidity for the aforementioned lesions.

One year later, MRI scan showed an interval increase in the size of the abdominal PGL to 3.0 cm, a thoracic soft tissue lesion, and multiple lymph node and bone metastases. 18F-FDG PET/CT scan demonstrated recurrent abdominal PGL and bone metastases. Only close monitoring was done due to the slow disease progression, limited chemotherapeutic options, and absence of alarming symptoms.

Four months later, MRI, 68Ga-DOTATATE, and 18F-FDG PET/CT scans again demonstrated slowly progressive metastatic disease. He received 3 cycles of PRRT with 100 mCi each of 90Y-DOTATOC. Eight months later, CT and [68Ga-DOTA]0-D-Phe1-Tyr3-Octreotide (68Ga-DOTATOC) PET/CT scans showed stable disease. However, 6 months later, the CT scan demonstrated an interval increase in size of the abdominal PGL to 4.3 cm without any evidence of new lesions on 18F-FDG PET/CT scan. Hence, he was started on lanreotide 120 mg/sc every 28 days and experimental therapy with ONC201 625 mg/weekly and demonstrated stable disease on 18F-FDG PET/CT and CT scan after 3 and 6 months, respectively, along with a decrease in plasma CgA at both time points.

Patient 4

A 57-year-old male was diagnosed with metastatic para-aortic abdominal PGL. During work-up for hypertension, CT scan revealed a 5.1 cm retroperitoneal para-aortic mass, a 2.5 cm right renal superior pole mass, and a 2.5 cm left adrenal mass, which was later found to be a non-functioning adenoma. The 123I-MIBG SPECT/CT scintigraphy was positive only for the para-aortic mass. 18F-FDG PET/CT scan showed avidity for the para-aortic mass and mild uptake for the gastric cardia. Initial biochemical tests were normal. Resection of the para-aortic and gastric lesion masses, and right partial nephrectomy were performed. Histopathology confirmed a 4.2 cm para-aortic PGL, RCC, and GIST. Immunohistochemical staining (IHC) for GIST demonstrated loss of SDHB staining without loss of SDHA staining, whereas RCC demonstrated loss of neither SDHB nor SDHA staining.

Seven months later, 18F-FDOPA and 68Ga-DOTATATE PET/CT showed recurrence of the retroperitoneal PGL with a subcentimetric soft tissue lesion in the left neck, considered another primary head and neck PGL, which along with mediastinal lymph node metastasis could not be localized by neck MRI scan retrospectively.

Two years later, MRI scan showed stable left adrenal mass, vertebral hemangiomas, liver and renal cysts, elevated plasma epinephrine (EPI) and DA, and significant uptake on 68Ga-DOTATATE and 18F-FDOPA PET/CT on the post-operative site, cervical, and thoracic area. No treatment was initiated.

Two years later, MRI, 68Ga-DOTATATE, and 18F-FDG PET/CT scans demonstrated stable disease and no treatment was initiated.

Patient 5

A 53-year-old male presented with a 4.0 cm right posterior mediastinal mass which was incidentally discovered on his chest radiograph, and subsequently by 18F-FDG PET/CT scan. Urine NMN and NE were elevated. Excision of the mass was done, and histopathology confirmed the PGL.

Three years and 2 months later, he showed recurrence of the mediastinal mass on MRI scan and a year and a half later, he developed painful bone metastases which were minimally avid on 123I-MIBG planar scintigraphy. 111In-pentetreotide scintigraphy had findings suggestive of metastatic disease. At this time, urine MN and CgA were elevated. He was started on lanreotide 120 mg/sc every 14 days which resulted in pain control, stabilization of bone metastases, and reduction and normalization of urine MN and CgA, respectively. This was followed by radiation therapy to bone metastases. Seven months later, the lanreotide dose was tapered to 120 mg/sc every 21 days due to development of side effects and antihypertensive management was switched from bisoprolol to propranolol 120 mg/day.

A year and a half later, the patient developed progressive bone metastases. He was started on metronomic doses of temozolomide (TMZ) 75 mg/m2 for 21 days every 4 weeks in addition to lanreotide therapy and the dose of propranolol was increased to 240 mg/day resulting in stable disease 3 months later on CT, MRI, 18F-FDG, and 68Ga-DOTATATE PET/CT scans. At that time, CgA, plasma DA, urine NE, and urine NMN were elevated. Five months later,18F-FDG PET/CT scan showed stable disease and at that time lanreotide was withdrawn due to development of nausea, vomiting, diarrhea, and hyperglycemia. Repeat 18F-FDG PET/CT scan 6 months later showed stable disease and subsequently, TMZ was withdrawn due to long standing grade 2 lymphopenia and the patient continued only on propranolol 240 mg. However, 12 months later, he developed progressive disease on 18F-FDG PET/CT scan and a combination of metronomic doses of TMZ (75 mg/m2 for 21 days every 4 weeks) and lanreotide 120 mg/sc every 21 days was resumed.

Patient 6

A 20-year-old male was diagnosed with metastatic retroperitoneal PGL. Biochemical testing showed elevated urine NMN. CT and 18F-FDG PET/CT scans showed a retroperitoneal mass anterior to the IVC and a periaortic lymph node metastasis. The retroperitoneal mass on biopsy revealed PGL. Two months later, the periaortic lymph node and retroperitoneal PGL were excised. Histopathology confirmed a 4.4 cm PGL and one metastatic lymph node. 18F-FDOPA and 18F-FDG PET/CT scans performed 7 months after surgery revealed a right acetabulum metastatic lesion with normal biochemical tests.

Two years and 7 months after surgery, a recurrent retroperitoneal lesion with metastatic lymph nodes and other soft tissues were seen on 18F-FDG and 18F-FDOPA PET/CT scans in addition to the acetabular lesion. 68Ga-DOTATATE PET/CT scan was positive only for the acetabular lesion. Biochemical tests were normal. One year later, 18F-FDG, 68Ga-DOTATATE, and 18F-FDOPA PET/CT scans and biochemical tests showed stable disease. To date, no treatment for metastatic disease has been initiated.

Patient 7

A 52-year-old male initially presented with hypertension and palpitations. Four years later, during work-up for left flank pain, a large retroperitoneal tumor was incidentally discovered. Presumably arising from the kidney, he underwent left nephrectomy with left adrenalectomy. Histopathology confirmed PHEO in the resected 4.9 cm retroperitoneal mass and in a metastatic lymph node, however, there was no renal involvement.

Ten years after the surgery, a left upper back mass was discovered. MRI scan revealed a 5.0 cm T3 vertebral body lesion extending into the epidural space with resultant cord compression. 18F-FDG PET/CT scan demonstrated metastatic bone disease involving C2-C3, T3, L5, and right iliac bone. Biochemical testing revealed elevated urine NE. He underwent T3 spinal tumor resection. Histopathology confirmed a 5.7 cm PGL with positive margins. Two months later, the patient received radiation therapy with a total of 30 gray divided into 10 fractions along C6 through T5. At that time, 123I-MIBG SPECT/CT scintigraphy showed uptake in T3 and S1 bone lesions.

Three months after external radiation therapy, he received 319 mCi of 131I-MIBG therapy. Post-therapy whole-body 131I-MIBG SPECT/CT scintigraphy showed uptake in the thoracic vertebrae and other axial bone lesions with a new bone lesion in the right femur. Three months after 131I-MIBG therapy, he underwent shave biopsy of new skin lesions in left lower shin and right-hand dorsum, which were found to be well-differentiated squamous cell carcinoma.

After 6 months of 131I-MIBG therapy, the 123I-MIBG SPECT/CT scintigraphy showed decreased uptake in the index lesions at T3 and S1 as compared to pre-therapy 123I-MIBG SPECT/CT scintigraphy without any new foci of increased radiotracer uptake from post-therapy 131I-MIBG SPECT/CT scintigraphy. However, 123I-MIBG SPECT/CT scintigraphy after 12 months of 131I-MIBG therapy revealed disease progression with extensive metastatic bone disease involving most of the spine, pelvis, and patchy areas of uptake in the scapulae, proximal humeri, proximal femurs, sternum, and multiple bilateral ribs. A year after initiation of 131I-MIBG therapy, metastatic disease involving the bones, bone marrow, lungs, and liver were found on 68Ga-DOTATATE and 18F-FDG PET/CT. During this time, plasma, and urine DA, NE, and NMN, and plasma MN and MTY were elevated. CVD chemotherapy was started on a 21-day cycle. The patient progressed 4 months later on 18F-FDG PET/CT with appearance of new lesions in the lungs. He was evaluated for pembrolizumab experimental therapy, however, he expired 4 months later due to suspected leptomeningeal disease.

Patient 8

A 29-year-old female initially presented with epigastric pain and weakness. CT scan showed a large 10.4 cm vascular mass in the porta hepatis, possibly obliterating the right adrenal gland, thought to be an arteriovenous malformation for which she received 4 cycles of coil embolization therapy. Subsequently, she developed lower limb weakness and difficulty in walking. A year and a half later, MRI spine showed a T7 bone lesion with extradural extension and soft tissue swelling with severe spinal cord compression, which was treated with endovascular embolization. However, 2 months later, due to worsening symptoms, she underwent vertebrae body stabilization and excision of the tumor, which was confirmed to be a metastatic PGL on histopathology. Biochemical testing revealed elevated plasma NE and CgA.

