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Abstract

Purpose—Pheochromocytomas and paragangliomas (PPGLSs) are neuroendocrine tumors of
neural crest origin. Germline or somatic mutations of numerous genes have been implicated in the
pathogenesis of PPGLs, including the isocitrate dehydrogenase 1 (/DHI) gene and alpha
thalassemia/mental retardation syndrome X-linked (A7R.X) gene. Although concurrent /DHZ1 and
ATRX mutations are frequently seen in gliomas, they have never been reported together in PPGLs.
The aim of this study was to characterize one paraganglioma with concurrent /DHI and ATRX
mutations identified by whole exome sequencing.
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Methods—Leukocyte and tumor DNA were used for whole exome sequencing and Sanger
sequencing. 2-hydroxyglurarate level and the global DNA methylation status in the tumor were
measured. ATRX’s cDNA transcripts were analyzed. Tyrosine hydroxylase (TH), HIF1a and
ATRX staining, as well as telomere-specific FISH was also performed.

Results—The presence of a somatic /DHI (c.394C>T, p.R132C) mutation and a concurrent
somatic ATRX splicing mutation (c.4318-2A>G) in the current case was confirmed. Dramatic
accumulation of 2-hydroxyglutarate was detected in the paraganglioma without the global DNA
hypermethylation, and pseudohypoxia was also activated. Importantly, immunohistochemistry
revealed negative TH staining in the tumor and the first exon region of 74 gene was
hypermethylated resulting in normal plasma metanephrines. The splicing A7RX mutation resulted
in two transcripts, causing frameshifts. Immunohistochemistry revealed scarce ATRX staining in
the tumor. Alternative lengthening of telomeres (ALT) was detected by FISH.

Conclusions—This case represents the first concurrence of /DHZ and ATRX mutations in
PPGLs. Although relatively rare, a somatic R132C mutation of /DHZ might play a role in a small
subset of sporadic PPGLs.
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Introduction

Pheochromocytomas and paragangliomas (PPGLs) are neuroendocrine tumors of neural
crest origin. PPGLs carry the highest degree of heritability among all the tumors, with at
least one-third of PPGL patients possessing disease-causing germline mutations [1].
Germline or somatic mutations of an increasing number of genes have been implicated in the
pathogenesis of PPGLs, including the /DH1 gene and A7RX gene. IDH1 is a key enzyme in
the Krebs cycle that normally decarboxylates isocitrate to a-ketoglutarate (a-KG) with
accompanying reduction of NADP to NADPH. Somatic /DHI mutation at R132 has been
previously reported in gliomas and acute myeloid leukemia (AML) [2, 3]. The mutation
alters the function of the enzyme by favoring reverse conversion of NADPH to NADP and
metabolism of a-ketoglutarate to the D isomer of 2-hydroxyglutarate (2-HG), an
oncometabolite [4, 5]. 2-hydroxyglutarate competitively inhibits a-KG-dependent
dioxygenases, leading to global histone and DNA hypermethylation [6]. However, the /DH1
mutation is extremely rare in PPGLs and remains to be confirmed by more cases [7, 8].

ATRX s a large gene located on the X chromosome, whose protein plays an important role
in telomere maintenance and chromosome integrity [9]. Somatic A7RX mutations have been
reported in glioma [10], pancreatic neuroendocrine tumors [11], pediatric osteosarcoma [12],
and recently in PPGLs [13]. Tumors with inactivating A7RX mutations frequently associates
with alternative lengthening of telomeres (ALT), and the ALT phenotype is observed in 5%-—
15% of human cancers [14].

IDH1 mutations are frequently accompanied by A7RX-inactivating mutations in adult
gliomas, especially astrocytomas [15], but this association has not been reported in other
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tumors so far. Here, we report a heterozygous /DH1 mutation accompanied by ATRX
mutation in one paraganglioma, identified by whole-exome sequencing.

