Q:1,2,3,4

CLINICAL RESEARCH ARTICLE
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Context: Germline mutations in the succinate dehydrogenase A, B, C, and D genes (collectively,
SDHYx) predispose to the development of paragangliomas (PGLs) arising at the parasympathetic or
sympathetic neuroendocrine systems. SDHx mutations cause absence of tumoral immunostaining
for SDHB. However, negative SDHB immunostaining has also been found in a subset of PGLs that
lack SDHx mutations.

Settings: Here, we report the comprehensive molecular characterization of one such a tumor of
parasympathetic origin compared with healthy paraganglia and other PGLs with or without SDHx
mutations.

Results: Integration of multiplatform data revealed somatic SDHC methylation and loss of the
1923.3 region containing the SDHC gene. This correlated with decreased SDHC messenger RNA
(mRNA) and protein levels. Furthermore, another genetic event found affected the VHL gene, which
showed a decreased DNA copy number, associated with low VHL mRNA levels, and an absence of
VHL protein detected by immunohistochemistry. In addition, the tumor displayed a pseudohypoxic
phenotype consisting in overexpression of the hypoxia-inducible factor 1« (HIF-1a) and miR-210, as
well as downregulation of the iron-sulfur cluster assembly enzyme (ISCU) involved in SDHB
maturation. This profile resembles that of SDHx- or VHL-mutated PGLs but not of PGLs with
decreased VHL copy number, pointing to SDHC rather than VHL as the pathogenic driver.

Conclusions: Collectively, these findings demonstrate the potential importance of both the SDHC
epigenomic event and the activation of the HIF-1a/miR-210/ISCU axis in the pathogenesis of SDHx
wild-type/SDHB-negative PGLs. Moreover, this is the first case of a sporadic parasympathetic PGL
that carries silencing of SDHC, fulfilling the two-hit Knudson’s model for tumorigenesis. (J Clin
Endocrinol Metab 103: 1-11, 2018)
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aragangliomas (PGLs) and pheochromocytomas
P(PCCS) are rare neuroendocrine tumors of the
parasympathetic and sympathetic nervous system (1).
Parasympathetic PGLs typically develop in the head and
neck region, whereas sympathetic PGLs are frequently
located at the abdomen or thorax. PCCs are a special type
of PGLs derived from the chromaffin cells at the adrenal
medulla. Parasympathetic PGLs are typically treated
surgically, the first-line therapeutic choice, or by radio-
therapy. Unfortunately, the complexity of the anatomy of
the skull base and the proximity of tumors to main ar-
teries and nerves lead, inevitably, to a high rate of severe
iatrogenic morbidity even through the use of safe em-
bolization protocols and sophisticated surgical ap-
proaches. The limited knowledge of the molecular basis
of these tumors has precluded the development of ef-
fective drug-based therapies.

Although the molecular mechanisms involved in tu-
mor development are not completely understood, the fact
that ~40% of tumors are hereditary has shed some light
on the pathogenesis of this disease. Mutations in SDHB,
SDHC, SDHA, and SDHD genes increase the risk of
developing hereditary PCC/PGLs (2). These genes (col-
lectively SDHx genes) encode the four core subunits of
the mitochondrial succinate dehydrogenase (SDH)
complex, which links the Krebs cycle and the oxidative
phosphorylation pathway. In addition, mutations in the
SDHAEF2 gene, encoding an auxiliary subunit required
for SDH function, have also been associated with he-
reditary PGLs/PCCs (3). Other PGL/PCC susceptibility
genes include RET, VHL, NF1, TMEM127, MAX,
KIF1B, and EGLN1 (4, 5). Mutations in any of these
genes could lead to the development of sympathetic
PGLs/PCCs, whereas parasympathetic PGLs are more
specifically linked to mutations in the SDHx genes (6).
Aside from the hereditary component, less is known
about the genetic drivers of the “sporadic” PGLs/PCCs
developing in the absence of known hereditary patho-
genic mutations. Nevertheless, multiplatform molecular
characterization studies have revealed that sporadic
PCCs/PGLs may also be driven by somatic alterations
affecting the same PGL/PCC-susceptibility genes (4, 6-8).

