Hum Genet (2003) 113 :228-237
DOI 10.1007/s00439-003-0969-6

ORIGINAL INVESTIGATION

Kristin Astrom - Joel E. Cohen - Joan E. Willett-Brozick
Christopher E. Aston - Bora E. Baysal

Altitude is a phenotypic modifier in hereditary paraganglioma type 1:
evidence for an oxygen-sensing defect

Received: 10 March 2003 / Accepted: 1 May 2003 / Published online: 17 June 2003

© Springer-Verlag 2003

Abstract Hereditary paraganglioma type 1 (PGL1) is char-
acterized by slow-growing and vascularized tumors that
often develop in the carotid body (CB) and is caused by
mutations in the gene for succinate dehydrogenase D
(SDHD) of mitochondrial complex II. The mechanisms of
tumorigenesis and the factors affecting penetrance and ex-
pressivity are unknown. Because chronic hypoxic stimu-
lation at high altitudes causes sporadic CB paragangliomas,
it has been hypothesized that the SDHD gene product may
be involved in oxygen sensing. On this background, we
examined genotype-phenotype-environment relationships
and tested whether higher altitudes adversely affect the phe-
notype in PGL1. An analysis of 58 subjects from 23 fam-
ilies revealed that nonsense/splicing mutation carriers de-
veloped symptoms 8.5 years earlier than missense muta-
tion carriers (P<0.012). We also found that subjects who
were diagnosed with single tumors at their first clinical
evaluation lived at lower average altitudes and were ex-
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posed to lower altitude-years than those with multiple tu-
mors (P<0.012). Pheochromocytomas developed in six sub-
jects (approximately 10%), five of whom had nonsense
mutations (P=0.052). Subjects with pheochromocytomas
also lived at higher average altitudes and were exposed to
higher altitude-years than those without them (P=0.026).
To test whether altitude is also associated with the more
frequent detection of germ-line founder mutations among
sporadic cases in The Netherlands than in the USA (P=
0.00033), we calculated population-weighted elevations of
the two countries. We found that the population-weighted
elevations were approximately 260 m for the US and 2m
for the central-western Netherlands (P~0), where three
Dutch founder mutations were discovered. This finding
suggests that low altitudes in The Netherlands reduce pen-
etrance and relax the natural selection on SDHD muta-
tions. Collectively, these data suggest that higher altitudes
and nonsense/splicing mutations are associated with phe-
notypic severity in PGL1 and support the hypothesis that
SDHD mutations impair oxygen sensing.

Introduction

Hereditary paraganglioma (PGL) is characterized by the
development of highly vascularized, slow-growing tumors
that often develop in the head and neck region. PGL tu-
mors derive from paraganglia, a diffuse neuroectodermal
system distributed throughout the body. Paraganglia play
important roles in organismic homeostasis against hypoxia,
bleeding, cold, and hypoglycemia. The carotid body (CB),
a highly specialized paraganglion located at the bifurca-
tion of the common carotid artery, senses acute hypoxia
and stimulates the cardiopulmonary system (Gonzalez et
al. 1994). The CB in the head and neck region and the
adrenal medulla in the abdomen are the two most com-
mon PGL tumor locations (Baysal 2002).

Mutations in the genes for succinate dehydrogenase B
(SDHB), C (SDHC), and D (SDHD), which encode three
of the four subunits of mitochondrial complex II (MTCII;
Lancaster 2002), have been linked to the pathogenesis of



PGL. SDHD was the first gene to be identified with PGL1
at 11923 by positional cloning (Baysal et al. 2000). The
transmission of SDHD mutations displays a parent-of-ori-
gin effect. The disease phenotype occurs in an age-depen-
dent autosomal dominant fashion after paternal transmis-
sion, whereas after maternal transmission, no disease phe-
notype is seen, suggesting the operation of genomic im-
printing at the PGLI locus (van der Mey et al. 1989). The
genomic imprinting rule in disease transmission has not
been violated in any PGLI-linked pedigree (Heutink et al.
1992; Baysal et al. 1997, 1999), although the molecular
basis of imprinting is as yet unknown: SDHD shows bial-
lelic expression in several tested tissues (Baysal et al. 2000).
The germ-line loss-of-function mutations in the paternal
SDHD allele followed by somatic loss of heterozygosity
(LOH) in the maternal allele suggests a tumor suppressor
role for MTCII in paraganglionic cells (Baysal et al. 2000;
Taschner et al. 2001). Mutations in SDHC (PGL3) and
SDHB (PGL4) have subsequently been discovered in other
paraganglioma families by direct candidate gene analyses
(Niemann and Muller 2000; Astuti et al. 2001b). A joint
analysis of the three PGL susceptibility genes in subjects
with head and neck paragangliomas (HNPs) indicates that
SDHD is the most commonly mutated gene (Baysal et al.
2002). A locus at 11q13 (PGL2) mapped in an extended
Dutch pedigree could not be confirmed in independent
pedigrees (Mariman et al. 1993). Mutations in SDHB and
SDHD are also frequently detected in families and indi-
viduals who primarily present with pheochromocytomas
(PHEOSs; Astuti et al. 2001a; Gimm et al. 2000; Neumann
et al. 2002). Whether there is a genotype-phenotype rela-
tionship in any of the PGL loci is unknown.