Within a year, she again developed high-grade spinal cord compression from a recurrent T7 vertebral body bone lesion, which was visible on 68Ga-DOTATOC PET/CT along with lesions in the skull base, cervical spine, right first rib, right iliac bone, both lungs, and the right adrenal bed. She underwent emergent surgical decompression of the T7 lesion and 1 month later received post-operative radiation of 54 grays divided over 30 fractions from T5 through T9. She remained stable without any disease progression for the following 14 months.

However, at 33, there was again recurrence in the T7 vertebral body and the lesion in the right adrenal bed, along with scattered metastatic bone and lung lesions which were visible on both 18F-FDG and 68Ga-DOTATATE PET/CT scans. The 18F-FDOPA and 123I-MIBG SPECT/CT scans demonstrated a much lower number of metastatic lesions and were found to be inferior in comparison to 68Ga-DOTATATE PET/CT (Figure 1). At that time, her plasma NMN and CgA were elevated. Surgical intervention was deemed high-risk, therefore, she received four cycles of PRRT treatment with 200 mCi of 177Lu-DOTATATE without any adverse events and was found to be stable on CT, 18F-FDG, and 68Ga-DOTATATE PET/CT scans 1-month after completion of PRRT. At that time, there was significant decrease in her plasma NMN and CgA.


[image: image]

FIGURE 1. Functional imaging in a SDHA-related metastatic PHEO/PGL. In this figure of a 33-year-old female patient (patient 8) demonstrating the superiority of 68Ga-DOTATATE PET/CT in comparison to other modalities, anterior maximum intensity projection (MIP) images of 68Ga-DOTATATE PET/CT (A), 18F-FDG PET/CT (B), 18F-FDOPA PET/CT (C), and anterior planar view whole body image of 123I-MIBG scintigraphy (D) scans demonstrate a large retroperitoneal tumor (arrows). The 68Ga-DOTATATE (A) and 18F-FDG PET/CT (B) scans show widespread metastases in bone and lymph nodes along with lesions in both lungs. The 68Ga-DOTATATE PET/CT scan detects more bone lesions than 18F-FDG PET/CT scan with a higher tumor uptake making the lesions on 68Ga-DOTATATE PET/CT scan relatively more conspicuous than 18F-FDG PET/CT scan. The duration between 68Ga-DOTATATE PET/CT scan and 18F-FDG PET/CT, 18F-FDOPA PET/CT, and 123I-MIBG scintigraphy were 1 day, 3 days, and 2 months, respectively.



Patient 9

A 46-year-old woman presented with abdominal pain and her CT scan revealed a large retroperitoneal tumor, which was surgically resected and found to be a 6.8 cm PGL on histopathology. She remained disease free for the following 6 years.

At age 53, the patient reported left shoulder pain which on MRI scan revealed a lytic lesion in the coracoid process and received 2.5 gray of external beam radiotherapy over 13 fractions. Subsequent CT and 68Ga-DOTATATE PET/CT scans additionally showed liver lesions ranging from 3.9 to 5.9 cm in size, bilateral lung lesions, multiple metastatic neck, mediastinal, retroperitoneal lymph nodes, and a left inferior pubic ramus bone metastasis. However, on 123I-MIBG SPECT/CT scintigraphy, only the left coracoid process and left inferior pubic ramus bone metastases were visible. An ultrasound guided liver biopsy was performed, and pathology revealed a metastatic PGL. Biochemical tests revealed elevated plasma NMN, MTY, and CgA. A follow up CT scan after 2 months revealed an interval increase in the size of the liver lesions and recurrence of the retroperitoneal PGL. Subsequent imaging with 68Ga-DOTATATE, 18F-FDG, and 18F-FDOPA PET/CT scans re-demonstrated the aforementioned lesions. One of the liver lesions located in the left hepatic lobe did not show any DOTATATE avidity so she underwent embolization of this lesion in anticipation of starting PRRT with 177Lu-DOTATATE. She subsequently received external beam radiotherapy to the pubic bone then underwent 2 of the 4 cycles of 177Lu-DOTATATE therapy without any complications. However, she showed progression on CT, 18F-FDG, and 68Ga-DOTATATE PET/CT scans and hence, 177Lu-DOTATATE therapy was stopped. At that time, her plasma CgA and MTY were elevated and had increased in comparison to pre-PRRT levels, whereas plasma NMN had normalized. Following the progression of her disease, she was recommended to undergo CVD chemotherapy.

Patient 10

A 44-year-old male developed neck pain and was subsequently found to have a 3.0 cm C2 vertebral body lesion on CT spine. He developed new onset dysphagia and further imaging work up revealed a lesion anterior to C5-T1, which appeared to be displacing the esophagus along with a heterogenous 7.7 cm retroperitoneal tumor in the right peri-adrenal region which was biopsied and revealed PGL on histopathology. The scan also revealed a right fifth rib, T11, S1, and bilateral lung metastases. The biochemistry tests showed slight elevation of urine NMN, DA, and EPI as well as plasma NE and CgA. He underwent 123I-MIBG SPECT scintigraphy 1 month later which revealed uptake in C2 lesion, right anterior and inferior lateral rib cage, anterior first rib, S1, and retroperitoneal tumor. The patient underwent cervical spine decompression and fusion surgery, with subsequent radiation to the cervical spine, and then received three cycles of 131I-MIBG treatment. The 6-month post-MIBG therapy restaging 123I-MIBG SPECT scintigraphy demonstrated disease progression. The CT scan showed an increase in the number of lung lesions and an increase in the size of the retroperitoneal mass and retroperitoneal lymph nodes. A tumor vs. bland thrombus was also observed in the IVC and the patient was put on anticoagulant therapy. He was started on TMZ (150–200 mg/m2 for 5 days every 4 weeks) chemotherapy. Three months later, following 2 cycles of TMZ, the patient progressed per imaging on CT, 68Ga-DOTATATE, 18F-FDG, and 18F-FDOPA PET/CT scans, revealing an increase in size of the retroperitoneal tumor along with bilateral lung lesions and extensive bone metastases (Figure 2). Biochemical tests at that time were normal except for elevated plasma CgA. For treatment of his metastatic disease, the patient was recommended a chemoswitch from standard to metronomic doses of TMZ (75 mg/m2 for 21 days every 4 weeks) and is awaiting follow up evaluation.
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FIGURE 2. Functional imaging in a SDHA-related metastatic PHEO/PGL. In this figure of a 45-year-old male patient (patient 10) demonstrating the inferiority of 68Ga-DOTATATE PET/CT in comparison to other PET radiotracers, anterior MIP images of 68Ga-DOTATATE PET/CT (A), 18F-FDG PET/CT (B), and 18F-FDOPA PET/CT (C) scans demonstrate a large retroperitoneal tumor (red arrows) with less prominent increased uptake on 68Ga-DOTATATE PET/CT and widespread metastatic lesions involving multiple bones, lymph nodes, and bilateral lungs. The 18F-FDG PET/CT scan detects more lesions in bilateral lungs (blue arrows) and right iliac bone (green arrow) than 18F-FDOPA and 68Ga-DOTATATE PET/CT scans. Few lesions, such as bilateral iliac bones (black arrows), are demonstrated in both 18F-FDG and 68Ga-DOTATATE PET/CT scans and not in 18F-FDOPA PET/CT scan. In general, most lesions on 68Ga-DOTATATE PET/CT scan show a poor tumor uptake making the lesions on 68Ga-DOTATATE PET/CT scan relatively inconspicuous compared with 18F-FDG and 18F-FDOPA PET/CT scans. The duration between 68Ga-DOTATATE PET/CT scan and 18F-FDG PET/CT, and 18F-FDOPA PET/CT, were 1 and 2 days, respectively.



RESULTS

Over an 8.5-year period, the proportion of metastatic SDHA-related PHEOs/PGLs seen at our institution from all SDHA patients was 66.67% (n = 10/15). Table 1 shows that all were Caucasian (n = 10/10) and 6 out of 10 were males. The median age at disease detection was 45 (range, 11–57) years old. Three out of 10 patients were young at disease onset, diagnosed during the second decade of their lives. Most patients presented with hypertension (n = 6/10) followed by abdominal pain (n = 5/10), and palpitations (n = 3/10). Primary tumors were most commonly located at extra-adrenal sites (n = 9/10), particularly in the abdomen and/or retroperitoneum (n = 7/10), and less frequently in the neck (n = 2/10) and mediastinum (n = 1/10). Only one out of 10 patients had a primary tumor located in the left adrenal gland. One out of 10 patients had 2 different primary tumors which were first noted in the retroperitoneum and then in the neck area. The median size of the primary tumors was 6.0 cm (range, 4.0–10.4 cm). Four out of 10 patients had synchronous disease while 6 out of 10 patients had metachronous disease. The median duration of time from the diagnosis of primary tumor to the detection of metastases was 9.5 (range, 0–120) months while the median age for detection of metastases was 48.5 (range, 12–62) years. Bone was the most common metastatic site (n = 9/10) followed by lymph nodes (n = 8/10). Involvement of lungs was seen in 6 and liver in 2 out of 10 patients. Germline non-sense point mutation in the SDHA gene was found to be most predominant, seen in 8 out of 10 patients, mutation with pathogenic effect in 9 out of 10 patients, and mutation with variant of unknown significance in 1 out of 10 patients. The most predominant gene locus for the SDHA mutation was noted to be c.91C>T (p.Arg31*) in seven out of 10 patients.