Mutations in the SDHx genes abolish SDH’s ability to
convert succinate to fumarate, leading to succinate ac-
cumulation in the cell. It has been hypothesized that
succinate accumulation leads to activation of the
hypoxia-inducible factor (HIF) (9-11), known to be in-
volved in abnormal cell growth and tumor formation
(12). Regarding activation of HIF, recent reports showed
either moderated or strong activation of HIF-related
pathways in PGLs/PCCs associated with SDHx or
VHL mutations, respectively (13-16). Among the
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different targets of the HIF transcription factor, the
microRNA, miR-210, is thought to play a major role in
PGLs/PCCs because of its induced downregulation of the
Fe-S cluster assembly enzyme, iron-sulfur cluster as-
sembly enzyme (ISCU), which is required for maturation
of mitochondrial proteins containing Fe-S clusters such as
SDHB (14).

Recent reports have shown that the SDHx-mutated
PGLs/PCCs can be easily identified in surgical tumor
specimens by immunohistochemistry. Specifically,
SDHx-mutated tumors show absence of SDHB protein
detected by immunohistochemistry (17-19), and SDHA-
mutated tumors also have loss of SDHA immunostaining
(20). Although the mechanism involved in loss of SDHB
is not fully understood, it is plausible that SDHx muta-
tions lead to decreased preassembly of the SDHC-SDHD
or SDHA-SDHB complexes at the inner mitochondrial
membrane and that this interferes with maturation of the
heterotetrameric protein complex, leading to de-
stabilization of the SDHB protein. On the other hand,
upon mitochondrial import, SDHA and SDHB proteins
mature by flavination of SDHA by SDHAF2 and the
insertion of three Fe-S clusters generated by ISCU. Thus,
modification of the protein levels or molecular structure
of SDHAF2 or ISCU may also alter SDH complex sta-
bility (15). In this same line, some SDHB mutations cause
impaired Fe-S cluster incorporation into SDHB, thus
rendering the protein unstable (21).

Recent reports highlighted the existence of a small
subset of PGLs/PCCs that lack SDHB protein but do not
harbor SDHx mutations, suggesting that mechanisms
independent of SDHx mutations may be involved in
SDHB protein silencing (6, 17, 22). In this report, we have
explored the molecular mechanism involved in SDHB
silencing of a parasympathetic PGL that lacked mutations
in SDHx genes. In addition, we have compared the data
in that tumor to those of healthy paraganglia and other
PGLs with or without SDHx mutations. The putative
involvement of the HIF-1a/miR-210/ISCU pathway was
also analyzed in the tumor under analysis. We describe
the first published case of a parasympathetic PGL har-
boring SDHC methylation likely
tumorigenesis.

involved in

Materials and Methods

Experimental design

Our previous work showed an absence of SDHB immuno-
staining in some PGLs lacking SDHx and VHL mutations (14).
This was striking and suggestive of pathogenic mechanisms
alternative to SD Hx mutations impinging on SDH activity. This
study was aimed at deciphering molecular mechanisms involved
in silencing of SDHB protein in one of these tumors, hereafter
designated as PGLmx. Exome sequencing, array—comparative
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genomic hybridization (array-CGH) targeting tumor suppres-
sor genes, genome-wide methylation analysis, quantitative re-
verse transcription polymerase chain reaction (PCR), and
immunohistochemistry studies were performed in PGLmx. Data
were compared with those of healthy paraganglia (carotid body)
and other PGLs lacking or not the SDHx mutation (clinical and
genetic features are described in Supplemental Table S2).

The selected case was a jugular PGL developed in a man at
age 29 years. This patient lacked a family history of PCCs/PGLs.
The tumor had been surgically treated and incompletely re-
moved. Five years later, magnetic resonance imaging showed a
rounded lump that included the mastoids and partially covered
the internal carotid artery compatible with tumor recurrence. At
the retroperitoneal space, two lesions with diameters ~10 and
11 mm each were identified with moderated contrast uptake
(Fig. 1). These lesions were compatible with PGLs. Scintigraphy
and Tc99m-Tektrotyd photon emission computed tomography
studies revealed pathological uptake in the mastoid region but
not in the retroperitoneal space. Diagnosis was recurrence of
jugular PGL and two putative nonfunctional retroperitoneal
PGLs. The patient was asymptomatic and the therapeutic
strategy was wait-and-see. Two years later, in October 2017, he
remained asymptomatic.