The population genetics of PGL1 shows peculiar char-
acteristics. A large number of PGL1 families have been
reported from The Netherlands. Following the initial link-
age mapping to 11923 in a large Dutch pedigree (Heutink
et al. 1992), ten more families who share an ancestral hap-
lotype and who lived within a 40-km radius of the city of
Leiden have been described (van Schothorst et al. 1998).
After the discovery of PGLI as the SDHD gene, two
SDHD founder mutations, D92Y and L139P, were identi-
fied in a total of 50 familial and nonfamilial Dutch para-
gangliomas in one study from Leiden (Taschner et al.
2001). More recently, an L95P mutation has also been de-
tected in nine Dutch subjects from the city of Rotterdam
(Dannenberg et al. 2002) and one family from Nijmegen
(Cremers et al. 2002), suggesting the presence of a third
Dutch founder mutation. Together, these three studies de-
scribe 83 “unrelated” PGL1 families and subjects attribut-
able to three founder mutations in the central and western
parts of The Netherlands, in stark contrast to the 25 dis-
tinct SDHD mutations (reviewed in Baysal 2002) reported
thus far among 43 independent familial and nonfamilial
cases from the USA (Baysal et al. 2000, 2002; Milunsky et
al. 2001), Australia (Badenhop et al., 2001), England (As-
tuti et al. 2001a), Germany/Poland (Neumann et al. 2002),
France (Gimenez-Roqueplo et al. 2001), Spain (Cascon et
al. 2002), and Belgium (Renard et al. 2002). The only
PGL1 founder effect suggested outside of The Nether-
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lands is P81L, detected in several US families (Baysal et
al. 1999). However, P81L is evidently a recurrent muta-
tion (Baysal et al. 2002), and so it is unclear what portion
of these US families represents the descendants of a single
founder or is a consequence of de novo mutations. The
clustering of three of the four SDHD founder mutations in
the central-western Netherlands is intriguing.

Furthermore, a high proportion of nonfamilial (isolated
case) paragangliomas in The Netherlands carries a founder
mutation. Thirty-three of 93 nonfamilial subjects (~35%)
with HNPs had one of the three Dutch founder mutations
(Dannenberg et al. 2002; Taschner et al. 2001). However,
unsuspected SDHD germ-line mutations were uncovered
only in two of 37 nonfamilial subjects (~5%) with HNPs
in a US sample (Baysal et al. 2002), revealing a highly
significant difference in the number of nonfamilial para-
ganglioma cases caused by occult germ-line SDHD muta-
tions between the two populations (a comparison of muta-
tion positive and negative nonfamilial cases by Fisher’s
exact test reveals a two-sided P-value of 0.00033). The
reasons for this striking difference are unknown.

The increased incidence of paragangliomas in humans
and other mammals living at very high altitudes (4,000 m
above sea level) in the Andean mountains (Arias-Stella
and Valcarcel 1976) and the subsequent confirmation of
hypoxia as a proliferative factor for CB chief cells (re-
viewed in Baysal 2001) establish chronic hypoxia as a
risk factor for sporadic paragangliomas. On the basis of
these observations and the phenotypic similarity between
sporadic paragangliomas and PGL1, it has been hypothe-
sized that mutations in SDHD disrupts oxygen sensing in
the CB and leads to tumor formation, thus effectively mim-
icking the pathogenesis of sporadic tumors at high alti-
tudes (Baysal et al. 2000). In accord with this hypothesis,
a PHEO tumor associated with an SDHD mutation was
shown to express hypoxia-inducible factors at higher con-
centrations than those found in three sporadic counter-
parts (Gimenez-Roqueplo et al. 2001). Nevertheless, para-
ganglionic tissues are known to be hypoxia-responsive
(Gonzalez et al. 1994), but whether oxygen sensing is de-
fective in PGL1 is unknown. A testable prediction of this
hypothesis is that atmospheric oxygen pressure, which is
primarily determined by geographical elevation, would sig-
nificantly modify genotype-phenotype correlation in PGLI
such that higher altitudes would be associated with a more
severe phenotype.

To investigate genotype-phenotype-altitude relation-
ship on PGLI disease expression, we determined pheno-
typic characteristics and residential altitudes of 58 af-
fected or at-risk carrier subjects ascertained from 23 unre-
lated families with established SDHD mutations. To ex-
plore further whether altitude plays a role in the frequent
occurrence of Dutch founder mutations among nonfamil-
ial cases in The Netherlands, we performed a comparative
analysis of population-weighted altitudes of the central
and western parts of The Netherlands, where founder ef-
fects have been detected, vis-a-vis the USA. Altogether,
these findings indicate that the phenotypic expression and
the population genetics of PGLI are influenced by alti-
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tude and provide evidence for gene-environment interac-
tion in tumor development.

Materials and methods

Subjects, families, and mutation analysis

The subjects in this study belong to the PGL families recruited
through the University of Pittsburgh Paraganglioma Program. The
recruitment of the subjects was approved by the IRB review com-
mittee of the University. A total of 58 affected subjects from
23 families were analyzed. Lifetime analyses were performed on
57 subjects, lifetime residential data being absent for one subject.
All SDHD mutation carrier subjects whose residential and clinical
information could be obtained were included in the analysis. Twenty-
one families were recruited from the US, one was from Canada,
and one was from Turkey. Mutation analysis was performed by di-
rect sequencing on an ABI377 automated sequencer with previ-
ously described primers and conditions (Baysal et al. 2000).