Materials and methods

Whole-exome sequencing and analysis

Tumor DNA was extracted using a phenol-chloroform method, and blood DNA was
extracted using a commercial blood DNA extraction kit (Tiangen, China). Tumor DNA and
the matched blood DNA samples were used for whole-exome sequencing. Library
preparation and exome enrichment were prepared using Illumina TruSeq Sample Prep Kits
and Agilent SureSelect Human All Exon v5 kit. Briefly, 1-2 g of DNA was randomly
fragmented by Covaris. Fragments were end repaired, and an extra A base was added to the
3’ end. DNA was quantified by Agilent 2100 Bioananlyzer and concentration was measured
using a Qubit. Each captured library was sequenced on the Illumina HiSeq 4000. The
resulting fastq data were aligned to the human reference genome (hg19) using the Burrows-
Wheeler Aligner (BWA).

Sanger sequencing

Mutations detected by whole-exome sequencing were validated by direct Sanger sequencing
using the same DNA samples. Primers were designed across the mutation sites (Table S3).
Polymerase chain reaction (PCR) conditions were as follows: preheating at 95 °C for 5 min,
30 cycles of 95 °C for 30 sec, 62 °C for 30 sec, and 72 °C for 45 sec, followed by 72 °C for
10 min. PCR products were sequenced with BigDye Terminator v3.1 sequencing kit and
then analyzed on the ABI Prism 3730xI Genetic Analyzer. Mutation Surveyor VV4.0.8 was
used to analyze the sequence traces.

Metabolite extraction and gas chromatography-mass spectrometer (GC-MS) analysis

Metabolites in the tumors with or without /DA mutation (70 mg of tumor from each
patient) were extracted and GC-MS analysis were performed, as previously described [16].

DNA methylation array

Whole-genome DNA methylation was analyzed in the /DHZ-mutant paraganglioma and the
normal adrenal medulla samples using Illumina HumanMethylationEPIC array, as
previously described [17]. The raw data were used to calculate the beta value DNA
methylation scores for each probe and sample.

PCR-based Sanger sequencing of ATRX’s cDNA and real-time PCR

Total RNA was extracted from tumor tissues with the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s protocol. Total RNA (1ug) was used to
synthesize the first-strand cDNA with the PrimeScript™ RT reagent Kit (TaKaRa Bio,
Japan). Forward primers on exon 13 and exon 14 and reverse primers on exon 16 and exon
17 were designed to amplify the different transcriptions of ATRX (Table S3). The PCR
products of each primer pair were sequenced using an ABI 3730xI DNA Analyzer (Applied
Biosystems, Foster City, CA, USA). The joint points of different regions were identified by
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CodonCode Aligner (CodonCode Corporation, Centerville, MA, USA) or deduced manually
after aligning to the reference sequence.

Levels of mMRNA expression of 7TH, VEGFA, PGK1, GNA14, PCSK6, EDNI1, and ACTB
were examined by real-time quantitative PCR on the Roche LightCycler 480 system using
KOD SYBR gPCR Mix (TOYOBO, Japan) and primers (Table S3). PCR conditions were as
follows: one cycle of 98 °C for 2 min, 45 cycles of 98 °C for 10 s, 60 °C for 10 s, and 68 °C
for 30 s. The data were analyzed using the comparative threshold cycle method.

Bisulfite genomic sequencing analysis

Genomic DNA was isolated using E.Z.N.A. Tissue DNA Kit (Omega, USA), and bisulfite
modification of genomic DNA was performed using EZ DNA Methylation-Gold Kit (Zymo
Research, USA), according to the manufacturer’s protocol. Genomic DNA, bisulfite-
modified genomic DNA (50 ng), and primers (Table S3) were used in a PCR reaction to
amplify the first exon region of the 7+ gene. PCR products were sequenced by Sanger
sequencing, as described above.

Immunohistochemistry

The paraffin-embedded tumors were incised into 5-um thick slices. Slides were de-
paraffinized by incubating in xylene and rehydrating in graded ethanol. Antigens were
retrieved by incubating in citrate buffer at 95 °C for 20 min. Specimens were then incubated
with 3% H,0, and blocked with a blocking buffer (Sigma-Aldrich, USA). The slides were
probed with anti-HIF1a antibody(1:400, Sigma, USA), anti-TH antibody (1:200, Abcam,
USA), or anti-ATRX antibody (1:1000, Sigma, USA) overnight at 4 °C and developed by
DAB substrate.