Tumor specimens

Tumor and blood samples were obtained from patients with
PGLs or PCCs, diagnosed and treated between 2005 and 2016
in the Hospital Universitario Central de Asturias. For DNA-
based studies, fragments were obtained from the core of the
tumor and contained >60% tumor cells. Tumor specimens
were snap-frozen at the time of surgical resection and stored
at —80°C in RNAlater (Ambion) until processed. Informed
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consent was obtained from the patients, and the study was
approved by the ethical committee of our institution.

Mutation analysis

Genomic DNA was isolated using the QITAmp DNA Mini kit
(Qiagen, Inc., Chatsworth, CA) and subsequently treated with
RNase A (1 U/mL) at 37°C for 5 minutes. Mutation analysis of
SDHA, SDHB, SDHC, SDHD, and VHL genes was performed
by direct sequencing as previously described. SDHx and VHL
genes were analyzed for the presence of large deletions in tumor
DNA using the multiplex ligation-dependent probe amplifica-
tion (MLPA) method as recommended by the manufacturer
(MRC Holland, The Netherlands).

Array-CGH

Screening of genome-wide copy number variants (CNVs)
was carried out by array-CGH using the OncoNIM Familial
Cancer platform, a 60K Agilent-based custom array-CGH
(Nimgenetics, Madrid, Spain). This custom array covers the
whole genome with a median spatial resolution of 1 probe per
150 kb, with high-density coverage in 20 genes related to fa-
milial cancer (100-bp median spatial resolutions for these
genes). Hybridizations were performed according to the man-
ufacturer’s protocols. A commercially available male DNA
sample (Promega, Madison, WI) was used as reference DNA.
Microarray data were extracted and visualized using the Fea-
ture Extraction Software v10.7 and Agilent Genomic Work-
bench v.5.0 (Agilent Technologies, Santa Clara, CA) using
ADAM-2 (windown 0.5 Mb, A = 10) as an aberration de-
tection statistic. Genomic build NCBI37 (Hg19) was used for
delineating the genomic coordinates of the detected CNVs.

Figure 1. Magnetic resonance imaging studies in PGLmx. Magnetic resonance images of the (A) coronal and (B) axial planes of the abdomen
and skull base, respectively, of PGLmx showing one lesion in the mastoid region and two in the retroperitoneal space. Diameters of those lesions

are shown in centimeters.
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Exome sequencing

Genomic DNA (3 pg) was sheared and used for the con-
struction of a paired-end sequencing library as described in the
protocol provided by Illumina (San Diego, CA). Enrichment of
exonic sequences was then performed for each library using the
SureSelect Human All Exon 50-Mb kit (Agilent) following the
manufacturer’s instructions. Exon-enriched DNA was pre-
cipitated with magnetic beads coated with streptavidin (Invi-
trogen), washed, and eluted. An additional 18 cycles of
amplification were then performed on the captured library.
Exon enrichment was validated by real-time PCR in a 7300
Real-Time PCR System (Applied Biosystems) using a set of two
pairs of primers to amplify exons and one pair to amplify an
intron. Enriched libraries were sequenced in one lane of the
[llumina Gene Analyzer IIX sequencer, using the standard pro-
tocol. Read mapping and data processing were done by
DreamGenics S.L. (http://www.dreamgenics.com/dreamgenics).
Mean and median coverage were >40 for all SDHx genes and
SDHAF2 and VHL.

Genome-wide methylation analysis

DNA was extracted with phenol/chloroform/isoamyl alco-
hol and bisulfite converted before genome-wide analysis of
methylation with the Infinium Human Methylation450 Bead-
Chip array (Illumina) in the Spanish “Centro Nacional de
Genotipado” CEGEN-ISCIIL. Raw data files were imported and
preprocessed using R/Bioconductor package minfi (version
1.14.0) (23). Methylation raw signals were normalized using the
SWAN method (24). A methylation measure was defined to be
defective if it had a detection P value >0.01. Probes with >2
defective measures and samples with >5000 defective measures
were removed from the data set. Methylation was described as a
B value, which ranges between 0 (no methylation) and 1 (full
methylation). The 8 values of probes located 2000 bp upstream
and 200 bp downstream the transcription start site (defined as
promoter regions) of the parasympathetic PGL-susceptibility
genes (SDHA, SDHB, SDHC, SDHD, SDHAF2, and VHL)
were extracted and analyzed in comparison with healthy carotid
bodies. The methylation level of selected CpGs was validated by
pyrosequencing (PyromarkQ24 Advanced System). Primers
used for PCR amplification and sequencing were designed with
the PyroMark assay designer (Supplemental Table S3). The
genomic region included in the analysis has been previously
reported (25, 26). The statistical significance of the differences
between groups of tumors was assessed using a ¢ test with a
significance threshold of 0.05.

