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pose: Paragangliomas of the head and neck are neuroendocrine tumors and are associated with
line mutations of the tricarboxylic acid cycle–related genes SDHB, SDHC, SDHD, and SDHAF2.
xia is important in most solid tumors, and was directly implicated in tumorigenesis over 40 years
hen it was shown that dwelling at high altitudes increases the incidence of carotid body hyperplasia
aragangliomas. Although recent research has now elucidated several pathways of hypoxia in para-
omas, nothing is currently known of the genetics or of gene-environment interactions in high-
e paraganglioma. We postulated that SDH mutations might play a role in these tumors.
erimental Design: Patients from a Mexican family, originating and resident in Guadalajara, were
for mutations of SDHD, and subsequently, for mutations of SDHB followed by immunohisto-
cal confirmation of SDHB loss.
ults: Two patients, born and resident at altitudes of between 1,560 and 2,240 m, were found to
ead and neck paragangliomas, including a remarkably aggressive recurrent tumor. Mutation anal-
entified a pathogenic missense mutation in exon 7 of SDHB, c.689G>A, p.Arg230His, and loss of
HB protein was confirmed by immunohistochemistry.
clusions: This is the first report of a SDH gene mutation in paraganglioma at high altitude. A
y recurrent head and neck paraganglioma is a very rare finding in an SDH mutation carrier, suggest-
rapidl

ing a gene-environment interaction. Neither patient showed evidence of sympathetic paraganglioma.
Clin Cancer Res; 16(16); 4148–54. ©2010 AACR.
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agangliomas of the head and neck (HN-PGL; also re-
to as chemodectomas) are rare, mostly benign tu-
of the parasympathetic nervous system. They occur
commonly in the carotid body, the main peripheral
r of physiologic hypoxia (low oxygen levels). Para-
omas of the sympathetic nervous system (sPGL) arise
adrenal medulla or in the extra-adrenal paraganglia
thorax and abdomen, and are often referred to as
hromocytomas or extra-adrenal paragangliomas.
asis for HN-PGL was established with
n by Baysal et al. (1) of germ line muta-
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in the succinate dehydrogenase, subunit D gene
D). Other subunits of SDH and related proteins
subsequently shown to be involved in HN-PGL
PGL (2–4). These genes encode subunits or associ-
roteins of the succinate dehydrogenase complex,
plays a central role in energy metabolism as both
zyme of tricarboxylic acid cycle and as complex II
mitochondrial respiratory chain, involved in oxi-
phosphorylation.
ecent years, there has been a revival of interest in
olic adaptations of solid tumors, specifically the
igh rate of glycolysis and decline in tricarboxylic
cycle activity, often referred to as the “Warburg
” (5, 6). The Warburg effect is fundamental to a
range of tumors and is now the basis for the

y used technique of 18F-fluorodeoxyglucose posi-
mission tomography tumor imaging (7). The dis-
of mitochondrial tumor suppressor genes related

iciencies of the tricarboxylic acid cycle and the res-
ry chain, including those encoding succinate dehy-
nase (SDH) and fumarate hydratase, has further
lated this interest. Mutation of these genes results
ors, including paragangliomas and pheochromo-

as, cutaneous and uterine leiomyomas, and renal
ncer (8, 9).
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Translational Relevance

Recent molecular studies have implicated the hypoxia-
inducible factor, a transcription factor central to the
cellular adaption to hypoxia, in the pathogenesis of
paragangliomas and pheochromocytomas. The known
role of environmental hypoxia in carotid body tumor-
igenesis supports this association. The possible associ-
ation of carotid body tumors with female-specific
hypoxia, accounting for the striking gender bias in spo-
radic cases, is also intriguing. Although genetic muta-
tions have been shown to account for up to 30% of all
cases, the remaining cases, the gender bias, and the re-
duced penetrance associated particularly with SDHB
mutations, remain unexplained. The discovery of
genetic mutations in high-altitude paragangliomas
should help to focus clinical attention on the need to
actively screen these patients, potentially preventing
significant morbidity. These cases highlight the role
of environmental modifiers, and hypoxia in particular,
and will help to stimulate further fundamental and
clinical research into the role of hypoxia in these
tumor syndromes.
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mutation of subunits of SDH has been shown to
in the accumulation of succinate and the inhibition
oxia-inducible factor 1 (HIF-1) prolyl hydroxylases
), leading to the stabilization of HIF-1 (10, 11), a
ctor in the hypoxia response (12). Oxygen normally
ates the degradation of HIF-1 due to hydroxylation
ygen-dependent PHD and targeting of a VHL-E3
itin-protein ligase degradation complex. As oxygen
decline, the HIF-1 protein is no longer degraded
ould enter the nucleus to stimulate gene transcrip-
PHDs are α-ketoglutarate–dependent dioxygenases,
quire molecular oxygen and α-ketoglutarate to hy-
late their targets, generating succinate as a by-
ct. The activation of HIF-1 by inhibition of PHDs
een termed “pseudo-hypoxia,” and the effects of
ate on this process could be reversed in vitro by
dition of α-ketoglutarate (13, 14).
ddition, SDH dysfunction also leads to the genera-
f reactive oxygen species via the inhibition of SDH in
e as complex II of the respiratory chain (15–17). Re-
oxygen species themselves lead directly to the stabi-
n of HIF-1 (18). These recent mechanistic insights
st that low oxygen levels have a central role in the
is of these tumors, and clearly suggest a link to
ltitude paraganglioma.
as first shown over 40 years ago (19) that humans
arious other mammalian species dwelling at high al-
s develop pronounced carotid body hyperplasia and
n tumors (chemodectomas; refs. 20–23). The obser-