Telomere-specific fluorescence in situ hybridization (FISH)

Results

Telomere-specific FISH was performed, as previously described [10]. Images were taken
using Olympus DP73 fluorescent microscope imaging system.

Clinical characteristics

The patient was a 69-year-old man presenting with dizziness, constipation, and hypertension
for a month. Single photon emission computed tomography/computed tomography
(SPECT/CT) identified a right retroperitoneal mass (5.8 x 4.2 cm) positive on the
somatostatin receptor and scintigraphy labeled with Technetium-99m-octreotide (Fig. 1a).
Plasma metanephrine level (74.4 pg/ml, reference range <96.6 pg/ml) and normetanephrine
level (56 pg/ml, reference range <163 pg/ml) were within normal, while plasma
chromogranin A level was elevated (441.3 ng/ml, reference range: 27-94 ng/ml) and
catecholamines levels within the tumor were very low (Table S1, S2). The patient had no
previous history of glioma, acute myeloid leukemia, or chondrosarcoma. Following removal,
the mass’s gross appearance and histopathology were consistent with a paraganglioma.
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Concurrent somatic IDH1 and ATRX mutations were identified

Whole-exome sequencing identified two heterozygous mutations in the tumor: an /DH1
mutation (¢.394C > T, p. R132C) and an ATRX mutation (c.4318-2A > G), confirmed by
Sanger sequencing (Fig. 1b). The mutations were not identified in the matched-blood DNA
by direct sequencing, implying its somatic nature (Fig. 1b). Other somatic or germline
mutations in the known PPGL pathogenic genes were not identified in the paraganglioma.

Accumulation of 2-hydroxyglutarate was detected in the tumor without the global DNA
hypermethylation

To determine whether the somatic /DHZ1 (R132C) mutation was functioning in the current
paraganglioma, metabolites from freshly frozen tumors with or without /DH1 (R132C)
mutation were analyzed by GC-MS. As expected, dramatic accumulation of 2-
hydroxyglutarate was detected in the /DH1 (R132C) mutant tumor, whereas 2-
hydroxyglutarate was almost undetectable in the control tumors without /DA mutation
(Fig. 1c). To our surprise, in the current paraganglioma, despite significant accumulation of
2-hydroxyglutarate, the global methylation status was similar to that of a normal adrenal
medulla control based beta value, calculated from Illumina HumanMethylationEPIC array
(Fig. 1d).

Almost no expression of tyrosine hydroxylase (TH) and hypermethylation in the first exon
region of the TH gene

Immunohistochemistry revealed scarce TH staining in the tumor (Fig. 2d). The mRNA level
of the 7H gene encoding TH was almost undetectable, compared with that of a normal
adrenal medulla (Fig. 1e), which consisted with subsequently low tumor tissue
concentrations of catecholamines and normal plasma concentrations of metanephrines
(Table S1, S2). A previous study has related the expression of the 7+ gene to the
methylation level in the first exon region [18], unfortunately, this area was not covered by
the Illumina HumanMethylationEPIC array. We performed methylation-specific PCR and
confirmed that this region was indeed hypermethylated in the tumor, compared with normal
adrenal medulla or catecholamine-secreting PPGLs (Fig. 19).

HIFla staining was positive, and hypoxia-related genes were upregulated

Hypoxia inducible factor 1 alpha (HIF1a) staining was strongly positive in the /DHI-mutant
tumor (Fig. 2e). Consistently, multiple HIF target genes including EDNI, VEGFA, PGKI,
GNA14, and PCSK6 were upregulated in the tumor, compared with normal adrenal medulla
(Fig. 1e), suggesting that pseudohypoxia was activated in the /DHI-mutant tumor.