Immunohistochemistry

SDHB, SDHC, SDHA, VHL, and HIF-1a expression was
evaluated by immunohistochemistry in tissue sections from the
surgically resected PGLs as previously described (14). Following
published recommendations (27), both the percentage of im-
munostained cells and the intensity of staining were used to
quantify HIF-1« protein expression. SDHC antibody (Abcam)
showed granular cytoplasmic staining similar to that obtained
with SDHA or SDHB antibodies, as previously reported (28).
Data were reviewed independently by three investigators.

MicroRNA/messenger RNA quantification
Total RNA was isolated with the mirVana miRNA Isolation
Kit (Ambion) according to the manufacturer’s instructions.
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TagMan assay (Applied Biosystems) was used to analyze the
expression of the mature human miR-210. For microRNA
quantification, 10 ng total RNA was used in the RT reaction,
and the transcribed complementary DNA was then used for
subsequent PCR amplification using the TagMan 2X Universal
PCR Master Mix, No AmpErase UNG (Applied Biosystems) as
described by the manufacturer. RNU44 expression was assayed
for normalization. For SDHx and VHL messenger RNA
(mRNA) quantification, PCR reactions were performed by
using the SYBR Green PCR Master Mix (Applied Biosystems)
and the thermocycler conditions recommended by the manu-
facturer. Each sample was analyzed for cyclophilin A mRNA to
normalize for RNA input amounts and to perform relative
quantification. All reactions were performed in triplicate, and
relative microRNA/mRNA expression was normalized against
endogenous controls using the comparative AA CT method.

Statistical analysis

All statistical analyses were performed using SPSS statistical
software version 19 (SPSS, Inc., Chicago, IL) as previously
described. P < 0.05 was defined as statistically significant.

Results

Genetic alterations

An initial search for germline mutations of the most
frequently mutated genes in parasympathetic PGLs,
SDHB, SDHC, and SDHD, by Sanger sequencing,
revealed an absence of mutations in PGLmx. MLPA
analysis of the SDHx genes also revealed an absence of
genetic losses at the germline level. Subsequent exome
sequencing of the tumoral genomic DNA ruled out the
presence of somatic mutations in any of the known PCC/
PGL-susceptibility genes. It also confirmed that the tumor
was not inherited by germline mutations in SDHx genes
or in any of the other PCC/PGL-susceptibility genes.

Array-CGH in tumor DNA, targeting 30 tumor
suppressor genes (Supplemental Table S1), showed
partial deletions at chromosome 1 containing locus
1p36.13 and 1g23.3 where SDHB and SDHC are lo-
calized, respectively (Fig. 2A). Other genetic loss affected
VHL at chromosome 3 (Fig. 2B) but not other PCC/PGL-
susceptibility genes such as SDHD, SDHAF2, MENI1,
and FH (data not shown). Genetic loss of VHL was
verified by MLPA assay in tumor DNA (Fig. 2C). In
contrast, this assay revealed an absence of VHL deletion
in germinal DNA. Estimation of somatic copy number
alterations, based on exome sequencing data (29), con-
firmed deletions of chromosome regions containing
SDHC and VHL genes (Fig. 2D and 2E) but not of
SDHB. Besides SDHC, genomic regions containing
NDUES2,  FCERIG, AL590714.1,  APOA2,
TOMMH40L, MIR5187, NR113, PCP4L1, and MPZ at
1p36.13 also showed decreased copy number. None of
these genes have been linked to PGL or PCC
development.
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Figure 2. Heterozygous loss of SDHC and VHL genes in PGLmx tumor. (A, B) Array-CGH screening of genomic DNA in PGLmx. Profiles are
displayed as normalized log2 signal intensity ratios of each spot on the array to the genomic position at (A) chromosome 1 and (B) chromosome
3. Genes with high density of probes in the array are indicated. VHL points to the chr3:10182692-10193904 (Human GRCh37/hg19) genomic
region. (C) Upper panel shows a schematic representation of the structure of the VHL gene; arrows indicate location of the probes included in
the MLPA. Capillary gel electrophoresis images depicting the MLPA assay for VHL in tumor DNA. (D, E) Normalized exome coverage data are
determined for each individual capturing exon in the PGLmx tumor sample and blood sample from the same patient. The tumor/normal ratio is
calculated for each probe. Copy number alterations in PGLmx are indicated by dark gray lines. DNA copies below or above two are indicated by
red or blue dots, respectively.