Table 2 shows the list of patient- and family-associated neoplasms and autoimmune diseases. Eight out of 10 patients presented with tumors other than PHEO/PGL. Only one patient (patient 4) had IHC of other tumors and demonstrated loss of SDHB staining without loss of SDHA staining for GIST, whereas RCC demonstrated loss of neither SDHB nor SDHA staining. Two out of 10 patients had Hashimoto's thyroiditis. Surprisingly, none presented with a family history of PHEO/PGL. Other tumors (n = 8/10) and autoimmune disorders (n = 2/10) were present in the family of some. Lung cancer (n = 4/10) was the most commonly found cancer in the family. First degree relatives of only 6 patients were tested and all of them were found to carry an SDHA mutation (n = 6/6). Three of these 6 relatives (n = 3/6) were screened for PHEO/PGL by imaging scans and were found to be negative.


Table 2. SDHA mutation positivity, neoplasms and autoimmune diseases present in the family and patient.
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Table 3 shows that elevation in the levels of plasma and/or urine biochemical markers was found in 9 out of 10 patients and levels of NE and/or its metabolite NMN as well as levels of DA and/or its metabolite MTY were elevated in 9 out of 10 patients, whereas EPI and/or its metabolite MN were elevated in 5 out of 10 patients. In contrast, CgA levels were elevated in only 6 out of 9 patients despite the presence of metastatic disease in all patients. Only patient 1 presented with normal biochemical markers despite having metastatic disease.


Table 3. Biochemical phenotype of each patient.
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All patients underwent functional imaging with 68Ga-DOTATATE and 18F-FDG PET/CT scans, while 6 patients also underwent 18F-FDOPA PET/CT scanning (Supplementary Table 1). The mean duration between 68Ga-DOTATATE, 18F-FDG, and 18F-FDOPA PET/CT scans was 6 days each. All 10 out of 10 patients were positive on 68Ga-DOTATATE and 18F-FDG PET/CT scans (per patient detection rate of 100%), whereas only 5 out of 6 patients were positive on 18F-FDOPA PET/CT (per patient detection rate of 83.33%) scan but with varied per lesion detection rates. In 5 of 10 patients, 68Ga-DOTATATE PET/CT scan performed superiorly to 18F-FDG PET/CT scan (Figure 1), while in 2 out of 10 patients it performed equally and detected the same number of lesions; however, in 3 out of 10 patients, 68Ga-DOTATATE PET/CT scan was inferior to 18F-FDG PET/CT scan with respect to number of lesions detected. So, overall 68Ga-DOTATATE PET/CT performed superiorly or equally to 18F-FDG PET/CT in 7 out of 10 patients. Compared to the 18F-FDG PET/CT scan, the performance of 18F-FDOPA PET/CT scan was superior and equal in 1 out of 6 patients each, and inferior in 4 out of 6 patients; and overall 18F-FDOPA PET/CT scan performed superiorly or equally to 18F-FDG PET/CT scan in 2 out of 6 patients. In contrast, most lesions, including metastases, were not 123I-MIBG-avid. Nine out of 10 patients who underwent 123I-MIBG scintigraphy also underwent 18F-FDG PET/CT scan at the same time. The mean duration between 18F-FDG PET/CT scan and 123I-MIBG scintigraphy study was 2 months with only patient 1 receiving these studies 6 months apart. Nine patients were 18F-FDG PET/CT avid with demonstration of widespread metastatic disease in 6 of these 9 patients. 123I-MIBG scintigraphy was positive in 7 out of 9 patients (per patient detection rate of 77.77%) whereas 2 out of 9 patients were 123I-MIBG-negative, and in 1 of these 2 123I-MIBG-negative patients, widespread metastasis was present. Five out of 7 123I-MIBG positive patients had minimal 123I-MIBG avidity or detected very few lesions compared to widespread metastatic disease on 18F-FDG PET/CT scan in all 7 patients.

All 10 patients underwent surgical resection of their primary PHEO/PGL or metastases (Table 1). Nine out of 10 patients had recurrent disease with median time to recurrence being 12 (range, 2–84) months. Seven out of 10 patients also received conventional therapy (e.g., chemotherapy, somatostatin analog therapy, radiation therapy, 131I-MIBG therapy, peptide receptor radionuclide therapy) apart from surgery and all 7 of them had disease progression despite additional therapy. Mortality was documented in 2 out of 10 patients (patients 2 and 7).

Patient 2 had disease progression despite receiving a somatostatin analog after primary PGL resection and initial mixed response after PRRT followed by rapid progression and eventual death despite trial with various chemotherapeutic agents including experimental chemotherapy. Patients 7 and 10 had rapid disease progression after external radiation therapy and 131I-MIBG therapy and hence, the former was started on CVD chemotherapy whereas the latter was started on metronomic doses of temozolomide. Patient 5 had good clinical, biochemical, radiologic response to somatostatin analog therapy followed by radiation therapy, however, had progression after 1.5 years. But metronomic doses of TMZ and lanreotide resulted in radiologically stable disease despite elevated biochemical tests. However, TMZ and lanreotide had to be withdrawn due to side effects and the patient remained stable for a year only on propranolol, but the TMZ and lanreotide had to be reintroduced due to disease progression. Patient 9 remained disease free after surgery for 6 years, however later progressed rapidly despite trial with two cycles of 177Lu-DOTATATE therapy whereas patient 8 progressed following surgery and radiation therapy and achieved stability following 177Lu-DOTATATE therapy. Patient 3 showed disease stability after 90Y-DOTATOC therapy, however progressed later, and hence, started on lanreotide and experimental ONC201 therapy. Patient 4 has achieved disease stability following surgery without additional treatment for 4.5 years now. On the other hand, patients 1 and 6 had initial disease progression and recurrence after surgery followed by disease stability without additional treatment.

DISCUSSION

In this report, we presented a comprehensive review of the highest recorded number of metastatic SDHA patients at one institution and attempted to provide new insights into their clinical behavior, course of disease, biochemical and imaging phenotypes, their possible association with other diseases/tumors, and treatment responses. Other investigations on SDHA-related PHEO/PGL (12, 29, 31–35) report the proportion of metastatic disease to be ranging from 9 to 33% (Table 4) compared to 66.67% in our cohort of patients. The proportion of metastatic disease is found to be 20.56% (n = 22/107) if all the metastatic patients from reported series (12, 29, 31–35) are pooled with this report.


Table 4. Studies showing data of patients with SDHA-related metastatic PHEO/PGL.
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All of the patients in our cohort were Caucasian. However, the ethnicity/race predilection of this condition remains inconclusive (12, 29, 31–35). Although the typical median age of PHEO/PGL detection in our cohort was 45 (range 11–57 years), it could be detected as young as 11. In other studies, age at detection was later, ranging from 18 to 50 years old (12, 29, 31–35). Male predominance in our cohort is similar to other studies (12, 31, 32, 34, 35) except in one study the only metastatic patient was female (33) and in another it was equal (29). Most patients presented with symptoms of catecholamine excess and a majority had extra-adrenal primary tumor, with the abdomen as the most common site, consistent to findings in other SDHA series (29, 32, 33, 35). The primary tumor of SDHA-related metastatic PHEO/PGL was found to be highly recurrent within a short period of time (median 12 months) after complete resection. It is reported that the large size of the primary tumor (>6.0 cm), its occurrence at sites other than the adrenal gland, recurrence, and multifocality of the lesions might indicate high metastatic potential of the tumor (36). In contrast, one series reported a varied recurrence after 12 and 432 months (29). The most common site of metastases was the bone which has also been reported in several other studies (29, 32).

SDHx mutations present with other tumors that are now considered to be a part of their characteristic syndromic presentation including SDHx-related PGL-RCC, Carney-Stratakis syndrome, Carney triad and PGL-pituitary adenoma (9, 37–39). As mentioned, an SDHA mutation has been associated with other disease entities. In one case, IHC for pituitary adenoma and RCC failed to show their direct association with SDHA (35). Likewise, in one of our patients, GIST and RCC were not related to SDHA mutations based on IHC. By contrast, in one study, 1 patient with germline SDHA mutation was found to be associated with GIST complicated by RCC (24), whereas in another study, germline SDHA mutation was found to be associated with GIST in 2 patients and neuroblastoma in 1 patient (20). Whether other tumors and autoimmune disorders described in this cohort and their family members are a part of syndromic presentation awaits confirmation. Due to a limitation of samples of other tumors, we do not know whether they could be associated with an SDHA mutation, and this warrants further investigation in the future.

Pathogenic germline non-sense mutations were found in more than half, with c.91C>T (p.Arg31*) as the most frequent gene locus. A similar finding has been reported in a nation-wide Dutch study (35), as well as in a report evaluating the pathogenicity and penetrance of SDHA variants reported in literature-based PHEO/PGL cases (40). Furthermore, in a particular case report, SDHA-related metastatic PGL was found to have truncating mutation at the said gene locus (33). These tumors tend to appear sporadic since all patients in our cohort lacked family history of PHEO/PGL, which also suggests its low penetrance. Previous studies have also reported that most of the patients lack a family history of PHEO/PGL (31–33, 35, 40). In the nation-wide Dutch study, most SDHA-related PHEO/PGLs, among the PGL-predisposing genes, had the lowest penetrance of 10% at the age of 70 (35). In another study, any-tumor penetrance at 40 years old among SDHA mutation carriers was 13% (31). The apparent low SDHA penetrance could be explained by the low frequency of loss of 5p15, which is the chromosomal region containing the SDHA locus unlike that of SDHB and SDHD loci (8, 10, 12, 22).