Splicing mutation of ATRX resulted in alternative transcripts, scarce ATRX staining and
ALT

In the current case, the somatic-splicing mutation (c.4318-2A > G) of ATRX gene was
predicted to affect exon 15 because it occurred 2 base pairs away from the 5” end. One
transcript skipped the first 2 base pairs of the exon 15, while the other one skipped the entire
exon 15 (Fig. 1h). Both transcripts resulted in frameshifts and the predicted protein products
lost more than 1000 amino acids in the C-terminal, which encompassed an important
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functional helicase domain. ATRX staining was sparse in the current tumor, with most cells
losing the ATRX staining in the nucleus (Fig. 2c). As expected, ALT was detected by
telomere-specific FISH (Fig. 1f).

Discussion

Here, we report a somatic heterozygous /DHI (c.394C > T, p.R132C) mutation
accompanied by somatic A7TRX (c.4318-2A > G)-splicing mutation in one paraganglioma
patient. In gliomas, /DHI mutations are very-early genetic events in a common glial
precursor cell population with a well-established pathogenic role [19]. Consistent with
previous studies, the heterozygous R132C mutant paraganglioma in our study had an
extremely high level of 2-hydroxyglutarate—direct evidence that the mutant IDH1 enzyme
was active. High level of 2-hydroxyglutarat may inhibit an important demethylation enzyme
Ten-eleven translocase-2 (TET2), leading to a global CpG island methylator phenotype and
gene silencing [5, 20]. Surprisingly, our paraganglioma showed the absence of the
hypermethylator phenotype, though the methylation status mighthave been complicated by
ATRX mutation as well.

/DH1 mutations are extremely rare in PPGLs, to our knowledge, three paragangliomas with
somatic /DH1 mutations have been documented in literature [1, 7, 21]. The three previous
cases and our current case together reveal some interesting common features: 1. They all had
extra-adrenal paragangliomas; 2. They were old and the clinical behaviors of the tumors
appeared benign at diagnosis; and 3. All tumors carried the relatively rare R132C somatic
mutation, instead of the most common R132H mutation (Table S4). In patients with gliomas
and AMLs, /DHI mutations were generally associated with favorable prognosis; a recent
study revealed that accumulation of the oncometabolite 2-hydroxyglutarate exhibits anti-
proliferation effects, while it contributes to cancer initiation [22]. Likewise, these /DH1-
mutant paragangliomas exhibited no sign of malignancy at diagnosis, though long-term
follow-up is needed, since metastasis can occur more than 20 years later.

Recent studies have classified PPGLs mutations into three main clusters based on their gene
expression profiles: pseudohypoxia group, Wnt-signaling group, and kinase-signaling group
[1, 23]. Cluster-one tumors are characterized by constitutive activation of the hypoxia-
angiogenesis pathways, regardless of the oxygen levels (pseudohypoxia) [24]. Mutations of
key enzymes of the Krebs cycle usually cause a pseudohypoxia effect [23]. Pseudohypoxia
was activated in the /DHI-mutant tumor, confirming /DHI as a cluster-one gene.

It should be noted that plasma metanephrines were normal in the current case and
catecholamines levels within the tumor were much lower than that of normal adrenal
medulla. Furthermore, TH staining was negative and the mRNA level of the 7H gene was
almost undetectable, suggesting that the tumor was incapable of synthesizing excessive
catecholamines. The hypermethylation of the 7+ gene in the /DHI-mutant paraganglioma
was intriguing, previous studies have found that reduced 7+ gene expression correlated with
DNA methylation of 7+ gene itself in various cell lines, rat adrenal medulla, and human
brain tissues [18, 25]. Given the profound effect of /DHZ on methylation, it would be
interesting to investigate whether 74 promoter methylation was directly affected by the
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/DHI mutation. This might also explain a small subset of catechomaline-negative PPGLS
derived from sympathetic paravertebral ganglia.