Data collection and analysis
Subjects

Phenotypic data were collected from multiple sources including
physician and genetic counseling reports, clinical notes, pathology
reports, telephone interviews, and mail surveys. Regardless of
clinical status, surveys were sent to all members of PGL families
who had SDHD mutations, and who had previously given consent
for the study, to ensure confidentiality and to protect those who did
not know their risk status. Only data from affected and carrier in-
dividuals were used in the study. The phenotype data collected
through the surveys included simple measurements of phenotypic
severity, such as tumor number, distribution, malignancy, age at
symptom onset, and age at clinical diagnosis. Data concerning the
locations where the participants had lived for more than 6 months
were also collected. To corroborate the self-reported clinical infor-
mation through independent sources, all participating affected and
at-risk-carrier subjects were asked for their permission for us to
open their medical records or to contact their health providers.
Consequently, a subset of data provided by the subjects could be
independently confirmed for 17 subjects through their medical
records and for 20 subjects through communications with their
physicians and genetic counselors. The confirmation of the clinical
data in a subset of the subjects supported the reliability of the sim-
ple information gathered through the surveys and telephone inter-
views, although we cannot entirely rule out various sources of un-
certainty inherent in medical history collection, such as recall bias.
Review of the available medical records indicated that diverse ra-
diological methods, including arteriography, computer tumogra-
phy scan, and magnetic resonance imaging (alone or in combina-
tion), were used to determine the number and distribution of tu-
mors. Although differential sensitivities of the imaging methods or
the aggressiveness of the clinical workup may have influenced the
number of detected tumors, we assumed that symptomatic and clin-
ically significant tumors were more likely to be detected regardless
of the specific radiological method used. The higher frequency of
paragangliomas in autopsy series in the general population sug-
gests that most asymptomatic paragangliomas are indeed clinically
insignificant (Baysal 2002). In our study, to improve the reliability
of the ascertainment of subjects with multiple tumors at the time of
first diagnosis, individuals who had single tumors at the first clin-
ical examination, and who were diagnosed with additional tumors
within less than 2 years were considered to have multiple tumors at
the time of initial diagnosis. All, except for two subjects with mul-
tiple tumors, were diagnosed in US hospitals.

Residential altitudes

The altitudes of the locations where the subjects lived were ob-
tained from the United States Geological Survey (USGS) national
mapping information databases available at the Department of In-
terior and at Topozone.com. A global gazetteer (available at http://
www.lib.ohio-state.edu/refweb/resources/gazette.htm) was used to
find the altitudes of international locations. Altitudes of three loca-
tions in the US, which were not available in the USGS database,
were determined by telephoning the city hall or airport of the loca-
tions. It is possible that the exact altitudes of the subjects living in
a given location may be different from those indicated in these
databases. However, we assumed that such deviations should be
random in the final analyses of a total of 153 and 168 subject-lo-
cation points reported before the age at clinical diagnosis and dur-
ing the lifetime of the subjects, respectively. Two altitude-expo-
sure variables were derived for each subject: /(#), which is the av-
erage altitude at which a subject lived up to a time point of inter-
est, such as the age at symptom onset (ASO), age at clinical diag-
nosis (ACD), or current age (CA), and A(#)xt, which is the total al-
titude-years of a subject up to a time point of interest, akin to a
measure of cumulative lifetime risk during the life of each subject,
where 4 is altitude, and ¢ is time. Average altitudes were calculated
by converting them first into barometric pressures, which directly
determine atmospheric oxygen pressures. Converting altitudes into
barometric pressure also allows handling altitudes, such as sea
level (zero) or even below sea level. It should be noted, however,
that using altitudes directly, without converting them into baro-
metric pressures, yielded almost identical average altitudes (data
not shown).

To convert the altitude of each geographic location to baromet-
ric pressure, we used the Model Atmosphere equation: PB=
expl0-:03268-0.11121-0.00149(x)] " ywhere PB is barometric pressure in Torr,
h is altitude in kilometers, and exp refers to the natural logarithm
exponential function (West 1996). Although latitude and season
can also locally modify barometric pressures, this formula provides
a highly reliable estimate especially at altitudes below 2km, at
which all subjects in this study resided. Total barometric pressure,
BP(#)- a1, to which a subject was exposed until ¢, a time point of
interest in a subject’s life, was calculated by summing the baro-
metric exposures times, viz., the years spent in each location, i.e.,
sum(Torrxyear). The BP(f)-,, was then divided by ¢, age (in
years) at the time point of interest in a subject’s life, to find the av-
erage barometric pressure, BP(¢), exposed. BP(¢) was then con-
verted back to average altitude, A(f), by solving the quadratic
Model Atmosphere equation (see above) for 4. The value of A(r)
corresponds to an altitude that would deliver an equal amount of
barometric pressure if the individual had lived in the same place
until 7, the time point of interest in a subject’s life. The other vari-
able, the total altitude-year, h(f)xt, was derived simply by multi-
plying the average altitude, /(¢), by the time point of interest in a
subject’s life (¢ in years). Because this parameter includes both av-
erage altitude, /(7), and the time, (#), spent at that altitude, it re-
flects individual differences in total barometric exposures within a
sample more accurately than A(r) alone.

Comparison of population-weighted altitudes
of the US and The Netherlands

Population data were extracted from the Gridded Population of the
World version 2 (GPW2) data set available through CIESIN at Co-
lumbia University (http://sedac.ciesin.columbia.edu/plue/gpw/index.
html, accessible through www.ciesin.org). For the present calcula-
tions, we used a matrix containing 153,815 rows, one for each low-
est-level administrative unit or subunit for which the population
was known or could be estimated for 1990, and four columns.
Columns 1 and 2 gave the longitude (x-coordinate) and latitude (y-co-
ordinate) in signed decimal degrees, with Greenwich as zero lon-
gitude and the equator as zero latitude, of the centroid of each ad-
ministrative unit or subunit. Column3 gave the estimated 1990
population. The total population in column 3 was 5.18 billion. Dr.
Christopher Small, Lamont Doherty Earth Observatory of Colum-



bia University, provided column4, which gave the elevation (in
meters above mean sea level) of each centroid (for methods and el-
evation data sources, see Cohen and Small 1998).

We approximated the USA and the central western region of
The Netherlands by rectangular boxes of longitude and latitude.
Each box contained all data units for which the centroid fell on or
within the boundaries. Thus, a portion of the area and population
of some of the data units located near a boundary may have fallen
outside of the box. As the administrative units or subunits were
very small compared with the size of each box, the effect of data
units overflowing the boundaries of the box was probably negligi-
ble. No greater precision in reporting these estimates is justified in
light of the uncertainty of the underlying data on population, ele-
vation, and the boundaries of the relevant regions.