Biochemical phenotypes in this series are consistent with previous reports that described unique noradrenergic and/or dopaminergic biochemical phenotypes in SDHx-associated PHEO/PGL including SDHA-related PHEO/PGL (29, 33, 41–43). Our data suggest that plasma DA and MTY, and urine NE and NMN could be useful in the detection and surveillance of these tumors. The use of other biochemical tests including CgA in the initial detection and monitoring disease progression is limited in these patients in contrast to other SDH gene mutations (44).

In terms of functional imaging, 123I-MIBG scintigraphy and (68Ga-DOTATATE, 18F-FDOPA, 18F-FDG) PET/CT scans in many patients (n = 6/9, 66.67%) were performed at different time points, therefore direct comparison between 123I-MIBG scintigraphy and 68Ga-DOTATATE PET/CT scan was not possible. Nevertheless, 18F-FDG PET/CT scanning was performed during the time of 123I-MIBG scintigraphy so that these two modalities could be compared with each other. Based on these findings, it could be inferred that 123I-MIBG scintigraphy was not the optimal study for localizing tumor sites; further, since most of the SDHA-related metastatic PHEO/PGLs lacked avidity or detected few lesions on 123I-MIBG scintigraphy, it could not be included as a therapeutic option in this group of patients (33), which is similar to SDHB-related metastatic PHEOs/PGLs and points toward an unfavorable prognosis (45). The decreased tumor avidity for 123I-MIBG demonstrated by our patients could have been due to the poorly differentiated nature of these lesions. Poor performance of this type of scanning is more frequent for extra-adrenal tumors (45). Indeed, most of our patients had their tumors located in extra-adrenal sites. In contrast, 68Ga-DOTATATE PET/CT scan performed extremely well in these patients. Based on our results, we found that the functional imaging phenotype of SDHA-related PHEO/PGL is similar to SDHx-related PHEO/PGLs with the relation: 68Ga-DOTATATE>18F-FDG>18F-FDOPA>123I-MIBG. This finding is consistent with recent studies where 68Ga-DOTATATE PET/CT scanning was found superior to other anatomic and functional imaging modalities (18F-FDG, 18F-FDOPA, 18F-Fluorodopamine PET/CT, and CT and/or MRI scans) in the evaluation of SDHB-related metastatic PHEO/PGL (46). It is known that these tumors primarily overexpress somatostatin receptor type 2, and hence can be targeted by 68Ga-DOTATATE, a radiolabeled somatostatin analog for PET imaging. Recently, it was described that succinate is mainly responsible for the imaging phenotype of SDH-deficient PHEO/PGLs (47). Thus, low glucose uptake in some tumors reflects succinate levels in particular tumor tissue. Furthermore, the degree of dysfunctional oxidative phosphorylation and the expression of glucose transporters as well as the function of hexokinase could be other variables that may affect the final 18F-FDG uptake and retention of these tumors and superiority of 68Ga-DOTATATE over 18F-FDG PET/CT scan. In light of these findings, 68Ga-DOTATATE PET/CT scan is the imaging modality that is recommended in these patients. However, head-to-head comparison of per lesion detection rates is necessary in a larger cohort to validate these findings.

So far, the published literature available in PHEO/PGL evaluating the efficacy of cold somatostatin analogs is limited (48, 49). However, based on our experience, for inoperable primary and/or metastatic tumors, in the setting of a positive 68Ga-DOTATATE PET/CT scan, and those whom the use of radiation is contraindicated (children, a tumor close to very specific and important structures/nerves, previous external radiation or 131I-MIBG radiotherapy or PRRT, or personal beliefs refuting radiation), cold somatostatin analog therapy could be offered. In 2 large clinical trials, monthly administration of somatostatin analogs at anti-proliferative doses specifically, long-acting octreotide 30 milligrams (with significant reduction in CgA) monthly or lanreotide 120 milligrams (without significant improvement of symptoms and biochemical response) every 28 days prolonged the time to tumor progression of metastatic gastrointestinal neuroendocrine tumors (29, 50, 51). In our cohort, three patients (patients 2, 3, and 5) received cold somatostatin analog therapy. One patient (patient 2) received a short-acting octreotide at a dose much lower than used in the PROMID study (where long-acting octreotide was used) (51), and this did not result in a clinically meaningful response while the other patient (patient 5) had progression-free survival for 1.5 years with symptomatic and biochemical improvement after receiving lanreotide 120 mg every 14 days, protocol almost similar to that used in CLARINET FORTE study [ClinicalTrials.gov Identifier: NCT02651987] followed by radiation therapy which has showed response in an SDHB-related metastatic PHEO/PGL (52). On the other hand, patient 3 was started on lanreotide 120 mg every 28 days, protocol almost similar to that used in CLARINET study along with experimental ONC201 therapy and the patient has shown stable disease following 3 months of initiation of this combination therapy. ONC201 is a dopamine receptor inhibitor, DRD2, and is being evaluated as phase 2 clinical trial in neuroendocrine tumors including PHEO/PGLs [ClinicalTrials.gov Identifier: NCT03034200]. Propranolol is a non-selective beta-blocker which has shown anti-angiogenic and antitumor effects and is currently being repurposed in oncology (53, 54). However, whether somatostatin analog therapy had additive/synergistic effect when combined with other treatment(s) remains to be determined. These treatments show promise in SDHA-related metastatic PHEO/PGL and are worth studying to establish their efficacy and safety for this type of patients, especially those who present with inoperable tumors including metastatic disease. Moreover, it would be very important to compare long-acting octreotide vs. lanreotide in terms of treatment schedule, efficacy, long-term safety and outcome, and progression-free survival for these types of tumors. It would be interesting to determine how cold somatostatin analogs along with 177Lu-DOTATATE could work together, including appropriate treatment schedules. Lastly, the effect of metronomic schemes of chemotherapy for these types of tumors which was instituted in 2 patients (patients 5 and 10) warrants investigation as this mode of treatment has shown benefit to those with SDHB-related metastatic PGLs (55).

The SDHA-mutated tumors' response to radiotherapy and PRRT in this cohort was not consistent. Whether these treatment modalities have additive/synergistic effects when combined with other treatment(s) remains unclear, warranting additional studies to determine their effectiveness and safety among this group of patients.

Finally, after characterizing these patients, we realized the similarities of their disease characteristics with other SDHx-related PHEOs/PGLs. As with other SDHx-related PHEOs/PGLs, primary tumor of SDHA-related disease tends to occur at extra-adrenal locations and has a noradrenergic/dopaminergic biochemical phenotype (17, 42, 43, 56). Of note, SDHA-related metastatic PHEO/PGLs were found to have similarities with SDHB-related metastatic PHEO/PGL in terms of their tendency to have the primary tumor occur in extra-adrenal locations, site of metastases, exhibition of a noradrenergic/dopaminergic biochemical phenotype, avidity for 68Ga-DOTATATE on PET/CT, low 123I-MIBG avidity, and highly aggressive disease and poor treatment response (17, 41–43, 45, 46, 57–61). In our cohort, bone was the most common metastatic site followed by the lymph nodes, which is similar to that of SDHB-related metastatic PHEO/PGL (60–62). Compared with SDHA-related metastatic disease, the age at diagnosis among patients with SDHB-related metastatic disease was younger at 31 years old (61). These similarities between SDHA-related metastatic PHEOs/PGLs and SDHB-related metastatic PHEOs/PGLs may be due to the fact that SDHA gene mutations may affect SDHB function. In fact, it has been reported that when there is a defect in the SDHA gene, a defect in SDHB protein follows (34); patients with SDHA gene mutations lose both SDH subunits, namely SDHA and SDHB (34). One could hypothesize/speculate that in such a severe combination of having two dysfunctional subunits, natural selection would not allow these cells to survive or transform into cancer cells. Nevertheless, by some additional defense and other mechanisms (additional mutations, epigenetic changes), some cells indeed can transform into cancer cells and give rise to a neoplastic condition, in this case, PHEO/PGL. If they arise, then those tumors can be very problematic since they are missing two important proteins from the SDH complex and therefore, the Krebs cycle as well as oxidative phosphorylation might be deeply affected. Aggressive behavior and low penetrance of these tumors can be associated with the changes described above.

Few studies have analyzed genotype-phenotype relationships which are necessary for the clinician to make evidence-based decisions in terms of disease diagnosis and surveillance in regard to SDHx gene mutations (56). Therefore, evaluation of SDHA in patients with clinical presentations and a biochemical and functional imaging phenotype as described in this report may be of high importance in the early detection and management which may lead to better prognosis and outcomes (63). Although the disease has low penetrance and none of these patients had any family history of PHEOs/PGLs, we would recommend meticulous surveillance of the patients who already developed the disease. SDHA-related PHEO/PGL may not be well-detected by 123I-MIBG scintigraphy, is probably associated with other tumors, may be difficult to treat, and could have a rapidly progressive disease course. As evidenced in our cohort, it lacked features of hereditary disease that may serve as a clue to the clinician including young age at disease onset, bilaterality, multifocality, positive family history, and having syndromic characteristics and metastases (64–68). On the other hand, the SDHA carriers who are asymptomatic and have not developed PHEO/PGL are not likely to benefit from periodic surveillance screening due to the low penetrance of these tumors (40).