Epigenetic alterations

DNA methylation arrays of the tumor genomic DNA
were performed and compared with that of three samples
of human healthy carotid bodies and 17 PCCs/PGLs.
Promoter regions of SDHB, SDHD, SDHA, SDHAF2, or
VHL were not found differentially methylated either in
PGLmx or in the other PGLs included in the array. In

contrast, the data showed high methylation percentages
in the promoter of SDHC in PGLmx (Fig. 3A). This
epigenetic alteration was not identified in two tumors
lacking SDHx mutations and carrying somatic deletion of
VHL exon 1 (14). Methylation status of SDHC gene
around the transcription start site (TSS) in PGLmx was
verified by pyrosequencing (Fig. 3B). Pyrosequencing of


http://dx.doi.org/10.1210/jc.2017-01702
https://academic.oup.com/jcem

6 Bernardo-Castifieira et al SDHC Methylation in Head and Neck Paraganglioma J Clin Endocrinol Metab, January 2018, 103(1):1-11

A SDHA SDHAF2 SDHB
20741528 cq27256934 ©g22688160 [ |
cg04125223 3 cg08737815
cg23490161 900479459 cg21534931 [
cg17482712 ¢g13130965 cg16696648

cg06422139
cg26143326
cg01808810

cg11678423
cg07595554
912070379

cg03293770

cg05406678 cg22111318
cg19655557 A cg03861428
g00089430 cq ¢g13915730
cg10591111 B cg21566548 ©g24305835
cg18470904 ©g18192519
cg18366108 903342113 cg27222219
BBNNDOBDBBODBONOOBOO O0OBNOONDONBBDOBOBOBD BBOBODDNNBOONDBBBOOO
* . .
SDHC SDHD
€g20699097 cg16613176 I
cgitaae Cgaggé‘g;% cgoaswsm L
cg08716396 cgl 001998262
cg01931502 906034437
cg04814784
cg15152945 0925975248
cg12036621 cg18107035
cg09686639 cg; ggg;igg
cg.
cg11221265 0910352003
cg02620307 20044153 €g22730772
cg02656741 ca1369482 cg01289861
€g01440016 cg13419702
cg13788685 ¢g05590706 cg00807342
0BBBOOOBBDDOBBOODNNN  ©g03594819 OBBDONDNDOBBOBBONOOB
* ©g20439252 i
9 Sa29031850
£ 50 SDHC g816872795 < 50 VHL
3 ©g26480739 e
@ 40 cq 14146407 @ 40
O 1 g
~—
S 30 o 30
o 20 03950669 ® 20
o
o cg11815388 ™~
~ 10 cg11542469 w 10
% o s 30
C
° = 5 c416537507 & T e o e
Na ) N 0O0OBDBNDNNOOBOBDBOBBO
\0_\0 50\2\ c,(;b f-?‘z\ 6\’& * \6\0 ‘99\2\ 50\2\ ‘:Q‘b b\'@
P ] 'b\& & A4
& &
A\ N
B site 1: ¢g12036621 c
site 2: cg11221265 cg15267345
site 3: cg17496230 cg10352003
L 4
80— 0 C——//2SDHC 1 O—C—/vHL
60 m blood cells 60 100 cg15267345 100 cg10352003
‘E = W tumor tissue % = g s 40 3 = 20
R g 5 % 25 S
= S = EZ2 g E.z 60
= o <] 5]
a9 e m© = @ pedL)
¢ £ 2 Q Z 20 SZ 40 S
] ] L o I o
a £ a 1= > £ 20 > e 20
0 0 0 0
site 1site 2site 3 site 1 site 2 site 3
o W 0 B & ST LR &
-\(':., 0‘2‘ QQ‘ \50 ) 530 (§>Q(9
R & &
2"0 & ‘\6
A\