For each box, the population-weighted mean elevation
(mean_elev) was computed as the sum (over all administrative
units in the box) of the population (ppn) multiplied by the eleva-
tion of each unit (elev), the sum being divided by the total popula-
tion in the box. Symbolically, mean_elev=sum(ppnxelev)/sum(ppn).
The population-weighted standard deviation of elevation (sd_elev)
was computed as the square root of the difference between the
mean squared elevation and the squared mean elevation. Symbol-
ically, sd_elev=(sum(ppnxelev?)/sum(ppn)—mean_elev?)'’?. Here,
“sum” means a summation over all data units with a centroid
falling in or on the boundaries of the box.

Statistical analyses

Because of the relatively small sample sizes of the PGL1 patients
and the known non-normal distribution of population by altitude
(Cohen and Small 1998), we followed a conservative approach and
used nonparametric methods for statistical testing: Fisher’s Exact
test for discrete counts, and Mann-Whitney U tests for continuous
variables such as altitude. We also calculated the standard error
(SE) of the mean for the continuous variables. The nonparametric
Mann-Whitney U test, used in the comparison of altitude and alti-
tude-year differences, depends on ranking and is thus less sensitive
than, for example, a 7-test, to the extreme values.

Results

PGL1 subjects and the mutations

The 58 individuals analyzed come from 23 families with
SDHD mutations. The mutational status of 14 families has
previously been described, whereas nine of them are first
described here (Table 1). The families had a total of nine
distinct mutations: two missense, siXx nonsense, and one
splice site mutation. All mutations co-segregated with the
disease phenotype and were not observed in at least 200
control chromosomes. The maternal imprinting rule was
not violated in any of the new families: all observed dis-
ease transmissions occurred in father-child pairs. Thirty-
three subjects had P81L and H102L missense mutations.
The remaining 25 subjects had diverse mutations including
IVS2-1G—T, a splice site mutation that causes skipping of
exon 3 (Renard et al. 2003), and nonsense mutations Q36X,
R38X, W43X, H50fsX68, Q109X, and L.128fsX134. The
two missense mutations, P§1L and H102L, are predicted
to yield a complete cybS protein of 159 amino acid with
only a single amino acid residue change. Enzymatic stud-
ies in Caenorhabditis elegans (Ishii et al. 1998) and hu-
mans (Gimenez-Roqueplo et al. 2001) suggest that, whereas
missense variants of regulatory subunits of MTCII retain
the ability to be incorporated into the heterotetrameric com-
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Table1l Kindreds and genotypes of 58 subjects. Pedigrees
PGLO020 and PGLO033 originated from Turkey and Canada, respec-
tively

No. Pedigree = Mutation Protein No. in the study/
ID cDNA total no. affected
in the pedigree
13 PGL0OO1 c.112C—>T R38X 177
2° PGL0O03 ¢.305 A>T  HI02L 4/11
3> PGLO05 ¢.242 C—>T PS1L 1/15
4> PGLO07 ¢.242 C>T PS1L 5/9
5% PGL008 c¢.106 C—T Q36X 10/26
6°> PGLO11 c¢.112C—>T R38X 5/9
7 PGL020 c.147-148insA H50fsX68 1/2
8 PGL021 ¢.242 C>T PS1L 1/7
o PGL024 ¢.242 C>T PS1L 6/7
10® PGL026  ¢.242 C>T PS1L 5/7
112 PGLO27  ¢.381-383delG L128fsX134 1/3
12 PGLO30 c.242 C>T PS1L 2/2
13 PGL031 ¢.242 C>T PS1L 1/2
14 PGLO33  ¢.242 C>T PS1L 1/4
15 PGL034 c¢.242C—>T PS1L 2/5
16 PGLO035 c.129 G>A  W43X 5/13
17 PGLO41 c.242C->T P81L 1/2
18 PGL044 c.242 C>T P81L 1/2
19 PGL045 IVS 2-1G—T Aberrant splicing 1/3
20* PGLSp52 ¢.242 C—>T PS1L 1/6
212 PGLSpS9 c¢.242 C->T PS1L 1711
228 PGLSp64 c¢.325 C->T Q109X 12
23* PGLSp77 c¢.242 C—>T P81L 12

aMutations described in Baysal et al. (2002)
"Mutations described in Baysal et al. (2000)

plex, nonsense/splicing variants lead to the dissolution of
the whole MTCII. The nonsense/splicing mutations are
predicted to produce severely truncated/deleted and func-
tionally null proteins. Furthermore, Q36X, R38X, W43X,
and H50fsX68 mutations affect the mitochondrial signal
peptide and are predicted to code for the absence of the
mature protein.

The most common mutation, P81L, was present in 14
of the 23 (~61%) families. P§1L has been implicated both
as a founder and a recurrent mutation among the US fam-
ilies (Baysal et al. 2002). Joint haplotype analyses of
P81L-carrying families indicated that mutations in fami-
lies PGLOOS, PGL33, PGLSp77, PGL44, and PGLSp59
occurred on haplotypes distinct from the founder haplo-
type (data not shown), thus suggesting independent ori-
gins in five of 14 families (~36%). The remaining nine
P81L families carried the founder mutation (~64%).

Phenotype at first clinical diagnosis
Tumor multiplicity
The phenotype at the first clinical diagnosis was assessed

by analysis of tumor multiplicity at ACD and by ASO.
The variables tested for their effects on tumor multiplicity
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Table2 Tumor multiplicity
versus altitude at the first diag-
nostic evaluation (mean + SE)

Non-parametric (NP) tests,
one-sided, comparing “0-1 Tu-
mor” with “Multiple tumors”

0—1 Tumor  Multiple All NP
(n=26) tumors (n=58) P-value?
(n=32)
Age at symptom onset [ASO] (years) 32.612.9° 29.0+2.1 30.6x1.7° 0.25
Age at clinical diagnosis [ACD] (years) 33.8+£2.8 34.5£2.2 34.2+1.7 0.30
Altitude [h(ACD)] (m) 200.9+£22.0  452.8+80.0 340.0+47.8 0.0487
Altitude-year [h(ACD)XACD] (m X year) 6,564+922 15,625+£2,774 11,585+1,682 0.0117
Missense/nonsense-splicing 16/10 17/15 33/25 0.35