There are several limitations of this study. First, the study cohort is relatively small. However, considering the extreme rarity of metastatic SDHA-related PHEO/PGL, it becomes important to report findings from even a small study cohort. Second, it is partly a retrospective study and with our institution being an advanced tertiary research center, this study may have inherent biases including referral bias as the patients present to us or are referred at an advanced stage of the disease. Third, IHC was not available for all the coexisting tumors to determine their association with SDHA, and this warrants further investigation in the future as the information that may be obtained may potentially impact patient and family member screening and surveillance in the future. Fourth, 123I-MIBG scintigraphy and (68Ga-DOTATATE, 18F-FDOPA, 18F-FDG) PET/CT scans in three patients were performed at different time points, therefore direct comparison between 123I-MIBG scintigraphy and 68Ga-DOTATATE PET/CT scan was not possible. Finally, 18F-FDOPA PET/CT scan was not performed in all the patients and head-to-head per lesion comparison was not performed.

In conclusion, SDHA-related metastatic PHEO/PGLs behave like SDHB-related metastatic disease, showing aggressive behavior, similar imaging and biochemical phenotypes, and suboptimal responses to conventional treatments. Therefore, early detection, treatment, and surveillance are imperative for the affected patients. Further, larger studies are needed to uncover additional clinical aspects, other disease associations, and the most appropriate imaging, treatment, and surveillance techniques.

ETHICS STATEMENT

All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

INFORMED CONSENT

Informed consent was obtained from the individuals who participated in this study or their legal guardians.

AUTHOR CONTRIBUTIONS

KP conceptualized the study. All authors were involved in the data gathering, narration of cases or appropriate discussion related to these cases, their presentations and explanation of results. AJ, KdL, CB, CM, AL, DT, and ACC reviewed the anatomic and functional imaging studies. All authors tabulated data. All authors made critical revision and approved the final version of the study.

FUNDING

This study was funded by the National Institutes of Health (grant number Z1AHD008735) awarded to KP. This work was supported, in part, by the Intramural Research Program of the National Institutes of Health, Eunice Kennedy Shriver National Institute of Child Health and Human Development and was supported, in part, by the Intramural Research Program of the Center for Cancer Research, National Cancer Institute.

ACKNOWLEDGMENTS

We thank Thanh Truc Huynh for her assistance with SDHx genotyping and Ying Pang for the interpretation of immunohistochemical staining. We express our sincere gratitude to the patients and their family members for their participation in this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2019.00053/full#supplementary-material

REFERENCES

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

 2. Eng C. Mendelian genetics of rare–and not so rare–cancers. Ann NY Acad Sci. (2010) 1214:70–82. doi: 10.1111/j.1749-6632.2010.05789.x

 3. Fishbein L, Leshchiner I, Walter V, Danilova L, Robertson AG, Johnson AR, et al. Comprehensive molecular characterization of pheochromocytoma and paraganglioma. Cancer Cell. (2017) 31:181–93. doi: 10.1016/j.ccell.2017.01.001

 4. Jafri M, Maher ER. The genetics of phaeochromocytoma: using clinical features to guide genetic testing. Eur J Endocrinol. (2012) 166:151–8. doi: 10.1530/EJE-11-0497

 5. Karasek D, Frysak Z, Pacak K. Genetic testing for pheochromocytoma. Curr Hypertens Rep. (2010) 12:456–64. doi: 10.1007/s11906-010-0151-1

 6. Bezawork-Geleta A, Rohlena J, Dong L, Pacak K, Neuzil J. Mitochondrial complex II: at the crossroads. Trends Biochem Sci. (2017) 42:312–25. doi: 10.1016/j.tibs.2017.01.003

 7. Baysal BE, Ferrell RE, Willett-Brozick JE, Lawrence EC, Myssiorek D, Bosch A, et al. Mutations in SDHD, a mitochondrial complex II gene, in hereditary paraganglioma. Science (2000) 287:848–51. doi: 10.1126/science.287.5454.848

 8. Burnichon N, Briere JJ, Libe R, Vescovo L, Riviere J, Tissier F, et al. SDHA is a tumor suppressor gene causing paraganglioma. Hum Mol Genet. (2010) 19:3011–20. doi: 10.1093/hmg/ddq206

 9. Dwight T, Mann K, Benn DE, Robinson BG, McKelvie P, Gill AJ, et al. Familial SDHA mutation associated with pituitary adenoma and pheochromocytoma/paraganglioma. J Clin Endocrinol Metab. (2013) 98:E1103–8. doi: 10.1210/jc.2013-1400

 10. Favier J, Amar L, Gimenez-Roqueplo AP. Paraganglioma and phaeochromocytoma: from genetics to personalized medicine. Nat Rev Endocrinol. (2015) 11:101–11. doi: 10.1038/nrendo.2014.188

 11. Kantorovich V, King KS, Pacak K. SDH-related pheochromocytoma and paraganglioma. Best Pract Res Clin Endocrinol Metab. (2010) 24:415–24. doi: 10.1016/j.beem.2010.04.001

 12. Korpershoek E, Favier J, Gaal J, Burnichon N, van Gessel B, Oudijk L, et al. SDHA immunohistochemistry detects germline SDHA gene mutations in apparently sporadic paragangliomas and pheochromocytomas. J Clin Endocrinol Metab. (2011) 96:E1472–6. doi: 10.1210/jc.2011-1043

 13. Papathomas TG, Gaal J, Corssmit EP, Oudijk L, Korpershoek E, Heimdal K, et al. Non-pheochromocytoma (PCC)/paraganglioma (PGL) tumors in patients with succinate dehydrogenase-related PCC-PGL syndromes: a clinicopathological and molecular analysis. Eur J Endocrinol. (2014) 170:1–12. doi: 10.1530/EJE-13-0623

 14. Schiavi F, Boedeker CC, Bausch B, Peczkowska M, Gomez CF, Strassburg T, et al. Predictors and prevalence of paraganglioma syndrome associated with mutations of the SDHC gene. JAMA (2005) 294:2057–63. doi: 10.1001/jama.294.16.2057

 15. Timmers HJLM, Pacak K. Familial pheochromocytomas and paragangliomas associated with mutations of the succinate dehydrogenase genes. Expert Rev Endocrinol Metabol. (2007) 2:399–406. doi: 10.1586/17446651.2.3.399

 16. Horvath R, Abicht A, Holinski-Feder E, Laner A, Gempel K, Prokisch H, et al. Leigh syndrome caused by mutations in the flavoprotein (Fp) subunit of succinate dehydrogenase (SDHA). J Neurol Neurosurg Psychiatry (2006) 77:74–6. doi: 10.1136/jnnp.2005.067041

 17. Benn DE, Robinson BG, Clifton-Bligh RJ. 15 years of paraganglioma: clinical manifestations of paraganglioma syndromes types 1-5. Endocr Relat Cancer (2015) 22:T91–103. doi: 10.1530/ERC-15-0268

 18. Boikos SA, Pappo AS, Killian JK, LaQuaglia MP, Weldon CB, George S, et al. Molecular Subtypes of KIT/PDGFRA wild-type gastrointestinal stromal tumors: a report from the national institutes of health gastrointestinal stromal tumor clinic. JAMA Oncol. (2016) 2:922–8. doi: 10.1001/jamaoncol.2016.0256

 19. Denes J, Swords F, Rattenberry E, Stals K, Owens M, Cranston T, et al. Heterogeneous genetic background of the association of pheochromocytoma/paraganglioma and pituitary adenoma: results from a large patient cohort. J Clin Endocrinol Metab. (2015) 100:E531–41. doi: 10.1210/jc.2014-3399

 20. Dubard Gault M, Mandelker D, DeLair D, Stewart CR, Kemel Y, Sheehan MR, et al. Germline SDHA mutations in children and adults with cancer. Cold Spring Harb Mol Case Stud. (2018) 4:a002584. doi: 10.1101/mcs.a002584

 21. Evenepoel L, Papathomas TG, Krol N, Korpershoek E, de Krijger RR, Persu A, et al. Toward an improved definition of the genetic and tumor spectrum associated with SDH germ-line mutations. Genet Med. (2015) 17:610–20. doi: 10.1038/gim.2014.162

 22. Fishbein L, Nathanson KL. Pheochromocytoma and paraganglioma: understanding the complexities of the genetic background. Cancer Genet. (2012) 205:1–11. doi: 10.1016/j.cancergen.2012.01.009

 23. Gill AJ, Toon CW, Clarkson A, Sioson L, Chou A, Winship I, et al. Succinate dehydrogenase deficiency is rare in pituitary adenomas. Am J Surg Pathol. (2014) 38:560–6. doi: 10.1097/PAS.0000000000000149

 24. Jiang Q, Zhang Y, Zhou YH, Hou YY, Wang JY, Li JL, et al. A novel germline mutation in SDHA identified in a rare case of gastrointestinal stromal tumor complicated with renal cell carcinoma. Int J Clin Exp Pathol. (2015) 8:12188–97. Available online at: https://www.ncbi.nlm.nih.gov/pubmed/26722403