Figure 3. SDHC TSS methylation in PGLmx. (A) Unsupervised hierarchical cluster analysis of normalized methylation B8 values of healthy carotid
bodies (N) and parasympathetic PGLs carrying SDHB (B), SDHD (D), or no SDHx mutations (0). PGLmx sample is indicated by red 0*.
Quantification (mean = standard deviation value) of the B values corresponding to the cg12036621 (SDHC TSS) and cg13672843 (VHL
promoter) probes in the indicated group of tumors is shown below the SDHC and VHL data heatmap, respectively. (B, C) Schematic
representations of the (B) SDHC and (C) VHL genes indicating the location of the CpG sites identified by the indicated probes and selected for
validation. SDHC TSS methylation percentages for the indicated genomic sites were determined by directed pyrosequencing in (B, left panel)
tumor and blood samples from PGLmx and (B, right panel) three other parasympathetic PGLs (PGLs 1 to 3) harboring SDHB-positive
immunostaining in the absence of SDHx mutations. VHL promoter methylation percentages (mean = standard deviation value) for the indicated
genomic regions determined by pyrosequencing in tumor samples from one healthy carotid body (CB); five, four, and two PGLs without SDHx
mutations [wild-type (wt) SDHx]; or with SDHD or SDHB mutations, respectively.

VHL CpG sites also confirmed the absence of differential We tested blood from a patient with PGLmx for
methylation in PGLmx compared with healthy carotid SDHC TSS methylation and found no SDHC methyla-
body or other PGLs lacking SDHx alterations (n = 6 tion (Fig. 3A), consistent with postzygotic onset of SDHC
tumors) (Fig. 3C). methylation rather than germline inheritance. This
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suggests a process of SDHC reprogramming during tu-
mor development.

Absence of SDHC methylation in other
SDHB-negative/SDHx wild-type PGLs

Our previous study had identified three other para-
sympathetic PGLs with loss of SDHB protein in the
absence of SDHx mutations (14). Therefore, we analyzed
whether those tumors also harbored somatic SDHC TSS
methylation. This analysis showed low methylation levels
in the three tumors that were similar to those of normal
carotid bodies (Fig. 3B). Thus, SDHC methylation does
not seem to be a frequent event in SDHB-negative/SDHx
wild-type parasympathetic PGLs.

SDHx and VHL gene expression

To determine whether gene alterations of SDHC,
SDHB, and/or VHL result in deregulations at the mRNA
level, quantitative reverse transcription PCR analysis of
SDHC, SDHB, and VHL genes was performed in tumor
complementary DNA, in a healthy carotid body, and in
eight parasympathetic PGL samples [five wtSDHx (tu-
mors lacking SDHx mutations) and three mutSDHx
(tumors with SDHB or SDHD mutations)]. As shown in
Fig. 4A, decreased SDHC mRNA levels were found in the
PGLmx tumor compared with wtSDHx tumors or the
normal carotid body, although levels were similar to that
of mutSDHB or mutSDHD tumors. In contrast, SDHB,
SDHA, SDHD, and SDHAF1 mRNA levels were
significantly higher (threefold) in the PGLmx tumor than
in the other PGLs (Fig. 4B).

For the analysis of VHL mRNA levels, we included
two types of parasympathetic PGLs as controls: tumors
with wild-type VHL (wt VHL) and tumors carrying
deletions of exon 1 of VHL (del-VHL), which are known
to express low levels of VHL mRNA (14). As shown in
Fig. 4C, VHL mRNA levels of PGLmx were significantly
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lower than those of wt VHL-PGLs and similar to those of
del-VHL tumors.

SDHB, SDHA, and SDHC expression was also ana-
lyzed at the protein level (Fig. 5). This confirmed the
absence of immunostaining for SDHB and strong SDHA
immunolabeling, as shown in our previous reports, and
revealed decreased SDHC expression compared with
other parasympathetic PGLs (a representative image of a
SDHB-mutant PGL is shown in Fig. 5D), which is con-
sistent with the absence of SDHA mutation, epigenetic
silencing of SDHC, and decreased SDHC CNV. VHL
immunohistochemistry was also shown to be negative
(Fig. 5).

