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The CDKN2A gene that encodes the cell cycle inhibitor p16 shows mutations in many but not all 9p21-linked
melanoma families. Most Dutch melanoma families segregate for a unique founder mutation (p16-Leiden),
encoding a truncated nonfunctional p16 protein. The highly variable risk for p16-Leiden carriers to develop
melanoma suggests a role for other genetic and/or environmental factors. We hypothesized that a 9p21 gene
other than CDKN2A may be relevant in the remaining 9p21-linked melanoma families without p16 mutations
but may also act as a risk modifier in p16-Leiden carriers. Haplotype analysis for 9p21 was performed using
microsatellite markers in six p16-Leiden families originating from a founder population. p16-Leiden carriers in
two families shared an unexpectedly large founder haplotype (∼20-cM) around CDKN2A, mostly in proximal
direction. Melanoma-positive p16-Leiden carriers from these families showed this extensive proximal haplotype
compared with melanoma-negative p16-Leiden carriers from the same families. Additional p16-Leiden families less
heavily affected with melanoma showed shorter haplotypes sharing, excluding the region proximally of
CDKN2A. The presence of a gene involved in melanoma susceptibility proximal of CDKN2A is corroborated by
somatic deletions of 9p in tumors, which frequently do not include CDKN2A but a more proximal
chromosomal area instead. Our results provide a candidate region for further gene mapping in p16-negative
9p21-linked melanoma families and guide the search for risk modifiers in melanoma development.

The familial atypical multiple mole melanoma
(FAMMM) syndrome is characterized by the familial
occurrence of melanoma and atypical nevi. A locus re-
sponsible for at least part of the melanoma susceptibil-
ity in FAMMM families has been mapped to 9p21
(Cannon-Albright et al. 1992). Melanoma kindreds
from all over the world yield further statistical evi-
dence for linkage to this region and display shared
9p21 haplotypes (Gruis et al. 1995b; Harland et al.
1997; Pollock et al. 1998). Deletion studies in tumor-
derived cell lines resulted in the cloning from 9p21 of
the MTS1 gene, which is now generally known as
CDKN2A (Kamb et al. 1994; Nobori et al. 1994). Its
gene product had earlier been identified as the cyclin-
dependent kinase inhibitor p16 (Serrano et al. 1993).
Mutations in the coding sequence of CDKN2A have
been found in 40%–50% of melanoma kindreds that
show linkage to 9p21 (Hussussian 1994; Walker et al.
1995). Although there is little doubt that these
CDKN2A mutations are responsible for increased mela-
noma susceptibility, the lack of CDKN2A mutations in
many of the melanoma kindreds linked to 9p21 sug-
gests that another gene in this region may act either

directly as an independent risk factor for melanoma or
indirectly by influencing the expression of CDKN2A.

Somatic deletions in tumors provide further evi-
dence for the presence of a second tumor-related gene
in 9p21. Puig and coworkers (1995) found large 9p de-
letions in 25 of 54 primary and metastatic melanomas.
Surprisingly, 4 of those 25 deletions did not include
p16 itself but were located more proximally instead.
Also, 100% loss of heterozygosity in the 9p region was
observed in squamous cell carcinomas of the lung
(Wiest et al. 1997). About half of these tumors were
shown to be homozygous for a microdeletion within
the area of loss of heterozygosity. Those microdele-
tions clustered approximately equally in two areas, one
of which includes p16, whereas the other more proxi-
mal cluster may reveal the location of another tumor
suppressor gene.

We hypothesized that this tentative second tu-
mor-related gene in 9p21 may also act as a modifier of
the melanoma risk conveyed by known CDKN2A mu-
tations. To identify genetic modifiers for a known,
“primary” susceptibility gene, one would ideally need
to study a large group of carriers of a single mutation in
that primary gene. Dutch FAMMM families provide a
unique opportunity for such studies: a founder muta-
tion defined by a 19-bp deletion in exon 2 of the
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CDKN2A gene (p16-Leiden) segregates in most Dutch
FAMMM families (Gruis et al. 1995b). The 36% cumu-
lative incidence for melanoma in p16-Leiden carriers
illustrates the high melanoma risk associated with this
mutation but also suggests that environmental and/or
genetic factors act as risk modifiers. Here, we present
the results of an analysis of haplotype sharing between
melanoma patients and unaffected carriers from six ex-
tended FAMMM families segregating for p16-Leiden.