that the main oxygen-sensing organ of the body
give rise to tumors under conditions of low oxygen

in acc
Geno
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e first indication that oxygen could act as an envi-
ental modifier of tumorigenesis. This finding was
in a molecular context with the identification of

ions in the SDH genes, involved in oxidative phos-
lation, and the recent developments described above
provided further insights into the possible mech-
s driving tumorigenesis.
h-altitude paraganglioma has a prevalence of up to 1
in humans and almost 1 in 2 in bovines (22, 24),
kable in light of the low-altitude prevalence of
GL of 1 in 500,000 or less. Although an elevation
00 m has been referred to as marking the border
increased incidence of nonchromaffin paraganglio-
his is simply due to a lack of inclusion of individuals
at intermediate elevations in published studies (19,
5). The effect of elevation might be detectable at
lower altitudes (26).
role of the SDH genes in high-altitude paraganglio-
ses has received little attention to date and no muta-
have been identified (27). SDHB mutations in
ular show a striking reduced penetrance (28–30),
ight contribute more significantly to this disease
as previously been realized.
etiologic relationship between hereditary syndromes
igh-altitude paragangliomas remains completely
lored, and the clear environmental component to
tumors has also received little attention. Here, we
t suggestive evidence that a gene-environment inter-
is strongly modifying the tumor phenotype. Due to
advances in the field (9), such a gene-environment
ction now has a highly plausible molecular basis,
he study of the molecular mechanisms underlying
ltitude paragangliomas might provide insights rele-
o the study of solid tumors in general.
e, we describe a family with two cases of HN-PGL,
ing a male with bilateral tumors, originating and
nt in Mexico at elevations of between 1,560 and
anglioma to mutations of the SDH genes.

rials and Methods

ts
family was referred to the Hospital de Especiali-
CMNO, IMSS, Guadalajara, Jalisco, Mexico, by the
physician. All individuals tested provided informed

nt. Tumors were classified following the system of
blin et al. (31). DNA extraction from whole blood
arried out using the procedure by Miller et al.
The SDHD and SDHB genes were amplified by
sing standard procedures, and primer sequences
ailable on request (purchased from Sigma-Genosys).
encing was carried out on an ABI 3730 DNA
ncer (Applied Biosystems), and was analyzed using
ion Surveyor (SoftGenetics). Mutations are described

ordance with the recommendations of the Human
me Variation Society.
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nohistochemistry
rmalin-fixed, paraffin-embedded tumor block was
ble from patient 2 and sections were stained with
using standard methods. SDHB immunohistochem-
as carried out as described (33) using the primary

dy against SDHB, rabbit polyclonal HPA002868 due to

borin
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; Sigma-Aldrich, Corp.).

lts

y
Mexican family originating and still resident in
lajara, Jalisco State, two of four offspring in genera-
developed carotid body paraganglioma (Fig. 1). The
f Guadalajara lies 1,566 m above sea level, and pa-
has also been a long-time resident of Mexico City,
d at 2,240 m above sea level. The parental genera-
ad no symptoms which would indicate the presence
aganglioma. All nonaffected living descendants cur-
have no suspicious symptoms.