HIF-1a/miR-210/ISCU signaling pathway

The analysis of the HIF-1a/miR-210/ISCU axis in the
PGLmx tumor revealed high expression levels of HIF-1a
(immunoscore: 73, Fig. 5), which was above the median
value detected in parasympathetic PGLs (median value:
33) (14). This study also showed increased levels of miR-
210 and lower levels of ISCU mRNA compared with
normal paraganglia (Fig. 6).

Discussion

Complete loss of SDHB protein expression, as de-
termined by immunohistochemistry, is a common feature
of SDHx-mutated tumors. However, recent reports have
alerted about the existence of SDHB loss in the absence of

SDHx mutations (17-19). The molecular scrutiny of one q:12

such tumor, described here, has revealed the presence of
two major genetic alterations consisting of (1) the somatic
epigenetic silencing and loss of heterozygosis of the
SDHC gene, accompanied by low SDHC expression at
the mRNA and protein levels, and (2), decreased copy
number of the VHL gene, low VHL mRNA levels, and
absence of VHL protein in the tumor.
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Figure 4. Decreased VHL and SDHC mRNA levels in PGLmx. (A, B) mRNA relative levels (mean = standard deviation value) of (A) SDHC and (B)
SDHA, SDHB, SDHD, SDHAF1, and SDHAF2 in one healthy carotid body (CB), PGLs lacking SDHx mutations [wild-type (wt) SDHx; n = 5], PGLs
harboring SDHB (n = 2) or SDHD (n = 1) mutations, and PGLmx. (C) mRNA relative levels of VHL in PGLs lacking SDHx mutations and harboring
(del VHL) or not (wt VHL) exon 1 deletion of VHL. Blue arrow and green dot denotes VHL mRNA levels in PGLmx. NS indicates not significant;
**P < 0.005.
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Figure 5. SDHB, SDHA, SDHC, HIF-1a, and VHL immunostainings in PGLmx. Representative images of (A) SDHB, (B) SDHA, (C, D) SDHC, (E) HIF-
1a, and (F) VHL immunostainings in (A—-C, E-F) PGLmx and (D) a PGL with SDHB mutation. Inset in panel F shows a representative image of VHL
immunostaining of a SDHx wild-type PGL. Asterisks denote stained blood vessels. Scale bars = 100 um.

Recent reports described for the first time that SDHC
methylation could be involved in tumorigenesis (25, 26,
28, 30). In line with the case described here, all those
tumors shared a similar phenotype: deficiency of SDH
activity in the absence of SDHx mutations. The first

works reported that gastrointestinal stromal tumors
(GISTs) that developed in patients with (9 patients) or
without (14 patients) the Carney triad are caused by
hypermethylation of the SDHC promoter (25, 26, 30).
Two of the patients with the Carney triad also developed
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Figure 6. ISCU and miR-210 RNA levels in PGLmx. miR-210 and
ISCU mRNA levels were analyzed in PGLmx and compared with
those of a human normal carotid body (CB).