 25. Miettinen M, Killian JK, Wang ZF, Lasota J, Lau C, Jones L, et al. Immunohistochemical loss of succinate dehydrogenase subunit A (SDHA) in gastrointestinal stromal tumors (GISTs) signals SDHA germline mutation. Am J Surg Pathol. (2013) 37:234–40. doi: 10.1097/PAS.0b013e3182671178

 26. Welander J, Garvin S, Bohnmark R, Isaksson L, Wiseman RW, Soderkvist P, et al. Germline SDHA mutation detected by next-generation sequencing in a young index patient with large paraganglioma. J Clin Endocrinol Metab. (2013) 98:E1379–80. doi: 10.1210/jc.2013-1963

 27. Yakirevich E, Ali SM, Mega A, McMahon C, Brodsky AS, Ross JS, et al. A novel SDHA-deficient renal cell carcinoma revealed by comprehensive genomic profiling. Am J Surg Pathol. (2015) 39:858–63. doi: 10.1097/PAS.0000000000000403

 28. Hensen EF, Bayley JP. Recent advances in the genetics of SDH-related paraganglioma and pheochromocytoma. Fam Cancer (2011) 10:355–63. doi: 10.1007/s10689-010-9402-1

 29. Tufton N, Ghelani R, Srirangalingam U, Kumar AV, Drake WM, Iacovazzo D, et al. SDHA mutated paragangliomas may be at high risk of metastasis. Endocr Relat Cancer (2017) 24:L43–L9. doi: 10.1530/ERC-17-0030

 30. Raygada M, King KS, Adams KT, Stratakis CA, Pacak K. Counseling patients with succinate dehydrogenase subunit defects: genetics, preventive guidelines, and dealing with uncertainty. J Pediatr Endocrinol Metab. (2014) 27:837–44. doi: 10.1515/jpem-2013-0369

 31. Bausch B, Schiavi F, Ni Y, Welander J, Patocs A, Ngeow J, et al. Clinical characterization of the pheochromocytoma and paraganglioma susceptibility genes SDHA, TMEM127, MAX, and SDHAF2 for gene-informed prevention. JAMA Oncol. (2017) 3:1204–12. doi: 10.1001/jamaoncol.2017.0223

 32. Casey RT, Ascher DB, Rattenberry E, Izatt L, Andrews KA, Simpson HL, et al. SDHA related tumorigenesis: a new case series and literature review for variant interpretation and pathogenicity. Mol Genet Genomic Med. (2017) 5:237–50. doi: 10.1002/mgg3.279

 33. Casey RT, Challis BG, Marker A, Pitfield D, Cheow HK, Shaw A, et al. A case of a metastatic SDHA mutated paraganglioma re-presenting twenty-three years after initial surgery. Endocr Relat Cancer (2017) 24:L69–L71. doi: 10.1530/ERC-17-0206

 34. Papathomas TG, Oudijk L, Persu A, Gill AJ, van Nederveen F, Tischler AS, et al. SDHB/SDHA immunohistochemistry in pheochromocytomas and paragangliomas: a multicenter interobserver variation analysis using virtual microscopy: a Multinational Study of the European Network for the Study of Adrenal Tumors (ENS@T). Mod Pathol. (2015) 28:807–21. doi: 10.1038/modpathol.2015.41

 35. van der Tuin K, Mensenkamp AR, Tops CMJ, Corssmit EPM, Dinjens WN, van de Horst-Schrivers AN, et al. Clinical aspects of SDHA-related pheochromocytoma and paraganglioma: a nationwide study. J Clin Endocrinol Metab. (2018) 103:438–45. doi: 10.1210/jc.2017-01762

 36. Lenders JW, Duh QY, Eisenhofer G, Gimenez-Roqueplo AP, Grebe SK, Murad MH, et al. Pheochromocytoma and paraganglioma: an endocrine society clinical practice guideline. J Clin Endocrinol Metab. (2014) 99:1915–42. doi: 10.1210/jc.2014-1498

 37. Alrashdi I, Bano G, Maher ER, Hodgson SV. Carney triad versus carney stratakis syndrome: two cases which illustrate the difficulty in distinguishing between these conditions in individual patients. Fam Cancer (2010) 9:443–7. doi: 10.1007/s10689-010-9323-z

 38. Carney JA, Stratakis CA. Familial paraganglioma and gastric stromal sarcoma: a new syndrome distinct from the Carney triad. Am J Med Genet. (2002) 108:132–9. doi: 10.1002/ajmg.10235

 39. Vanharanta S, Buchta M, McWhinney SR, Virta SK, Peczkowska M, Morrison CD, et al. Early-onset renal cell carcinoma as a novel extraparaganglial component of SDHB-associated heritable paraganglioma. Am J Hum Genet. (2004) 74:153–9. doi: 10.1086/381054

 40. Maniam P, Zhou K, Lonergan M, Berg JN, Goudie DR, Newey PJ. Pathogenicity and penetrance of germline SDHA variants in pheochromocytoma and paraganglioma (PPGL). J Endocr Soc. (2018) 2:806–16. doi: 10.1210/js.2018-00120

 41. Eisenhofer G, Lenders JW, Siegert G, Bornstein SR, Friberg P, Milosevic D, et al. Plasma methoxytyramine: a novel biomarker of metastatic pheochromocytoma and paraganglioma in relation to established risk factors of tumour size, location and SDHB mutation status. Eur J Cancer (2012) 48:1739–49. doi: 10.1016/j.ejca.2011.07.016

 42. Eisenhofer G, Pacak K, Huynh TT, Qin N, Bratslavsky G, Linehan WM, et al. Catecholamine metabolomic and secretory phenotypes in phaeochromocytoma. Endocr Relat Cancer (2011) 18:97–111. doi: 10.1677/ERC-10-0211

 43. Eisenhofer G, Siegert G, Kotzerke J, Bornstein SR, Pacak K. Current progress and future challenges in the biochemical diagnosis and treatment of pheochromocytomas and paragangliomas. Horm Metab Res. (2008) 40:329–37. doi: 10.1055/s-2008-1073156

 44. Zuber S, Wesley R, Prodanov T, Eisenhofer G, Pacak K, Kantorovich V. Clinical utility of chromogranin A in SDHx-related paragangliomas. Eur J Clin Invest (2014) 44:365–71. doi: 10.1111/eci.12245

 45. Fonte JS, Robles JF, Chen CC, Reynolds J, Whatley M, Ling A, et al. False-negative (1)(2)(3)I-MIBG SPECT is most commonly found in SDHB-related pheochromocytoma or paraganglioma with high frequency to develop metastatic disease. Endocr Relat Cancer (2012) 19:83–93. doi: 10.1530/ERC-11-0243

 46. Janssen I, Blanchet EM, Adams K, Chen CC, Millo CM, Herscovitch P, et al. Superiority of [68Ga]-DOTATATE PET/CT to other functional imaging modalities in the localization of SDHB-associated metastatic pheochromocytoma and paraganglioma. Clin Cancer Res. (2015) 21:3888–95. doi: 10.1158/1078-0432.CCR-14-2751

 47. Taieb D, Pacak K. New insights into the nuclear imaging phenotypes of cluster 1 pheochromocytoma and paraganglioma. Trends Endocrinol Metab. (2017) 28:807–17. doi: 10.1016/j.tem.2017.08.001

 48. Duet M, Guichard JP, Rizzo N, Boudiaf M, Herman P, Tran Ba Huy P. Are somatostatin analogs therapeutic alternatives in the management of head and neck paragangliomas? Laryngoscope (2005) 115:1381–4. doi: 10.1097/01.MLG.0000165806.99675.A9

 49. van Hulsteijn LT, van Duinen N, Verbist BM, Jansen JC, van der Klaauw AA, Smit JW, et al. Effects of octreotide therapy in progressive head and neck paragangliomas: case series. Head Neck (2013) 35:E391–6. doi: 10.1002/hed.23348

 50. Caplin ME, Pavel M, Cwikla JB, Phan AT, Raderer M, Sedlackova E, et al. Lanreotide in metastatic enteropancreatic neuroendocrine tumors. N Engl J Med. (2014) 371:224–33. doi: 10.1056/NEJMoa1316158

 51. Rinke A, Muller HH, Schade-Brittinger C, Klose KJ, Barth P, Wied M, et al. Placebo-controlled, double-blind, prospective, randomized study on the effect of octreotide LAR in the control of tumor growth in patients with metastatic neuroendocrine midgut tumors: a report from the PROMID Study Group. J Clin Oncol. (2009) 27:4656–63. doi: 10.1200/JCO.2009.22.8510

 52. Tena I, Ponce JL, Tajahuerce M, Vercher-Conejero JL, Cifrián M, Wolf KI, et al. Successful induction therapy with sequential CVD followed by high-dose lanreotide in for metastatic SDHB paraganglioma: case report. J Clin Transl Endocrinol. (2018) 7:8–13. doi: 10.1016/j.jecr.2017.12.001

 53. Pantziarka P, Bouche G, Sukhatme V, Meheus L, Rooman I, Sukhatme VP. Repurposing drugs in oncology (ReDO)-Propranolol as an anti-cancer agent. Ecancermedicalscience (2016) 10:680. doi: 10.3332/ecancer.2016.680

 54. Pasquier E, Ciccolini J, Carre M, Giacometti S, Fanciullino R, Pouchy C, et al. Propranolol potentiates the anti-angiogenic effects and anti-tumor efficacy of chemotherapy agents: implication in breast cancer treatment. Oncotarget (2011) 2:797–809. doi: 10.18632/oncotarget.343

 55. Tena I, Gupta G, Tajahuerce M, Benavent M, Cifrian M, Falcon A, et al. Successful second-line metronomic temozolomide in metastatic paraganglioma: case reports and review of the literature. Clin Med Insights Oncol. (2018) 12:1179554918763367. doi: 10.1177/1179554918763367. [Epub ahead of print].