YExcluding one subject without
tumor

and ASO were mutation class (nonsense/splicing and mis-
sense), average altitude, and total altitude-years that the
subjects were exposed to until ACD or ASO. The clinical
diagnoses of all subjects were made at an average age of
34.2 years (range: 8—60 years; Table 2). Thirty-two subjects
had multiple tumors (range: 2-5, median=2, mean=2.5),
25 had single tumors, and one at-risk carrier subject did
not have any tumors at their first clinical evaluation. Of
all detected paraganglioma tumors, CB tumors were the
most common tumor type (~66%), followed by jugular
(~7.5%), vagal paragangliomas (~5.6%), PHEOs (~5.6%),
tympanic (3.7%), and other head and neck paraganglio-
mas (~11%). Unilateral or bilateral carotid body tumors
were present in 84.5% of the subjects.

Because PGL1 shows an age-dependent penetrance
(Heutink et al. 1992), we asked whether differences in ACD
explained why some subjects had single tumors, whereas
others had multiple tumors. A comparison of ACD showed
no significant difference between the groups with single
or multiple tumors (Table 2). Thus, differences in ACD
did not explain why multiple tumors were detected in cer-
tain subjects. An analysis of mutation type revealed that
the number of missense and nonsense/splicing mutations
were comparable between the groups with single tumor and
multiple tumors, suggesting that mutation type did not af-
fect tumor multiplicity either (Table 2). Because high alti-
tude was implicated in the pathogenesis of sporadic tu-
mors, we compared the average altitudes, #(ACD) with a
range of 23 m to 1,382 m, between the groups with single
and multiple tumors. We found that each subject lived at,
on average, 2.6 (median=2, range: 1-8) different geo-
graphical locations for an average duration of 13 years
(range: 0.5-60) per location by the ACD. Analyses of
h(ACD)s revealed that subjects who had multiple tumors
lived at significantly higher altitudes prior to their first di-
agnosis than the group with single tumors (Table 2). The
difference was more significant when the comparison was
made by using total altitude-years, /(ACD)x<ACD, until
first clinical diagnoses, suggesting that total altitude-years
was a better predictor of developing multiple tumors.

Age at symptom onset

ASO did not differ significantly between the single-tu-
mor- and multiple-tumor-harboring subjects at first clini-
cal diagnosis (Table 2), suggesting that subjects with mul-
tiple tumors were not more likely to have an earlier symp-
tom onset. We also tested whether altitude could affect the
ASO and found only a weak negative correlation between
the average altitude lived until the ASO, #(ASO), and the
ASO (estimate for the Pearson coefficient of correlation,
r=—0.124, P=0.178, one-sided). These results suggested that
altitude, which influences tumor multiplicity significantly,
did not have a statistically significant effect on ASO.

To test the effect of mutation class on ASO, we com-
pared the missense- and nonsense/splicing-mutation-har-
boring groups. This analysis revealed that subjects with
nonsense/splicing mutations developed symptoms 8.5 years
earlier than did those with missense mutations (Table 3),
revealing a significant difference. The earlier ASO in the
nonsense/splicing mutation carriers also led to their clini-
cal diagnosis at significantly earlier ages. The average al-
titude that the subjects lived at until ASO, h(ASO), was
not different between the missense and nonsense/splicing
mutation carriers, suggesting that altitude was not a sig-
nificantly confounding factor in the observed difference
in ASO between the nonsense/splicing and missense mu-
tation carriers.

Lifetime phenotype
Tumor multiplicity

Analyses of the lifetime phenotypic data available for 57
subjects revealed that 14 subjects who had single tumors
at their first clinical diagnoses went on to develop addi-
tional tumors later in life. The additional tumors were clin-
ically detected on average 10.1 years (range: 2-21 years)
after discovery of the first tumor. However, 12 other sub-
jects, including the one asymptomatic subject, did not de-

Table3 Mutation type and age
at symptom onset (mean + SE)

aNon-parametric Mann-Whit-

ney U test, two-sided, compares
the “Missense” and “Nonsense”
groups
YExcluding one subject without
tumor

Missense Nonsense/ All NP
(n=33) splicing (n=58) P-value?
(n=25)
Age at symptom onset (years) 34.3+2.20 25.8+2.6 30.6%1.7° 0.0118
Age at diagnosis (years) 37.8%2.1 29.5+2.7 34.2+1.7 0.017
Average altitude [h(ASO)] (m) 272.4+42.0° 421.9£97.4 338.0+49.3° 0.71
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Table4 Altitude and tumor

multiplicity in lifetime (mean + 0-1 Tumor Multiple All NP
SE) (n=12) tumors (n=57) P-value?
(n=45)

Current age (CA) 54.7£6.2 50.8+£2.0 51.6£2.0 0.39
*Non-parametric (NP) P-value,  Altitude [h(CA)] (m) 195.2+31.6  374.1+58.9 336.5+478 0.128
one-sided, comparing the “0-1  Ayityde x year [n(CA)XCA] (mxyear)  9,109+1,280  18,139+2,799 16,237+2,273  0.105
tumor” and “multiple tumor . ..

