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Abstract
Paragangliomas of the head and neck region, also known as glomus tumours, 
are mostly benign tumours of neuro-ectodermal origin. We mapped the famil
ial form by linkage analysis in 6 families to chromosome region 1 Iq22-q23, 
between the markers STMY and CD3D which currently span a 16-cM inter
val. Here, we performed detailed haplotype analysis of this region in a single 
Dutch multibranch 7-generation family. A region of 2 cM between the mark
ers Dl 1S9 38/D 11S4122 and Dll SI 885 was shared between all patients of 
whom disease haplotypes could be reconstructed. In support of this localiza
tion, a recombination observed in a small French family with 2 affected nieces 
places the PGL gene proximal to marker D11S908, genetically coincident with 
D11S1885.

non-affected carriers only [2], This has been interpreted 
as evidence that the underlying gene defect is subject to 
‘genomic imprinting’ [2], an epigenetic mechanism 
whereby, in a reversible process, a gamete-specific modifi
cation in the parental generation leads to functional dif
ferences between maternal and paternal genomes in the 
offspring [3].

In an earlier study we have mapped the disease gene, 
termed PGL (OMIM 168000), by linkage analysis in one 
large Dutch family (FGT01) to chromosome 1 Iq22-q23 
[4]. The reported meiotic recombinants in the families 
positioned PGL between the markers STMY and CD3D,

Introduction

Paragangliomas of the head and neck region, also 
known as glomus tumours or chemodectomas, are slow- 
growing, mostly benign tumours of neuro-ectodermal ori
gin. Their incidence has been estimated to be approxi
mately 1:100,000 and they manifest roughly between the 
age of 18 and 60 [1].

The familial form of the disease displays an autosomal 
dominant mode of inheritance [1, 2]. However, the tu
mours only develop in individuals who have inherited the 
gene paternally, whereas maternal transmission results in
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Fig. 1. Simplified pedigree of family FGT189. Circles are females, squares males. Solid symbols represent patients 
(according to medical record), open symbols non-affected persons; dashed symbols are persons of whom we were not 
able to retrieve the medical record, but who should be affected according to the mode of inheritance. Symbols with a 
dot are obligate (imprinted) carriers. An asterisk indicates the person in the branch (A through K) as far back in 
genealogy as possible of whom we can deduce the haplotype with certainty. For orientation purposes the year of birth 
is given below for some individuals. The man in branch G (gray symbol) did not want to cooperate in this study.

separated at a 26-cM genetic distance [4, 5]. More recent 
estimates fix this distance at 16 cM [6], Although no sta
tistical evidence was obtained for the involvement of 
genetic heterogeneity [5], a single family has been shown 
to link to markers for 11 q 13, and not to be due to the PGL 
locus on 1 Iq22-q23 [7, 8]. This suggests that a second 
locus may exist.

Because paragangliomas are rare, few families become 
available for recombinant analyses, and the current size of 
the gene region of 16 cM is too large to seriously attempt 
the positional cloning of PGL. We present here the 
detailed haplotype analysis of this region in a single Dutch 
multibranch 7-generation family. This allowed the defini
tion of a shared haplotype between all affected descen
dants, narrowing the candidate gene region to an interval 
of 2 cM between the markers D11S938/D11S4122 and 
D11S1885.

Materials and Methods
Family Ascertainment
Diagnosis of paraganglioma was based on medical history, physi

cal and otolaryngological examination, and/or determination of free 
urinary catecholamine excretion [2,4,9], In 94 individuals, magnetic 
resonance imaging (MRI) of the head and neck region was performed 
as well [10]. Part of the large family (branches E-H in this study; 
fig. 1) has been presented earlier as FGT01, in which the initial link
age was obtained [4], Branches A, C and D were previously presented 
as family FGT09 [5].

DNA Isolation and PCR Analysis
Blood samples were collected from 190 individuals and genomic 

DNA was isolated from peripheral blood lymphocytes as described 
by Miller [11], PCR conditions to visualize microsatellite polymor
phisms were as described [5, 12], All primer sequences for these 
markers are retrievable online from GDB (http:/gdbwww.gdb.org/) 
or Généthon (http:/www.genethon.fr/) databases, and all oligonu
cleotides were manufactured by Isogen Inc.
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Linkage Analysis
Linkage analysis was performed using the LINKAGE program 

package version 5.1 [13]. Briefly, 8 liability classes were defined to 
account for age of onset and the absence of penetrance in children of 
female gene carriers [4, 5]. The population incidence of glomus 
tumours has been estimated to be 1:100,000, but we believe this is 
probably an underestimation. In addition, because the disease shows 
incomplete penetrance, the number of gene carriers is probably high
er than the number of patients. Hence we have used a conservative 
estimate for the disease gene frequency of 0.001 in order not to 
inflate lod scores. Allele lengths of the markers were determined 
using an M13 sequence as reference, and were as expected from 
GDB. Lod scores were computed using allele frequencies that were 
determined in 41 unrelated Dutch individuals from the same area in 
the Netherlands from which the 7-generation family originated. 
Twenty of these were spouses marrying into this family, the others 
were spouses marrying into 3 families with familial atypical multiple 
mole melanoma syndrome [14].