 56. 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) 91:827–36. doi: 10.1210/jc.2005-1862

 57. Amar L, Bertherat J, Baudin E, Ajzenberg C, Bressac-de Paillerets B, Chabre O, et al. Genetic testing in pheochromocytoma or functional paraganglioma. J Clin Oncol. (2005) 23:8812–8. doi: 10.1200/JCO.2005.03.1484

 58. Brouwers FM, Eisenhofer G, Tao JJ, Kant JA, Adams KT, Linehan WM, et al. High frequency of SDHB germline mutations in patients with malignant catecholamine-producing paragangliomas: implications for genetic testing. J Clin Endocrinol Metab. (2006) 91:4505–9. doi: 10.1210/jc.2006-0423

 59. Brouwers FM, Petricoin EF, 3rd,, Ksinantova L, Breza J, Rajapakse V, Ross S, et al. Low molecular weight proteomic information distinguishes metastatic from benign pheochromocytoma. Endocr Relat Cancer (2005) 12:263–72. doi: 10.1677/erc.1.00913

 60. 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) 102:3296–305. doi: 10.1210/jc.2017-00992

 61. Turkova H, Prodanov T, Maly M, Martucci V, Adams K, Widimsky J Jr, et al. Characteristics and outcomes of metastatic sdhb and sporadic pheochromocytoma/paraganglioma: an National Institutes of health study. Endocr Pract. (2016) 22:302–14. doi: 10.4158/EP15725.OR

 62. Jimenez C, Rohren E, Habra MA, Rich T, Jimenez P, Ayala-Ramirez M, et al. Current and future treatments for malignant pheochromocytoma and sympathetic paraganglioma. Curr Oncol Rep. (2013) 15:356–71. doi: 10.1007/s11912-013-0320-x

 63. Shuch B, Ricketts CJ, Metwalli AR, Pacak K, Linehan WM. The genetic basis of pheochromocytoma and paraganglioma: implications for management. Urology (2014) 83:1225–32. doi: 10.1016/j.urology.2014.01.007

 64. Buffet A, Venisse A, Nau V, Roncellin I, Boccio V, Le Pottier N, et al. A decade (2001-2010) of genetic testing for pheochromocytoma and paraganglioma. Horm Metab Res. (2012) 44:359–66. doi: 10.1055/s-0032-1304594

 65. Cascon A, Pita G, Burnichon N, Landa I, Lopez-Jimenez E, Montero-Conde C, et al. Genetics of pheochromocytoma and paraganglioma in Spanish patients. J Clin Endocrinol Metab. (2009) 94:1701–5. doi: 10.1210/jc.2008-2756

 66. Gimenez-Roqueplo AP, Dahia PL, Robledo M. An update on the genetics of paraganglioma, pheochromocytoma, and associated hereditary syndromes. Horm Metab Res. (2012) 44:328–33. doi: 10.1055/s-0031-1301302

 67. 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 non-functional paragangliomas. J Clin Endocrinol Metab. (2009) 94:1541–7. doi: 10.1210/jc.2008-2419

 68. Neumann HP, Bausch B, McWhinney SR, Bender BU, Gimm O, Franke G, et al. Germ-line mutations in nonsyndromic pheochromocytoma. N Engl J Med. (2002) 346:1459–66. doi: 10.1056/NEJMoa020152

Conflict of Interest Statement: 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 © 2019 Jha, de Luna, Balili, Millo, Paraiso, Ling, Gonzales, Viana, Alrezk, Adams, Tena, Chen, Neuzil, Raygada, Kebebew, Taieb, O'Dorisio, O'Dorisio, Civelek, Stratakis, Mercado-Asis and Pacak. 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.

OPS/images/fonc-09-00053-t003.jpg
Patient Plasma Urine
number

EPI NE DA MN NMN MTY CoA EPI NE DA MN NMN
1 - - - - - - - - - - - -
2 - + + + + + + - + + - +
3 - - + - - + + - + = - +
4 + - + N B + = B o N - -
5 - - + - - - + - + - + +
6 - - - - . - - . - - - +
7 - + + + + + . - + + . +
8 - - - - + - + - - - - -
9 + N = - + + + - - . . o
10 - - - - - + + - - - - -

CgA, chromogranin A; DA, dopamine; EP), epinephrine; MN, metanephrine; MTY, methoxytyramine; NE, norepinephrine; NMN, normetanephrine; +, above upper reference limit; -,
within normal limits.
*, not available due to hemolysis of blood.






OPS/images/fonc-09-00053-t004.jpg
Investigators, Number ~ Ethnicity/  Patient  Ageat  Primary tumor Time to Age at Length of time Location of  Mutation type Genelocus  Effect Biochemical Functional Coexisting Family ~ Therapy ~ Course
Year with  race number PHEO/ locationand  recumence of metastases from detection metastatic phenotype  imaging  neoplasms _history and
metastatic assigned PGL  size(incm) resected  dotection(in ofprimary losions or outcome
disease, detection primary tumor years) umorto autoimmune
percentage (inyears)/ (in months) detection of diseases in
gender metastases (in the patient
months)
Korpershosk 1 0utof 7. Notreported  Patient 146 41M  Bladder Notreported  Notreported  Notreported  Lymphnode  Notreported  Notreported  Notreported  NE.E Not reported Notreported Not Not reported Not
otal(12)  1428% roported reported
Pepathomas  1outof4, Notreporied Patient 18220/M  Notreported  Notreported  Notreported  Notreported  Lymphnode  Nonsense  c.1534C>T  Pathogenic  Notreported Not reported Not reported. Not Notreported Not
otal. 34 26% mtation (PA512) roported reported
“Bausch et al. 4 out of 34, United States NA M Adenal Notrepoted  Notreported  Notrepored  Notreported  Notreported  G.1361C>A  Likely Notreported  Not reported Notreported Negalive Nt reported Not
) 12% pathogenic reported
Caseyetal. 1outof 11,Notreported  NA 4F Thomcic Notrepoted  Notreported  Notropored  Notreported  Missense  G923C>T  Variantof  Notspecific  Notreported Notreported Not Notreported Not
© 2.00% mutaton  (pTNGOBMeY wknown  butreported o reported reported
significance  besecretory
PCasoyota. NA Notroported  NA 2M  RetropertoneumNot reported 46 276 8ono Tuating  c91C>T  Patwogenic  Plasmaand  ''kMBG  Notreported Negatve  Swgaryof  Nonow
=) mutaton  (PAIG3T) o NMN,  non-avid and pimary  metastasis
uneMN  OF-FDG tumorsand  after surgery
PETCT avid metastasis ~ of bone
bone lesion lesion
Tooneta. 20uof6, Notreported Petintd 46M  Abdomen Gom) 12 63 192 Bone Mssense  ©923C>T  CPathogenc Pasmaand OF-FDG  Negatve  Nodcita Sugey,  Recumence
9 333% pontmutaton  exon8 wineNE  PET/CT avid extornal beamatter surgery
bone lesions radation  with stabiity
therapy,  after
radiosurgery  radiation
therapy
Patient9 18/  Rghtadenal 432 54 a4 Bono,ymph  Frameshift  G91C>T  Patogonic UrnoNE  ®Ga- Chvonic  Breast  Norport  Recuronce
node muaton  exon2 DOTATATE  autoimmune cancer and
avid boneandhepatis  (grandmothen) metastases
hmph node afte surgery
lesions with stabiity
atter
receting
octreotide
UAR 30mg
monthly
van der Tun 3 out of 30, Dutch Patlnt24 5OF  Adenal Notreported 60 120 Notreported  Nonsense  GO1C>T  Pathogenc  NMN Notroported Negatve ~ Negativo  Not reported Not
otal(5)  10% pontmutaton  (p.Ag31") reported
Patent27 23M  Tests Notreporter 26, % Notreported  Nonsense  G.1S34C>T  Pathogenic  NMN,MTY  Notreported Negatve ~ PGL  Notreported Not
pontmutation  (pAG512) reported
Patient 20 36/M  RetropertoneumNot reported 36 Notreportad  Notreported  Nonsanse Patogenic  NMN,MIY  Notreported Negatve  Negative Notreported Not
pont mutation reported

CT, computed tomography; F, female; '8 -FIG, ['8F-luorodeoxyglucose; ®Ga-DOTATATE, [ Gal-(DOTA)-{Tyr3}-octreotate; M, male; MIBG, metaiodobenzylguanicine; MN, metanephrine; MTY, methoxytyramine; NA, not applicable;
NE, norepinephrine; NMIN, normetanephrine; PET, positron emission tomography; PHEO, pheochromocytoma; PGL, paragangliome.