Missense/nonsense-splicing 7/5 25/20 32/25 0.56
groups
Table5 Altitude and pheochromocytoma and malignancy development in lifetime (mean + SE)

Pheochromo- No pheochromo- NP Malignancy No malignancy NP

cytoma (n=6) cytoma (n=51) P-value? (n=4) (n=53) P-value?
Current age (years) 47.843.5 52.0+2.2 0.27 44.9+1.83 52.1+2.1 0.17
Altitude [h(CA)] (m) 863.2+244.6 274.5+£37.8 0.013 282.4+107.13 340.6+£50.9 0.49
Altitude x year [h(CA)XCA] 42,472+12,220 13,151+1,704 0.026 12,554+4,765 16,515+2,422 0.46
Missense/nonsense-splicing 1/5° 31/20 0.052 3/1 29/24 0.40

Non-parametric tests (NP), one-sided, comparing ‘“Pheochromo-
cytoma” and “No pheochromocytoma” groups, and “Malignancy”
and “No malignancy” groups, respectively

velop further tumors. The 12 subjects who remained with
zero tumor and one tumor in their lifetime continued to re-
side at lower altitudes and were exposed to lower altitude-
years compared with the other 45 subjects who developed
multiple tumors (range: 2—7, mean=3.2, median=3). How-
ever, the differences were not statistically significant
(Table 4). The mutation type, again, did not have an effect
on developing multiple tumors in lifetime.

PHEQO, malignancy, and nonparaganglionic tumors

PHEOs are variable components of the PGL1 phenotype,
and the factors that predispose to their development in
PGL1 are unknown. The lifetime phenotypic analyses re-
vealed development of PHEOs in six subjects (~10.5%).
None of the subjects had PHEOs without the development
of HNPs. Five subjects with PHEOs also had multiple
HNPs, and one had a single HNP. The subjects with PHEOs
were found to live at significantly higher average altitudes
and were exposed to significantly higher altitude-years in
their lifetime than those who did not develop these tu-
mors. There was also a marginally significant association
between nonsense mutations and PHEO development in
PGLI1 (Table 5). Four subjects (~6.9%) developed malig-
nant tumors as evidenced by distant metastasis or local in-
vasion. However, malignancy was not associated with ei-
ther altitude or mutation type. Several subjects also re-
ported as developing nonparaganglionic tumors, including
ependymoma, melanoma, osteoid, and soft tissue tumors,
and uterine fibroids, each of which developed in different
subjects.

bMutations associated with pheochromocytomas include W43X
(n=4), L128fsX134 and P81L

Comparison of population-weighted altitudes
of the US and The Netherlands

We asked whether altitude could also account for some of
the distinct population genetic characteristics of PGL1 in
the central western Netherlands and compared the popula-
tion-weighted altitudes of The Netherlands and the USA.
For the USA, we used two approximations, one (called
USAZ25) in which the lower boundary of the rectangle lay
at 25° north and another (called USA30) in which the
lower boundary of the rectangle lay at 30° north. The
Florida Peninsula and much of northern Mexico were in-
cluded in approximation USA25. Much of northern Mex-
ico, the Florida Peninsula, and the Mississippi Delta were
excluded in approximation USA30. Both approximations
had an upper boundary at 49° north, an eastern boundary
at 67° west, and a western boundary at 125° west. Box
USAZ25 contained 66,204 data units with a total popula-
tion of 276,816,522. Box USA30 contained 61,411 data
units with a total population of 247,495,950. For compar-
ison, the United Nations Population Division estimated, in
1997, that the total population of the USA in 1990 was
254,106,000.

For the central western portion of The Netherlands, we
used a box (called NLD) with a lower boundary at 51.5°
north, an upper boundary at 53.5° north, a western bound-
ary at 3° east, and an eastern boundary at 6° east. Box
NLD contained 425 data units, including Leiden and Rot-
terdam where SDHD founder effects were detected, with a
total population of 10,138,215. For comparison, the United
Nations Population Division estimated, in 1997, that the
total population of The Netherlands in 1990 was 14,952,000.

These calculations revealed that the population-weighted
mean elevation of US in 1990 was approximately 260 m
and that of NLD was approximately 2m (Table 6). For
comparison, in 1994, the median person in the world lived
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Table 6 Population-weighted mean elevations of the US and cen-
tral-western Netherlands in 1990

Box Mean Standard
elevation deviation of
(m) elevation (m)

USA25 262.3 372.8

USA30 258.8 347.1

NLD 2.3 9.4

at an elevation of 194 m above sea level (Cohen and Small
1998). Comparison of the population-weighted mean ele-
vations of the USA and NLD by using the #-test (with un-
equal variances) revealed a P-value that was essentially O
(vanishingly small).

Discussion

We have shown that PGL1 subjects with nonsense/splic-
ing SDHD mutations develop symptoms at earlier ages
than those with missense mutations and that those with
multiple tumors at the time of first diagnosis live at higher
altitudes and are exposed to higher altitude-years. We have
also shown that PHEOs, a variable component of the PGL1
phenotype, preferentially develop in subjects who live at
higher altitudes and who have nonsense/splicing germ-line
mutations. Previously, most individuals and families with
PGL1 and PHEOs have also been found to carry germ-
line nonsense/splicing mutations in SDHD. These muta-
tions include IVS1+2T—G, Al13fs, W5X, C11X, R22X,
S32fs, R38X, and Q121X (Gimm et al. 2000; Astuti et al.
2001a; Neumann et al. 2002). However, these hormone-
secreting tumors have been reported in only three of 120
Dutch paraganglioma patients (Dannenberg et al. 2002; van
Schothorst et al. 1998), who overwhelmingly carry mis-
sense founder mutations. Our analysis of population-weighted
altitudes has revealed unusually low elevations in the cen-
tral western Netherlands, where three PGL1 founder mu-
tations are observed in increased frequency among nonfa-
milial cases. These findings suggest that higher altitudes
facilitate the development of PGL1 tumors, including
PHEOs, and provide a rare example of an environmental
factor that is significantly associated with the penetrance,
the expressivity, and the population genetics of an inher-
ited tumor syndrome. Notably, the VHL gene mutated in
Von-Hippel Lindau syndrome, another cause of heritable
PHEQO:s, is also proposed to function in oxygen homeosta-
sis in the normoxic degradation of hypoxia-inducible fac-
tor 1 alpha (Maxwell et al. 1999). However, to our knowl-
edge, no gene-environment studies for VHL syndrome
have ever been conducted.