RESULTS
All available members of all six families from town K
were tested for the presence of p16-Leiden. Figure 1
shows the segregation of p16-Leiden in families 1 and
4 and their connection through a common founder.
The most recent common ancestor was identified in
the late 18th century (1775), six generations before the
current generation of carriers, but at least one addi-
tional connection exists between the families, two gen-
erations earlier (1707) (Hille et al. 1998). In all p16-
Leiden carriers from these families, haplotypes were
constructed for all genotyped microsatellite markers,
and the extent of haplotype sharing was determined by
direct haplotype comparison. A complicating factor in
the analysis of family 4 is the fact that p16-Leiden (and
part of the surrounding haplotype) was introduced two

additional times into this family, via 4.48, and via the
mother of 4.27, to be transmitted subsequently to 4.30.
As the exact connection between these married-ins and
the established common founder is not known, their
haplotypes were not included in this first comparison.
Of the 21 p16-Leiden carriers descending from the es-
tablished common founder, 11 had developed at least
one melanoma (mean age at first diagnosis, 33.4 years).
The remaining ten carriers are all undergoing regular
screening. The mean age of these subjects at their most
recent screening was 43.3 years. A haplotype extending
over at least 20 cM was found to be shared by the 11
p16-Leiden-carrying melanoma patients in families 1
and 4, who are separated by a total of 21 meioses. The
probability of such extensive haplotype sharing was
calculated to be ≅8%. When all unaffected carriers in
these families are included in the comparison, two re-
combinations are observed that break up the shared hap-
lotype, in subjects 4.38 and 4.26. As a result, the length
of the segment that all unaffected carriers share with
their affected carrier relatives is only 8 cM, whereas
there are 10 meioses that separate these unaffected car-
riers from their nearest affected relative or the nearest
relative that must have carried the full 20-cM haplo-
type. The probability that in 10 meioses a haplotype of
at least 8 cM is preserved around a shared gene is ≅81%.

Figure 1 Inheritance of the p16-Leiden allele in families 1 and 4 from a common ancestor in the late eighteenth century. Melanoma
cases are shown in black. The bar underneath the family members depicts the seven-marker founder haplotype dispersed over ∼20 cM.
The marker that migrates with p16-Leiden is indicated in black, and the markers that have lost the founder allele owing to recombinations
in the families and in the population are depicted in white. All numbered members have been haplotyped, although only the p16-
Leiden-related haplotypes are visualized. Melanoma-free carriers of the p16-Leiden allele are indicated by a black dot, whereas melanoma
patient 1.20, who is no carrier of the p16-Leiden allele, is depicted by a white dot.
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In addition we performed haplotype analysis in
the four remaining p16-Leiden families (2, 3, 15, and
17) that originate from the same community as fami-
lies 1 and 4 but for whom we have not been able to
identify a common founder. In these four additional
families, we identified 32 carriers of p16-Leiden, 8 of
whom had developed melanoma. Families 2, 3, and 15
display a 5-cM remnant of the founder haplotype seen
in families 1 and 4, whereas family 17 revealed haplo-
type sharing over a 8-cM region. Figure 2 shows all
observed haplotypes in p16-Leiden carriers from all six
families. A comparison between the haplotypes seen in
affected carriers and those in carriers without mela-
noma revealed that sharing of large haplotypes proxi-
mally of p16 was concentrated in melanoma patients,
whereas their unaffected carrier relatives frequently
showed very little proximal sharing of the ancestral
haplotype. Although it is still possible that some of the
melanoma-free carriers may develop tumors, their av-
erage age of 51 years is well beyond the average age at
first diagnosis (37 years) in the melanoma patients
in their families. When shared haplotypes are classi-
fied as either long (including a shared allele at D9S43)
or short, a comparison between melanoma (11 long
haplotypes out of 19) versus unaffected carriers (7
long haplotypes out of 33) indicates a significant dif-
ference (x2 = 7.17, P < 0.01). For a more accurate
assessment of the significance of these findings, knowl-
edge of the exact relationship between these families
would be required, but this is unavailable at the mo-
ment.