2Details from other patients with metastatic disease were not reported.

bCase report involving a patient with metastatic disease.

©There was not enough evidence to conlude that this variant is pathogenic since according to sorting intolerant from tolerant and polymorphism phenotyping techniques, it is probably benign but was not found in healthy controls.
9Authors presented data suggesting that mutations are pathogenic.





OPS/images/fonc-09-00053-t001.jpg
Patient  Ageat  Presented
number  PHEO/PGL signs and/or
detection symptoms
(inyears)/ prior to
gender  diagnosis
1 1F Left-sided neck
mass
2 53F Hypertension,
abdominal pain,
nausea,
palpttations,
orthostatic ight-
headedness,
and dizziness
3 1M Hypertension,
nausea, fatigue,
flushing,
palpitation,
weightloss
4 5TM Hypertension
5 saM Mediastinal
mass,
hypertension
6 20M Stroke features,
hypertension,
right flank pain
7 56M Hypertension,
palpitation, left
flank pain
8 20F Epigastiic pain,
weakness
9 46F Abdominal pain
10 a4m Neck pain

Race

Caucasian

Caucasian

Caucasian

Caucasian

Caucasian

Caucasian

Caucasian

Caucasian

Caucasian

Caucasian

Primary tumor
location and
size (in cm)

Head and neck
(Gom)

Retoperitoneal
(more than
6om)

Retroperitoneal
(©9cm)

Retoperitoneal
(4.20m); Head
and neck (size
not speciied
due to very
smallsize)
Medastinum
(4cm)

Retropeitoneal
(@.40m)

Left adrenal
(4.9cm)

Porta hepatis
(10.4cm)

Retroperitoneal
(6:8cm)

Retroperitoneal
@.7cm)

Mutation
type

Non-sense
point
mutation
Non-sense
point
mutation

Non-sense

point
mutation

Non-sense
point
mutation

Missense

point
mutation

Non-sense
point
mutation
Non-sense

point
mutation

Deletion

Non-sense
point
mutation

Non-sense
point
mutation

metastatic involvement

Gene Effect Location
locus of
lesions
©.91C>T  Pathogenic Bones and
A ymph
nodes

©.1534C>T Pathogenic Bones and
(pArg5127) lymph
nodes

©91C=T  Pathogenic Bones and
(A1) ymph
nodes

©91C>T  Pathogenic Lymph

(pArg31") node

©1364C>T Variant of ~ Bones

(p:8445L)  uncertain
significance

©.91C>T  Pathogenic Bones and

(PAGIT) ymph
nodes

€91C>T  Pathogenic Bones and

(AT ymph
nodes

G5/UTR_Y' Pathogenic Bones and
UTRdel ymph
nodes

©.91C>T  Pathogenic Bones and
(pArg31%) fymph
nodes.

©91C>T  Pathogenic Bones and
(pArg31°) lymph
nodes

Lung or
Liver

Lungs

Lungs

No

No

Lungs and
liver

Lungs

Lungs and
liver

Lungs.

Temporal evolution Ageat  Therapy

of metastases; metastases

length of time from ~ detection

detection of (in years)

primary tumor to

detection of

metastases (in

months)

Metachronous; 12 12 Surgery

months

‘Synchronous; 53 Partial resection;

detected at the same somastostatin analog;

time s the primary 90V.DOTATOC:

tumor 1771.4-DOTATOC;
VD chematherapy;
bortezomib and
clofarabine
experimental therapy;
combination
capecitabine and
TMZ chemotherapy

‘Synchronous; 14 Surgery;

detected at the same 90v.pOTATOC;

time s the primary somastostatin analog;

tumor ONC201

experimental therapy

Metachronous; 7 67
months.

Surgery

Metachronous; 48 67

months analog; radiosurgery;
‘somatostatin analog
and metronomic
doses of TMZ:
propranclol

Synchronous; 2 20 Surgery

months.

Metachronous; 120 62
months.

chemotherapy

Metachronous; 20 30
months.

Surgery;

Metachronous; 78 63 Surgery; external
months raciation therapy;
hepatic embolization;
177 1y-DOTATATE;
planned GVD
‘Synchronous; a4 Cenvical spine
detected at the same decompression and
time as the primary fusion surgery;
tumor 1311.mi8G;
chemotherapy with
standard dose of

TMZ; chemoswitch
with metronomic

doses of TMZ

Surgery; somatostatin 38

Surgery; external
radiation therapy;
1311.MiBG; cVD

decompression
surgery; external
raciation therapy;
177 1y-DOTATATE

Time to Course and outcome

recurrence

of

resected

tumor (in

months)

3 Iniial recurrence and progression
after surgery then disease
stability with repeat surgery

3 Residual disease, progression,
‘and death after 26 months of last
cycle of PRRT

2 Initia recurrence and progression
after surgery then disease
‘stabilty for 14 months with
90Y.DOTATOC, followed by
disease progression and then
disease stability with
‘somastostatin analog and
ONG201 experimental therapy

7 Recurrence and progression
followed by disease stability
‘without further therapy
Initialprogression then disease
stabilty with raciosurgery,
somatostain analog and TMZ,
however somatostatin analog

and TMZ were withdrawn due to
side effects, disease stabilty with
propranolol followed by disease
progression and resumption of
somatostatin analog and
metronomic doses of TMZ
therapy

31 Inital recurrence and progression
after surgery then disease
stabilty without further therapy

NA Unknown disease status for 10
years after surgery with rapid
progression thereatter despite
external radiation, 1311-MIBG,
‘and CVD therapies, and death
after 20 months of 1371-MIBG
therapy

12 Initial ecurrence and progression
after surgery, then disease
stabiity for 14 months after
decompression surgery and
external radiation therapy;
‘completed 4 cycles of
177 Lu-DOTATATE therapy

84 Unknown disease status for 7
years after surgery with rapid
progression thereafter;
progessed folloving two oycies

f 177 Lu-DOTATATE therapy

B Progression after surgery and 3
cycles of 1311-MIBG treatment,
then progression after 3 courses.
of TMZ

CVD, combination chemotherapy with cyclophosphamide, vincristine, and dacarbazine; F; female; M, male; NA, not applicable; PHEO, pheochromocytoma; PGL, paraganglioma; SDHA, succinate dehydrogenase complex subunit A;
TMZ, temozolomide; 13! I-MIBG, 3'I-metaiodobenzylguanidine; 77Lu-DOTATOC, ['77Lu-DOTAP-D-Phe’-Tyr-Octreotide; *°Y-DOTATOC, [®Y-DOTAP-D-Phe’ -Tyr®-Octreotide; PRRT, peptide receptor radionuclide therapy.





OPS/images/fonc-09-00053-t002.jpg
Patient number  Family history of

PHEO/PGL
1 None
-4 None
3 None
I3 None
5 None
6 None
7 None
8 None
9 None
10 None

Relative/s with SDHA
mutation

Mother?; 2 siblings?®

No data

Father?; brother®

No data

No data
Mother®
Daughter®
Sister®

Father®
No data

2No data on whether biochemical and imaging tests were performed or not.
©Had negative imaging finding for PHEO/PGL and no data on whether biochernical tests were performed or not.
GIST, gastrointestinal stromal tumor; PHEO, pheochromocytoma; PGL, paraganglioma; RCC, renal cell carcinoma; SDHA, succinate dehydrogenase complex subunit

Coexisting neoplasms in the
patient

Pancreatic masses of unknown
nature

Breast masses of unknown nature,
probable vertebral body
hemangioma, liver hemangiomas,
renal masses possibly cysts, uterine
fibroids, submandibular gland cyst
Liver and lung masses of unknown
nature

GIST, non-functioning left adrenal
adenomas, right RCC, esophageal
leiornyomas, thyroid cyst, benign lung
nodule, iver and renal cysts, vertebral
body hemangioma

Renal cysts
None
Squamous cell carcinorma of skin

Prolactinoma

None

Melanoma

Family history of neoplasms other
than PHEO/PGL

Small cell lung cancer (maternal uncle)

Pancreatic cancer (mother); breast
cancer (maternal uncle); glioblastoma
(maternal first cousin); melanoma
(father); colon cancer (2 patemal
cousins); iver cancer (paternal cousin)
Lipoma (mother); basal skin cancer
(father); prostate cancer (paternal
grandfather); lung cancer (pateral
grandmother); stomach cancer
(patemnal grandmother)

None

Small cell lung cancer (father)
None
Golon cancer (maternal aunt)

Uterine or possible ovarian cancer
(maternal aunt); prostate cancer
(maternal uncle); intestinal cancer
(patemal grandmother)

Breast cancer (sister)

Lung cancer (maternal grandmother)

Coexisting autoimmune
disease in the patient

None

Hashimoto's thyroiditis

None

None

None
None
None
Hashimoto’s thyroiditis

None

None

Family history of
autoimmune disease

None

None

Rheumatoid arthritis
(mother); multiple sclerosis
(maternal grandmother)

None.

None
Sjogren's disease (mother)
None

None.

None

None





OPS/images/fonc-09-00053-g001.gif





OPS/images/fonc-09-00053-g002.gif





OPS/images/cover.jpg
, frontiers
in Oncology

Clinical, Diagnostic, and Treatment
Characteristics of SDHA-Related
Metastatic Pheochromocytoma and
Paraganglioma









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