To explain the association of tumor multiplicity with
altitude and of the mutation type with age at onset, we
suggest that the cellular proliferation in PGL1 is initially
induced by a defect in oxygen sensing. This defect is ex-
acerbated at moderately higher altitudes, which leads to
an increased number of actively dividing cells and to an
increased likelihood of a second-hit somatic mutation.

Therefore, living at higher altitudes is expected to facili-
tate the development of independent tumor foci that de-
velop clonally following the second-hit mutation. Whereas
the initial pre-second-hit growth of paraganglionic cells
may be dependent more on the environment (hypoxia),
once the second-hit removes the normal nonmutant allele,
the post-second-hit growth rate should be determined pri-
marily by the residual function of the remaining (mutant)
allele. Subsequently, nonsense/splicing mutations that dis-
rupt structural integrity and are predicted to lead to com-
plete dissolution of MTCII may be associated with a faster
post-second-hit growth rate and with an earlier symptom
onset. Thus, two events determine ASO: the timing of the
initial second-hit event, which is influenced by altitude,
and the residual function of the mutant allele following
the second-hit, which is influenced by the inherited muta-
tion type. Because nonsense/splicing mutation, but not al-
titude, is significantly associated with earlier symptom
onset in our subjects, we suggest that the rate of tumor
growth among our subjects is primarily dictated by the
residual function of the mutant allele once the second-hit
somatic mutation occurs.

Our results suggest that higher atmospheric oxygen
pressures and the missense mutations jointly contribute to
the frequent detection of founder mutations in nonfamilial
cases and possibly to the high incidence of PGL1 in The
Netherlands. Genomic imprinting at PGLI may also con-
found the observation of many nonfamilial cases carrying
germ-line founder mutations. The mutations may pass
through maternal lineages over many generations before
the mutation is expressed after a paternal transmission.
However, there is no evidence or rationale to postulate that
such peculiar transmissions are more prevalent in The
Netherlands than in the USA. A more likely explanation
for the observation of significantly higher number of non-
familial cases carrying founder mutations is that they have
at-risk relatives who remain clinically unaffected. Our study
suggests that the very low altitudes in The Netherlands may
significantly delay or prevent the occurrence of second-hit
mutations and that the post-second-hit growth rate would
be slow because of the missense nature of the founder mu-
tations.

Because of the mortality and morbidity associated with
PGLI1 in the reproductive period, as partly evidenced by
the paucity of founder mutations elsewhere in the world,
it is plausible that SDHD mutations are under selective
pressure. Thus, negative selection that acts through the
disease phenotype may be relaxed in The Netherlands be-
cause of reduced penetrance caused by the unusually low
altitudes, leading the Dutch missense founder mutations
to behave like neutral mutations without significant selec-
tive constraints. Although many people around the world
also live at low elevations, altitude variations within coun-
tries are likely to play a role in determining cumulative
hypoxic exposure. For example, when subjects are mobi-
lized, e.g., for professional or touristic reasons, within a
country that shows great variations in altitude, such as the
USA, they will be exposed to the hypoxia of higher alti-
tudes, in proportion to the degree of elevation and the du-
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Fig.1 A highly schematic, hypothetical model for oxygen-sensing
by the mitochondrial complex IT (MTCII) and its disturbance in PGL.
MTCII is composed of four subunits: Fp flavoprotein catalytic sub-
unit encoded by SDHA, Ip iron-sulfur catalytic subunit encoded by
SDHB, cybS the small subunit in cytochrome b encoded by SDHD,
cybL the large subunit in cytochrome b encoded by SDHC. MTCIL
may have two configurations regulated by weak affinity binding of
molecular oxygen by the heme in the cytochrome b. Left The OXY
configuration is associated with reduced reactive oxygen species
(ROS) levels, which might be achieved through two pathways: the
ROS produced by the electron transport chain (ETC) is effectively
removed via reduction of ubisemiquinone (Q~) to ubiquinol (QH,)
by means of the electrons (e-) derived from the oxidation of succi-
nate to fumarate in the Krebs cycle, and/or the complete transfer of
the electrons through MTCII prevents their accumulation in the
flavoprotein and iron-sulfur subunits, which might lead to ROS pro-
duction through chemical interaction with molecular oxygen (Mess-
ner and Imlay 2002). Right In the DEOXY state (hypoxia), the elec-
tron transfer along the axis of MTCII is disrupted (dashed lines)
because of a conformational change depicted symbolically by the
movement of a solid black bar (curved arrow) caused by the disso-
ciation of oxygen, which in turn leads to an accumulation of ROS
through the operation of one or both mechanisms mentioned above.
The increased ROS subsequently activates hypoxia-responsive path-
ways. The SDHD, SDHC, and SDHB inactivating mutations in PGL
are predicted to cause constitutive activation of the ROS-produc-
ing pathways and of the hypoxic pathways, eventually leading to
carotid body (CB) hyperplasia and the development of a tumor.
This simple model is compatible with the existing data from the
genetics of PGL, the C.elegans mev-1 model, and our current study
and also allows for the possibility of other secondary messengers
of hypoxia that may be derived from blockage of the Krebs cycle at
the succinate dehydrogenase step (plaque, hexagon different con-
formations of the putative oxygen-binding heme-domain)

ration of stay, which may trigger neoplastic cell division
in PGLI1. In contrast, low altitudes combined with the
small altitude variations in The Netherlands may not gen-
erate enough cumulative hypoxic exposure to initiate tu-
mor development.
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DEOXY/Inactive State (Hypoxia)

Other messengers of hypoxia
from arrested Krebs cycle?