Somatic mutations in the A7R.X gene have recently been related to PPGLs, with varied
prevalence [13, 26]; ATRX splicing mutations are rare and usually destabilize the RNA
transcripts, resulting in scarce expression of ATRX protein. Consistently, ATRX staining
was sparse in the current tumor, with the majority of cells losing the ATRX staining in the
nucleus. The ATRX complex functions in the heterochromatin assembly at telomeres, whose
shortening is related to senescence and aging [27]. While most tumors rely on telomerase to
maintain long telomeres and achieve immortalization, approximately 10-15% of non-
epithelial tumors (such as gliomas) utilize a telomerase-independent mechanism: ALT—
commonly associated with high levels of telomeric instability [28]. Astrocytomas and
pancreatic neuroendocrine tumors with inactivating A7TRX mutations frequently display
evidence of ALT [28]. Less often, ALT has been reported in some of PPGLs carrying ATRX
mutations. In the current case, ALT was detected by telomere-specific FISH. Notably, ATRX
mutations alone do not trigger ALT [29]; the relationship between A7RX mutation and ALT
in PPGLs remains to be further investigated by additional cases.

Concurrent somatic /DHZ and ATRX mutations are very common in gliomas, particularly in
the astrocytoma subtype [15]. In contrast, concurrent germline or somatic mutations in more
than one pathogenic gene in PPGLs are rare [1]. However, somatic A7RX mutation is an
exception and is frequently associated with hereditary SOHB mutations in PPGLs [1, 13]. In
the current paraganglioma, somatic /DH1 mutation, instead of germline SDHB mutation,
was found to coexist with somatic A7RX mutation—resembling a commaon cooperation
between ATRX and /DHI mutations in gliomas. The collaboration between /DHZ1 and
ATRX mutations in tumors is not well understood. A generation of mouse models lacking
ATRX expression in conjunction with /DHZ R132 mutations in specific cell types would be
an excellent way to decipher the underlying molecular events in future.

In summary, our case indicates that the rare somatic R132C mutation of /DHZ might play a
role in a small subset of sporadic PPGLs and—ijust like in gliomas—/DHI1 and ATRX
mutations can coexist in PPGLs.

Supplementary Material
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a A paraganglioma below the right kidney detected by computed tomography and
Octreoscan. b Heterozygous mutation ¢.394C > T in exon 4 of the /DH1 gene and
heterozygous mutation ¢.4318-2A > G at the 5’ end of exon 15 of the ATRX gene were

identified in the tumor DNA, but not in the peripheral blood DNA. ¢ 2-Hydroxyglutarate (2-

HG) /glutamate ratios assessed by GC-MS in the /DHZ-mutant paraganglioma (T),
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compared with three paragangliomas (PGLs) without /DHZ mutation. d Global methylation
levels calculated by the beta value of the paraganglioma (T) and a normal adrenal medulla
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(NAM). The beta values were reported as mean and standard deviation. e Quantitative
MRNA expression measurement of 7+ gene and five hypoxia-related genes, namely
GNA14, PGK1, GLUTI, VEGFA, PCK6, and EDNI. The TH gene encoding the rate-
limiting enzyme in the synthesis of catecholamines performed by quantitative PCR assay. A
normal adrenal medulla (NAM) specimen was used as a control. The bars indicate standard
deviation. f Telomere-specific fluorescent /in situ hybridization showed alternative
lengthening of telomeres in the tumor cells (x1000). g Methylation levels of 5 CpG islands
at the first exon of the 7H gene from the current paraganglioma(T), normal adrenal
medulla(NAM), two catecholamine-secreting paragangliomas (PGLs), and two
catecholamine-secreting pheochromocytomas (PCCs). h Schematic illustration of alternative
splicing caused by the ATRX mutation. The somatic-splicing mutation (c.4318-2A > G) of
ATRX gene resulted in two alternative transcripts, one transcript skipped the first 2 base
pairs of the exon 15, while the other one skipped the entire exon 15
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Fig. 2.

Tygrosine hydroxylase staining was scarce in the current paraganglioma (x400) d, with
staining in a normal adrenal medulla as positive control (x400) a. HIF1a staining was
strongly positive in the current paraganglioma (x400), e compared with that of a normal
adrenal medulla (x400) b. Nuclear ATRX staining was scarce in the current paraganglioma
(x400) f, with ATRX staining in a paraganglioma without ATRX mutation as a positive
control (x400) ¢
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