ts
ent 1, a female, currently 68 years of age (Fig. 1, II-1),
ated and is currently resident in Guadalajara, where
ed until the age of 28. She thenmoved toMexicoCity,
there for 25 years, before returning to Guadalajara.
patient presented at age 67 with bilateral carotid
tumors, with a previous history of ovarian cancer
ars of age). Presentation was preceded by a 1-year pe-
f clear symptoms including dysphonia, dysphagia,
redominantly right-sided preauricular pain. Angiogra-
f the supra-aortic trunks revealed bilateral carotid
tumors. Prior to excision, computer tomography
d a right-sided tumor of 6 × 5 cm and a left-sided tu-
f 3 × 2 cm. The patient was operated on to remove the
tumor (Shamblin III), which showed an extension to

ropharyngeal area, with a malignant appearance. The mutat

living
in ex
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th and XIIth cranial nerves, resulting from the large
f the original lesion. The tumor showed a remarkably
ssive growth pattern and within 2 months had re-
to the extent seen in Fig. 2B. Despite five sessions
iotherapy, the volume of the tumor increased, and
continuous weight loss and compression of neigh-

g structures, tracheostomy andgastrostomywere done.
cond patient, currently 65 years of age (Fig. 1, II-2)
e brother of patient 1, also originating and still resi-
n Guadalajara, had a history of systemic arterial hy-
sion over the previous 10 years. He presented with
ateral left-sided cervical mass located in the carotid
that he first noticed at the age of 59, and which devel-
over a 5-year period. Angiography of the supra-aortic
revealed a classic image (Fig. 2C) resulting in a diag-

of a left-sided carotid body paraganglioma. The patient
perated to remove the tumor (Shamblin III), which
d mild nuclear atypia and infiltrated the capsule.
cond female in the family, 61 years old, is currently
cted (Fig. 1, II-3). She had an unremarkable medical
y including only glaucoma, and hysterectomy due to
e fibroids. Recent investigations revealed no evi-
of a tumor in the head and neck, abdominal, and/
racic regions.
final sister is deceased, at the age of 39, due to lung

r (Fig. 1, II-4). She had five children and six grandchil-
who are all currently healthy andhave not been tested.
three living members of generation II have under-
abdominal and thoracic computer tomography
ing to detect occult extra-adrenal PGLs and pheo-
ocytomas. None were found.

ion analysis
ause this family presented with HN-PGL, they were
lly suspect for mutations of the SDHD gene. No
tions were found in any of the individuals. The
gene was subsequently analyzed. A pathogenic

ion was identified in the SDHB gene in all three
individuals of generation II. A missense mutation
on 7, c.689G>A, leads to the protein change p.
0His (Fig. 3A). Arg230 is a highly conserved amino
showing 100% identity between Homo sapiens and
s bacterial species including Escherichia coli, Bacillus
s, and Vibrio cholerae (Fig. 3B). SIFT (34), PolyPhen
and Pmut precalculated (36) analyses all indicate
his is a pathogenic variant. This conclusion is also
rted by previous reports of this mutation as a cause
th HN-PGL and malignant sPGL, and that this same
e is also mutated to Cys, Gly, and Leu in other pa-
with HN-PGL (37).

nohistochemistry
rmalin-fixed, paraffin-embedded tumor block was
ble from patient 2 and was used for H&E staining
ess the morphology of the tumor. This revealed his-
distinctive for paragangliomas, with clustering of
cells in typical cell nests surrounded by sustentacular
t suffered neurologic complications due to injury of

Pedigree of the Mexican SDHB p.Arg230His family. Three
als in generation II tested positive as indicated by the plus signs.
al bar indicates deceased individuals. Symbols containing
nd a rich microvasculature (Fig. 4A).
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as recently been shown that SDHB immunohisto-
istry on routine formalin-fixed, paraffin-embedded
angliomas and pheochromocytomas could reveal
esence of SDHB, SDHC, and SDHD germ line muta-
with a high degree of reliability (33). We wished to
m this finding regarding the specific mutation here
o examine whether a high-altitude paraganglioma

howed absence of the SDHB protein. As seen in cause

Upper panel, mutation of exon 7 of SDHB (arrow): c.689G>A, p.Arg230His (p.R23
ces. The highlighted residues show 100% conservation (JalView). Arrow, Arg230

acrjournals.org

American Association Copyright © 2010 
clincancerres.aacrjournals.Downloaded from 
HB tumor, whereas it was very strong in a non-
PGL (Fig. 4C). This is a typical pattern for a tumor
ng a mutation of the SDH genes (33).

ssion

ilial HN-PGL is a rare condition with a genetic

related to gene mutations of SDHB, SDHC, and
B and C, staining of SDHB is virtually absent in SDHD. Identification of mutation carriers allows increased
A, supra-aortic trunk
c of patient 1 prior to
. B, computer tomography
patient 1 2-mo post-
showing significant growth
ht-sided carotid body
nglioma (42.7 × 52.1 mm).
ography of the carotid body
nglioma of patient 2
g a characteristic bulb-like
0H). Lower panel, ClustalW2 multiple protein alignment of SDHB
(H. sapiens) or Arg193 (E. coli).
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llance, and the early detection and treatment of
rs. This potentially allows a reduction in the inci-
of surgical morbidity, which is related to the size

xtent of the tumor, which may be particularly signif-
in patients living at high altitude.
ent 1 in our study experienced an aggressive recur-
umor, with a striking growth rate and a volume al-
equivalent to the original tumor within 2 months
ision. The only published study to address the
h rate of HN-PGL showed an indolent growth pat-
ith a mean doubling time of 4.2 years (38).