sympathetic PGLs, which carried SDHC hyper-
methylation (26). Compound heterozygosity (mono-
allelic methylation and mutation of SDHC) or
homozygous SDHC methylation was found in 4 and 12
GISTs, respectively (26). SDHC loss of heterozygosis has
not been reported for the remaining cases (25, 26, 30).
SDHC epigenetic alteration was more recently found in
two sympathetic PGLs that developed in one patient,
apparently out of the context of the Carney triad (28).
Similarly to some GISTs, loss of heterozygosis was not
identified in those two PGLs. However, the fact that
epigenetic modification of the SDHC gene was the only
event identified in those patients suggested that this ge-
netic alteration was a plausible mechanism of functional
impairment of the SDH complex and tumorigenesis.
The case reported here has similarities but also some
differences with those GIST and PGL cases previously
reported. The tumor displays loss of SDHB protein,
absence of SDHx mutations, and SDHC TSS methyla-
tion, which was consistent with the low levels of SDHC
mRNA and of the SDHC protein detected by immuno-
staining. We also found that the epigenetic modification
of SDHC was accompanied by the heterozygous loss of
the chromosomal region containing the SDHC gene,
consistent with the Knudson two-hit model for tumori-
genesis. Recent clinical review (7 years after diagnosis of
the jugular paraganglioma) revealed the absence of other
tumors related to the Carney triad or Carney-Stratakis
syndrome such as GISTs or pulmonary chondroma.
Thus, this case adds to the previously reported PGL case
not associated with Carney syndrome and represents the
first case involving SDHC TSS methylation and loss of
heterozygosis in a parasympathetic PGL. However, even
though the SDHC genetic events fulfill the two-hit model
to attribute it a pathogenic role, the unambiguous
claiming of its involvement in PGL tumorigenesis is not a
straightforward conclusion. This is because, in contrast
to the other reported cases, we found that the PGLmx
tumor harbored an additional genetic defect concerning
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another PGL-related gene. This consisted of decreased
VHL gene dosage and mRNA levels, as well as absence of
VHL protein detected by immunohistochemistry. These
types of VHL deregulations have been previously
reported in a subtype of parasympathetic PGLs, the so-
called del-VHL-PGLs (14). A previous report also de-
scribed the coexistence of alterations in two susceptibility
genes (somatic deletion of the VHL gene and somatic
SDHC mutation) in sporadic PCCs (31). The functional
significance of partial loss of VHL is, thus far, unknown.
Indeed, del-VHL-PGLs do not display the distinctive
pseudohypoxic phenotype of VHL- or SDHx-related
tumors as, for example, the strong or moderated acti-
vation of the HIF-1a/miR-210/ISCU pathway found in
VHL-mutated or SDHx-mutated PGLs, respectively (14).
Furthermore, del-VHL-PGLs do not harbor the low levels
of SDHB protein typically found in VHL-mutated PGLs
(15). Importantly, in contrast to del-VHL-PGLs, the case
described here harbors activation of the HIF-1a/miR-
210/ISCU pathway and lacks SDHB protein, thus re-
sembling SDHx-mutated rather than del-VHL-PGLs.
These features tip the balance toward a pathogenic role of
SDHC rather than VHL, although they do not allow
definitely ruling out a not yet identified role of VHL
protein. In any case, irrespective of whether it is VHL,
SDHC, or both, the drivers of the activation of the HIF
pathway, the fact is that the PGLmx tumor displays re-
duced levels of ISCU protein, which is known to par-
ticipate in the maturation of SDHB by the insertion of
three Fe-S clusters (32). Thus, it is tempting to speculate
that loss of SDHB protein was due to an additive effect of
loss of both SDHC and ISCU.

Although the mechanism involved in aberrant SDHC
hypermethylation is unknown, a causative role of VHL
deletion does not seem likely given that our study in-
cluded two “sporadic” parasympathetic PGLs that
carry a decreased VHL DNA copy number and decreased
VHL mRNA levels (as PGLmx) but lack SDHC hyper-
methylation. Somatic mosaicism has been proposed as a
mechanism for SDHC hypermethylation in patients with
GIST given that low-levels SDHC hypermethylation had
been found in blood and saliva of patients (26). In
contrast to those studies, SDHC hypermethylation was
not identified in the blood DNA of the patient analyzed in
the present work. Nevertheless, a role of tissue-specific
mosaicism epigenetically affecting the SHC gene cannot
be ruled out. Further work on other tissues could shed
some light into this relevant issue.

Taken together, the identification of the SDHC TSS
methylation and heterozygous loss of SDHC gene fulfills
the two-hit Knudson model for cancer initiation, pro-
viding an explanation for the tumorigenesis of sporadic
parasympathetic PGLs lacking SDHB protein expression.
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Furthermore, we also provide data suggesting the acti-
vation of the HIF-1a/miR-210/ISCU axis, which could be
also involved in tumorigenesis of the SDHC-epimutated
PGLs. Importantly, this type of tumors could be identified
in surgical specimens by SDHB and SDHC immunohis-
tochemistry, which should be negative or weak positive
for both. This is of clinical relevance given that a histo-
pathological analysis could allow the identification of
patients carrying SDHC methylation. Finally, our data
raise the possibility that patients with SDHC-epimutated
PGLs could benefit from hypomethylating drugs and/or
agents targeting HIF. Further research on a wide series of
PGLs with negative SDHB immunostaining and absence
of SDHx mutations is indicated to get to know the real
extent of this type of genetic
sporadic tumors.
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