For haplotype analysis we used a marker order which was derived 
from the NIH-CEPH Collaborative Mapping Group [15, 16], com
plemented with data from the Généthon group [6,17] and a radiation 
hybrid map [18]. For all markers, the odds for their mutual order was 
1,000:1 unless stated otherwise.

The investigation of the inferred second locus for hereditary para
gangliomas on 1 lql3 was performed with the markers D11S554, 
D11S905, D11S956, Dl 1S480, PYGM, and FGF3.
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search for recombinants in the disease-associated haplo
type was initiated by typing a total of 19 families with the 
markers Dl 1S897, NCAM, Dl 1S490 and CD3D, which 
map to both extremes of the 16-cM candidate region 
reported previously [4, 5]. Both linkage and haplotype 
analysis failed to provide evidence for such recombinants, 
possibly because many of the kindreds analyzed were of 
relatively small size, and few patients in at least two gener
ations were available for marker typing. By genealogical 
analysis, we were able to link two of these families into the 
kindred in which the initial linkage to 1 Iq22-q23 was 
reported (FGT01 [4]), resulting in a large 7-generation 
multibranch family derived from a small geographic area 
in the Netherlands (fig. 1). The comparison of the disease 
haplotypes of all affected individuals would in principle 
allow the detection of ancestral recombination events. To 
this end, a total of 190 individuals, including 25 affected 
subjects, were genotyped at 21 different polymorphic 
markers mapping at regular intervals across the entire 16- 
cM candidate region (fig. 2).

oM cR

Fig. 2. Map of chromosome llq22-23 containing the markers 
used. Odds for order are 1,000:1 for markers with a horizontal line; a 
vertical line represents markers of which the location is not exactly 
known. Distances are given in cM (on the left) or in cR (on the right) 
[6,15-18], The markers underlined represent the previous borders of 
the PGL-containing region [5].

Linkage A nalysis
Table 1 shows the 2-point lod score calculations for 12 

of the 21 markers used. Seven markers provided signifi
cant evidence for linkage, but only Dl 1S908 showed link
age at 0 = 0.00 (maximum lod score of 3.99). Dl 1 SI327 
and D11S1792, which map close to D11S908, showed 
weak positive scores at 0 = 0.00, presumably because their 
linked alleles are very frequent in the population (64 and 
76%, respectively). The frequency of the linked haplotype 
defined by these three markers was determined to be 18% 
in our reference population. By recoding the three marker 
haplotype to a single ‘marker’, a lod score of 5.77 was 
obtained at 0 = 0.00 (data not shown).

Genetic Mapping of Hereditary
Paragangliomas
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Table 1. Two-point lod scores for family 
FGT189 (8 liability classes) using popula
tion based allele frequencies

Marker1 0 Max lod 0

0.000 0.010 0.050 0.100 0.200 0.300

NCAM
DRD2
D11S560
D11S938
D11S4122
D11S1792
D11S1327
D11S908
D11S1885
D11S2082
D11S490
CD 3D

6.815.90 6.66 5.38 3.53 6.83 0.06— OO

0.35 0.96 0.841.06 0.47 1.06 0.09
8.74 0.05
2.03 0.10
5.32 0.06
0.88 0.00

—oo

8.747.93 8.45 6.90 4.71— OO

0.61 1.82 2.03 1.65 0.91—oo

5.274.29 5.22 4.19 2.66
0.88 0.790.86 0.67 0.39 0.14
1.42 1.38 1.22 1.03 0.66 0.34 0.001.42
3.99 3.92 3.60 3.18 2.24 1.28 3.99 0.00

7.36 0.02
5.16 0.10
2.96 0.03
3.63 0.07

7.237.22 6.61 4.96 3.09— oo

2.86 4.80 5.16 4.51 3.14—oo

2.932.74 2.61 1.72 0.87
2.61 3.58 2.823.57 1.74

l Markers are displayed from centromere to 1 lq telomere.