v

Hypoxic stimulation in the carotid body
-Acute phase : neuronal discharge,

increased respiration rate
-Chronic phase: cellular hyperplasia,
paraganglioma

In addition to altitude, short-term weather fluctuations,
seasonal climatic fluctuations, and geographic fluctuations
(differences between latitudes, differences between conti-
nents and oceans) may influence atmospheric pressure. As
our data pertain to years of exposure, the subjects’ experi-
ences are averaged over short-term weather fluctuations
and seasonal fluctuations at a given place. All subjects
live on land, and so differences between oceans and con-
tinents can also be ignored. However, differences between
latitudes require attention. Our data are drawn from lati-
tudes ranging from 25° or 30° north to 49° north for the
USA and between 51.5° and 53.5° north for The Nether-
lands. According to West (1996), the impact of latitude at
sea level is very small. In July, between 30° north and 60°
north, model atmospheric pressures range over 2 Torr
(from 758 Torr at 60° north to 760 Torr at 30° north). In
January, the range is 6 Torr (from 760 Torr at 60° north to
766 Torr at 30° north). Thus, the annual average varies by
no more than 6 Torr over the range from 30° north to 60°
north, all at zero altitude. Similarly, at 1 km altitude, for the
range from 30° north to 45° north, the range of atmospheric
pressures in January is no more than 7 Torr (from 673 Torr
at 45° north to 680 Torr at 30° north). Thus, in the latitudes
relevant to our study and over the range from sea level to
1km altitude, the annual average atmospheric pressure
does not vary by more than 6 or 7 Torr. In Table 2, the al-
titude for O—1 tumors, namely 200.9 m, corresponds to
742.7 Torr, and the altitude for multiple tumors, namely
452.8 m, corresponds to 722.0 Torr according to the Model
Atmosphere equation. The difference of more than 20 Torr
greatly exceeds the variation in annual averages attribut-
able to latitude in the range relevant to our study. The
same conclusion can be made for the significantly differ-
ent altitudes in Table 5. In summary, we conclude that al-
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titude is the principal factor determining atmospheric pres-
sures exposed to the PGL1 subjects in our study and that
the confounding effects of weather, climate, or latitude are
probably negligible.

If the association of higher atmospheric pressures with
the delayed appearance of PGL1 tumors is confirmed, it
has important implications for the clinical management of
at-risk carrier individuals and for the genetic counseling
of families. Our results suggest that living at low altitudes,
close to sea level, may be associated with a milder pheno-
type. However, it should be emphasized that this associa-
tion is not absolute and that there are PGL1 subjects with
multiple tumors who live at very low altitudes. Thus, ad-
ditional genetic modifiers are likely to play roles in af-
fecting tumor multiplicity. Whether therapeutic exposure
to hyperbaric oxygen could further improve the PGLI
phenotype is unknown and should be first explored in an
animal model.

Because the altitudes associated with multiple tumor
development in PGL1 are not as high as those that cause
sporadic paragangliomas, such as those observed in the
Andean mountains, the paraganglia in subjects with SDHD
mutations are likely to become more susceptible to hy-
poxia-induced tumorigenesis because of the reduced num-
ber of wild-type complex IIs. The lack of disease pheno-
type after maternal transmission (genomic imprinting)
and the observation of LOH targeting the maternal allele
in PGL1 tumors can also be explained if most, but not all,
of cybS is contributed by the paternal allele in human
paraganglia. However, the exact molecular mechanisms
of the way in which cybS could be involved in responding
to altered atmospheric oxygen levels are unknown. A ho-
mozygous loss-of-function mutation in the ortholog of
SDHC, which encodes cybL— (the large subunit of cyto-
chrome b in MTCII) in the C. elegans mev-I mutant, causes
oxygen hypersensitivity, oxidative stress, and premature
aging because of an abundance of reactive oxygen species
(ROS) and leads to lactic acidosis, a finding suggestive of
Krebs cycle impairment (Ishii et al. 1998; Senoo-Matsuda
et al. 2001). These findings suggest that MTCII has a crit-
ical role in the regulation of ROS levels, and that this reg-
ulation is mechanistically linked to the transfer of elec-
trons derived from the oxidation of succinate to fumarate
in the Krebs cycle to ubiquinone. How can these observa-
tions in C. elegans be reconciled with our findings that
higher altitudes facilitate tumorigenesis in PGL1?

According to a mitochondrial model of cellular oxygen
sensing, hypoxia increases mitochondrial ROS levels, which
subsequently activate downstream targets to adapt to hy-
poxia (Chandel and Schumacker 2000). It is plausible that
MTCII is critically involved in the regulation of hypoxia-
induced ROS levels, and that this regulation is primarily
controlled by weakly bound molecular oxygen. A weak
and reversible binding of molecular oxygen may be the
rate-limiting step for the transition of MTCII to the active
enzymatic conformation that is associated with reduced
ROS levels (Fig. 1). At moderately high altitudes, molec-
ular oxygen may normally dissociate from a small frac-
tion of wild-type MTCIIs. However, because the number

of wild-type MTClIs is reduced in PGL1 because of het-
erozygous mutations, dissociation of molecular oxygen
from a small fraction of wild-type MTCIIs may increase
ROS to a level comparable with that observed at high al-
titudes in normal individuals. Under both conditions, the
number of oxygen-binding wild-type MTClIs that are as-
sociated with low ROS levels would fall below a critical
threshold, and the subsequent increase in ROS would help
trigger a hypoxic response. The primary candidate molec-
ular domain for the weak-affinity binding of molecular
oxygen is the heme in cytochrome b. The recent discovery
of the structure of bacterial SDH indicates that this heme
does not participate in the electron transfer pathway and it
has been suggested as an electron sink that prevents the
inadvertent leakage of electrons. However, its precise
function in MTCII remains unclear (Hederstedt 2003;
Yankovskaya et al. 2003). Consistent with our proposal
that this heme may be an oxygen-sensor, an evolutionarily
conserved histidine in cybS, which is thought to provide
an axial ligand for the heme, is altered by the H102L mu-
tation in an extended PGL1 family (Table 1). These hy-
potheses await further testing by genetic, biochemical,
and structural studies of MTCII.
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