DISCUSSION
Although mutations in CDKN2A are responsible for an
increased melanoma susceptibility in a large propor-
tion of melanoma kindreds, an almost equally large
group of melanoma families has been published that
show cosegregating haplotypes and/or interesting lod
scores for 9p21 without detectable abnormalities in the
coding sequence of this gene (Hussussian et al. 1994;
Walker et al. 1995). Expression mutations and germ-
line deletions have occasionally been reported for
CDKN2A, but it seems unlikely that such mechanisms
would explain all remaining 9p21-linked families
(Rizos et al. 1997; Bahuau et al. 1998). Therefore, the
possibility that 9p21 harbors one or more other mela-
noma susceptibility genes in addition to CDKN2A
should be considered.

Somatic deletions observed in melanomas and
lung tumors provide independent indirect evidence for
the presence of a second tumor-related gene on 9p.
Four of the twenty-five observed somatic deletions do
not include CDKN2A but instead concentrate in a
more proximal region of <5 cM including D9S126
(Puig et al. 1995; Wiest et al. 1997). We hypothesized
that variations in this tentative second tumor-related
gene in 9p21 may act as risk modifiers for known mu-
tations in CDKN2A. The majority of Dutch FAMMM
families segregate for a single founder mutation in
CDKN2A, a 19-bp deletion in exon 2 known as p16-
Leiden. Linkage analysis in our families is consistent
with the presence of a linked modifier because maxi-
mum 9p21 lod scores in an affected-only analysis are

found proximal of p16 with the
markers D9S171 and D9S216
(Gruis et al.1995b). We per-
formed haplotype analysis in
nine p16-Leiden families to
search for systematic differ-
ences between p16-Leiden car-
riers with melanoma and those
carriers who have remained free
of melanoma. In almost all car-
riers, unambiguous haplotype
reconstruction was possible ow-
ing to the availability of many
siblings and additional relatives
in these families. Therefore, the
population frequency of the
marker alleles that constitute
the shared haplotype has little
impact on our conclusions.
Given that the shared haplo-
type in the carriers is composed
of a long string of markers, it is
highly unlikely that the ob-
served sharing represents iden-
tity by state (IBS) rather than

Figure 2 Haplotype sharing in the FAMMM families 1, 2, 3, 4, 15, and 17 that all originate
from the same town K. Haplotypes derived from families 1 and 4 are indicated by the family
number. The other haplotypes are present in families 2, 3, 15, and 17. The markers D9S156 to
D9S55 cover an area of 29 cM, whereas the maximum sharing reaches from D9S162 to D9S43
and covers an area of ∼20 cM. The distances between the markers D9S162-D9S171/D9S126 and
the markers D9S162-D9S942 are, respectively, 8 cM and 5 cM.
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identity by descent (IBD) (Schork et al. 1998). Two dis-
tantly related families showed large haplotype sharing
for 9p21 among p16-Leiden carriers. The haplotype
sharing in 11 p16-positive melanoma patients from
these families extended over at least 20 cM, whereas on
average, one would expect these subjects to share only
8 cM around a shared gene given their degree of rela-
tionship. In contrast, nine p16-Leiden carriers free of
melanoma shared only 8 cM with their affected rela-
tives, whereas based on their degree of relationship one
would expect, on average, to find a shared segment of
17 cM. In addition to this probabilistic argument, the
asymmetry of the haplotype, with three-fourths of the
sharing located proximal of p16 suggests that the ex-
cess haplotype sharing among patients is not simply
owing to chance but that the shared haplotype con-
tains a second locus, proximal to p16, that increases
the risk for melanoma in p16-Leiden carriers. Though
scarce in such a small genetic region, the observable
recombinants appear to be in line with our hypothesis.
The occurrence of melanoma in subject 1.20, who did
not inherit p16-Leiden but only the proximal part of
the founder haplotype, suggests that the tentative
modifier gene, which would still be present on this part
of the haplotype, may also act as an independent risk
factor, although it remains quite possible that the
melanoma in this individual is purely sporadic.