ugh little is currently known of the recurrence pat-
f these tumors, Elshaikh et al. noted a median time
urrence of 36 months (range, 13-350) but without
ying the extent of the recurrence (39). Interestingly,
nt study described a case of a child with paraganglio-
o had previously resided for a number of years at an
ed altitude and experienced a period of rapid tumor
h during a return visit at high altitude (∼1,500 m;
). Both this case and our patient 1 suggest that tu-
under conditions of low oxygen might display an al-
growth pattern. The genetic predisposition of our
ts is the main explanation for their paragangliomas,
e growth pattern of the recurrent tumor in patient 1
gestive of a modifier role for altitude in this tumor.
tudy of additional high-altitude tumors will allow
ssible role of altitude in growth behavior to be eval-
. The close relationship of the mechanisms of hypox-
the “pseudo-hypoxic” phenotype of SDH-related

suggest that strong gene-environment interactions
occur in SDH cases at high altitude. Although this
eed suggested by patient 1 of this study, further care-
vestigations are needed to confirm this observation.
relationship of several important facets of paragan-
a tumorigenesis to solid tumors in general has
highlighted by recent studies. Much current interest
s on the role of hypoxia in PGL, the so-called
do-hypoxia,” resulting from the inhibition of SDH

. C, positive control tissue indicating normal SDHB staining.
e activation of HIF-1. HIF-1 is a transcription fac-
mplex and key factor in the cellular response to

in rec
duced

ancer Res; 16(16) August 15, 2010

American Association Copyright © 2010 
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ia (41), and when stable, leads to increased tran-
on of a battery of genes that mediate an adaptive
se to reduced oxygen. The inappropriate activation
F-1 might play a role in SDH paraganglioma. The
tion of HIF-1 under acute environmental hypoxia
eds rapidly but little is currently known about the
of sustained, chronic hypoxia on the activity of
in the carotid body (42); therefore, its possible

n the etiology of high-altitude tumors remains to
plored. Equally, other proposed mechanisms of
umorigenesis might also be related to high altitude,
ing inhibition of developmental apoptosis (43),
daptations in the metabolism of tumors known
Warburg effect (44, 45).

triking aspect of the epidemiology of high-altitude
angliomas is the sex-dependent risk for development
se tumors, with an 86% to 96% female predomi-
(22, 25, 46), contrasting with the ∼50:50 ratio seen
-altitude studies (47). Various explanations have
advanced for this female predominance, including
ed pulmonary capacity in females, periodic blood
ue to menstrual bleeding (25), or a genetic predispo-
in Latin populations (46). Alternatively, it might be
d to generally lower hematocrit levels in females (36-
n adult females and 41-54% in adult males), work-
echanistically through a relative iron deficiency, as
as been shown to directly regulate SDHD (Sdh4)
in yeast (48), and to be an essential cofactor for

, again suggesting a possible mechanistic link with
defects.
apparent altitude-dependent bias in gender ratios
5, 46) might be attributable to the greater role of he-
in low-altitude series, as the female/male ratio in
milial, mutation-negative HN-PGL is rather similar
:1 (47, 49).
atively fewer familial cases are seen in Latin series,
might argue for a predominance of cases due to en-
ental hypoxia. Equally, evidence has accumulated
Paraganglioma of patient 2 (A and B). A, H&E staining, tumor composed of tumor nests (so-called “Zellballen”) separated by a fibrovascular network.
B immunohistochemistry showing negative tumor cells and positive (granular) staining in the normal cells of the intratumoral fibrovascular
ent years suggesting that SDHB mutations show re-
penetrance, leading to a sporadic-like presentation
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0); hence, the contribution of SDHB mutations to
ltitude HN-PGL/sPGL could be significant.
r understanding of the etiology of paraganglioma
own major advances in recent years and several
elling hypotheses are currently under active investi-
. Clearly, both genetic and environmental factors
a role in these tumors. The molecular basis of
ia-driven high-altitude paragangliomas remains un-
n but recent advances suggest several interesting ave-
f investigation. We anticipate that our identification
enetic basis for some cases of high-altitude paragan-
a might help revive the long-neglected study of
ltitude paragangliomas, leading to both valuable
l insights into PGL syndromes and further knowl-

of common mechanisms of relevance to a wide Rece

ne BG, Aykin-Burns N, Smith BJ, et al. Mutation of succinate de-
rogenase subunit C results in increased O2.-, oxidative stress,
genomic instability. Cancer Res 2006;66:7615–20.
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