Table 2. Haplotype analysis in the 
family FGT189 Marker1 Disease haplotype in branch Freq.2 Alleles3

ABCDEFGHI J K

D11S876
D11S897
NCAM
DRD2
D11S560
D11S938
D11S4122
D11S1792
D11S1327
D11S908
D11S1885
D11S1992
D11S2077
D11S4092
D11S939
D11S1340
APOC3
D11S2082
D11S721
D11S490
CD3D

6 6 6 6
2 2 11
7 5 3 3

4 4 4 1 7 7 7 6 11
1 1 11 1 1 71 8
3 3 3 3 3 3 3 7 12

2 3 2 2 2 2 2 22 2 2 52 5
4 3 3 33 3 3 3 3 3 4 8
2 31 3 3 3 3 3 3 3 3 58 6

7 7 55 5 5 5 5 5 105 5 7
33333333333
22222222222
33333333333
4 2

76 4
64 4
38 6

2 22 2 2 2 2 2 2 11 10
32 3 3 3 3 3 33 3 3 ND 6

2 2 1 1 1 11 1 1 1 ND 21
4 4 5 5
4 4 4 4

3 3 3 3 5 3 3 46 6
2 2 2 2 2 2 2 45 4

22 2 2 25 5 2 1 221 1 6
4 5
4 1
4 4

1 5 1 1 1 91 9 9 2 15
8 1 10 10 10 10 10 10 10

4 11 11 11 11 11 11 11
66666666 
1 4 4 4 4 4 4 4

6 13
7 ND ND
4 6 6 32 11
2 4 1 27 6

Patients4 2 21 1 1 3 4 8 1 2 3

l Markers are shown from centromere to 1 lq-telomere.
2 Freq. = Percentage of the most frequent disease-allele among 82 chromosomes marrying 
into the family. ND = Not determined.
3 Total number of different alleles within this family.
4 Number of patients in which the haplotype is found.
The marker STMY (previous border) is located between the markers D11S876 and 
D11S897.
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Haplotype A nalysis
A total of 29 affected persons were ascertained in the 

lower 3 generations, and the disease-linked haplotypes 
were reconstructed with data from 21 markers in 25 of 
these (table 2). No recombinants were detected in the dis
ease haplotype in those cases where marker data were 
available for affected or carrier parents as well as their 
affected child(ren). Therefore, for the sake of comparison, 
all sibships with an affected case were considered a sepa
rate branch of the family, designated A through K (fig. 1), 
and each could be represented by a single disease-associat
ed haplotype (table 2).

Since all these branches descend from the same ances
tral female, all patients are presumed to carry the same 
gene defect and alleles of markers closely bordering this 
gene are expected to be identical by descent. This phenom
enon was observed with the same 3 markers that showed 
tight linkage, i.e. Dl 1 SI327, Dl 1 SI792, andDl 1S908 (ta
ble 2). This suggests that ancestral recombinants have 
occurred between PGL and Dl 1S938/D11S4122 (these 
markers are genetically not separated) and between PGL 
and Dl 1 SI885. These markers span a sex-average genetic 
distance of 2 cM [6]. Notably, the haplotypes C through K 
appear identical over a much larger region of chromosome 
llq, namely between the markers D11S876 and 
D11S4092, a distance of approximately 10 cM. Haplo
types A and B are most divergent from this, and share only 
the region Dl 1S938-D11S1885 between them.

While this work was in progress, a small family of 
French origin (FGT21) was referred to our lab. After 
haplotyping, the 2 affected nieces (ID number 8 and 10 in 
fig. 3) appear only to share the region proximal to marker 
Dl 1S908. This implies a recombination between markers 
D11S1327 and D11S908 in either one of the parents. 
Unfortunately, we do not have DNA samples from the 
grandmother to determine where this recombination oc
curred. These results suggest that D11S908 can be ex
cluded from the region containing PGL.
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1 2
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Fig. 3. Pedigree of family FGT21. The symbols used are as in 
figure 1. Chromosome llq markers are displayed from centromere 
to telomere. The shared segment of chromosome 1 lq23 between the 
two patients is boxed. Marker Dl 1S4122 is not informative in this 
family.

Discussion

We have presented evidence that PGL maps to a 2-cM 
interval on Ilq22-q23 by haplotype sharing between 
affected persons in a large Dutch family and a small 
French family. Both kindreds are consistent with the sex- 
dependent modification of gene expression (‘imprinting’). 
Recently, genomic imprinting in families with paragan
gliomas of the head and neck region was also confirmed 
independently for 9 US families [19]. Our results repre
sent a significant reduction of the candidate gene region, 
which stood at 16 cM after recombinant analysis of 6 fam
ilies [5, 6], and now excludes the dopamine receptor 2 
gene (DRD2) and neural cell adhesion molecule gene 
(NCAM) as candidates for the disease. The PGL region 
maps between the markers Dl 1S938/D11S4122 and 
Dl 1S908/D11S1885. The physical localization of these 
marker pairs in relation to each other is not yet known.

Locus Heterogeneity
A second locus for PGL has been mapped to 11 q 13 in a 

single family between the markers Dl 1S956 and PYGM, 
a sex average genetic region of 5 cM [7, 8]. These and sev
eral other markers, including D11S480, the only marker 
showing complete allele-sharing in that family, were in
vestigated here. No common haplotype could be defined 
among the branches E-H and among the branches A, C 
and D (data not shown). Also in family FGT21 no shared 
haplotype could be detected between the 2 affected indi
viduals, of whom marker Dl 1S480 is shown in figure 3.

Genetic Mapping of Hereditary
Paragangliomas
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The order of the markers used for the reconstruction of 
haplotypes was compiled from different types of maps: 
genetic maps [6, 15-17] and a radiation hybrid map [18], 
which overlap partially in terms of markers used. One 
inconsistency of particular concern for this study was the 
position of Dl 1 SI 327. RH mapping placed it at the same 
position as Dl 1S1792 [18], which is supported by charac
terization of YACs in this region [M. James, unpubl.]. 
Meiotic recombinant analysis in CEPH families, how
ever, located this marker 1 cM proximal to Dl 1S938 [6], 
i.e. 3 cM proximal to Dl 1S1792/D11S908. On the basis 
of the depth of the YAC contig at this position, the RH 
map, our own cosmid map [unpubl.], and the potential 
errors in CEPH family analysis, we have here assumed 
that D11S1327 and DllS1792are tightly linked.

A potential pitfall in the analysis of the haplotype shar
ing might be that all family members are from a small 
isolated community living in a small geographic area in 
the Netherlands. Thus an identical haplotype might have 
been brought into the family by an unsuspected consan
guineous relationship. Consequently, certain recombina
tion events might have been missed. Indeed, the two large 
blocks of shared haplotypes interrupted by a discordant 
block in branches E-K (table 2) might be reflecting such 
an event. However, since all affected members of the 
family carry the same mutation by descent, this can only 
lead to overestimation of the candidate region, but not to 
a false candidate region. On the other hand, underestima
tion of the candidate region could occur by mutations in 
the markers bordering this region. Since frequencies for 
such events are low (10_3-10~4 [20]) and any 2 patients in 
the large family are at most separated by 14 meiotic 
events, this seems less likely here. The power of linkage 
disequilibrium mapping and/or haplotype sharing for 
gene isolation in founder populations has been demon
strated before [21, 22]. Due to the high frequencies of the 
linked alleles at the three shared loci, the statistical sup
port for this region is just significant. The isolation of 
additional markers within the current gene region with a 
low frequency of the disease-linked allele should increase 
this significance. The localization reported here is sup
ported independently by our analysis of loss of heterozy
gosity in several glomus tumours, both sporadic and 
familial [23]. These tumours all seem to affect the region 
distal to marker D11S560, which includes the currently 
defined 2-cM candidate gene region.

The absence of meiotic recombinants in 17 families, 
although they were of various sizes, is unexpected. At least 
50 informative (i.e. of paternal origin) meioses could be 
scored, and hence about 8 recombination events were

expected, especially considering that a significant excess 
of male over female recombination has been noted in this 
region [16]. On the other hand, regions as large as 10 cM 
have been found to be transmitted randomly without 
recombination through multiple generations in several 
extended families [14, 24, 25]. Our inability to identify 
recombinants in the initial screen of 17 families might 
thus be purely coincidental, particularly as we found evi
dence for at least a few ancestral recombination events. It 
is nonetheless tempting to consider that if recombination 
suppression existed in this region, it may be related to the 
disease-causing mutation. A link has been proposed be
tween genomic imprinting and sex-specific recombina
tion [26], while a class of mutations has been proposed 
that might interfere with the process of genomic imprint
ing [27,28], We cannot exclude that the mutation in PGL 
would render an otherwise non-imprinted gene suscepti
ble for genomic imprinting, concomitantly affecting 
meiotic recombination.

We are unable to obtain evidence for the involvement 
of an inferred second locus for PGL at 1 lql 3 [7, 8], not in 
the two families reported here, nor in other families [5, 
our unpublished data]. This suggests that, if a second 
exists, it will play a minor role in inherited paraganglio
ma, but formal heterogeneity analysis will be required to 
confirm this.

Although our results represent significant progress to
wards identifying PGL, a genetic distance of 2 cM would 
imply a physical size of approximately 2 Mb and therefore 
a further reduction of this region is still required. A 
detailed physical map of the region, in conjunction with 
linkage disequilibrium measurements should enable this.
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