Additional p16-Leiden families were either smaller
than families 1 and 4, or their exact connection to
these families was unclear. The haplotype sharing be-
tween these families and families 1 and 4 is less exten-
sive, but their shared geographic origin and the pres-
ence of the p16 deletion in a shared core haplotype are
still strongly indicative of shared ancestry. As the exact
degree of relationship between these families remains
largely uncertain, it is not possible to determine the
exact probability that the observed sharing may be ow-
ing to chance. A simple statistical comparison between
carriers with and without melanoma, ignoring family
relationships, yields significant results (P < 0.01) indi-
cating that long shared haplotypes are preferentially
found in carriers with melanoma. This is reflected by
the summarized results in Figure 2. These joint results
for all families from town K are again supportive of
more sharing of the proximal part of the haplotype in
p16-Leiden carriers with melanoma. This conclusion
may also be phrased slightly differently: p16-Leiden-
positive individuals have a higher risk to develop mela-
noma when they share the area between D9S126 and
D9S43 with their affected relatives. The three families
from town R yield results that are consistent with this
conclusion: Melanoma patients from these families
share between them a haplotype that extends from
D9S162 to D9S43, whereas the overlap between the
shared haplotype in K and the shared haplotype in R is
limited to the area between CDKN2B and D9S43 (Fig. 3).

It may be argued that the overall risk to develop
melanoma in p16-Leiden carriers will be overestimated
in our study design as a consequence of ascertainment
bias: p16-Leiden families without melanoma will not
come to our attention. Although this is certainly true,
the objective of this study was not to accurately deter-
mine the melanoma risk for p16-Leiden carriers but,
rather, to determine whether there is a systematic dif-
ference in haplotype sharing between melanoma-
positive and negative p16-Leiden carriers. It is difficult
to see how ascertainment bias might influence the
length of shared haplotypes, as the length of shared
haplotypes is unknown to the investigator at the time
of ascertainment.

Our results, combined with the results of somatic
deletion mapping in tumors, delineate an area proxi-
mal to and including D9S126 as the most likely loca-
tion for a second tumor-related gene in 9p21. Two pos-
sible candidate genes from 9p21 are CDKN2B and
p14ARF (Kamb et al. 1994; Stone et al. 1995). CDKN2B
encodes p15, which is functionally and structurally ho-
mologous to p16 (Hannon and Beach 1994). p14ARF is
transcribed from exon 1b and exons 2 and 3 from
CDKN2A but is translated in a different reading frame.
Though being structurally and functionally different
from p15 and p16, p14ARF can induce cell cycle arrest
by interacting with p53 control (Kamijo et al. 1997,
1998; Stott et al. 1998). The extended tumor spectrum
of families displaying germ-line deletions encompass-
ing p16 and p15 or p16, p15, and p14ARF clearly adds a
function to these contiguous tumor suppressor genes.
However, both CDKN2B and exon 1b of p14ARF have
never been found to be mutated in melanoma kin-
dreds, and this, together with the fact that they are
located somewhat more distally than our most likely
area, effectively rules out these genes as candidates for
the tentative second melanoma gene in 9p21. Our re-
sults should not be taken as conclusive evidence for the
existence of such a gene in this region, but they may
nevertheless provide a very useful hint for the further
analysis of 9p21-linked families without CDKN2B mu-
tations. Also, these results have stimulated us to ini-
tiate prospective studies in p16-Leiden carriers to de-
termine more systematically the contribution of vari-
ous possible risk factors to melanoma development.

Figure 3 Haplotype sharing is similar in size in families origi-
nating from town R and K. Because the families from R all present
the same haplotype, we propose that two early events, a recom-
bination distal of p16 and a marker mutation at D9S126, differ-
entiate town R from K.
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METHODS

Family Material
Nine extended FAMMM families were ascertained through
the Leiden Pigmented Lesion Clinic. Six pedigrees (1, 2, 3, 4,
15, and 17) originate from town K, and three pedigrees (6, 10,
and 19) originate from town R. The population of both towns
has been sedentary for several generations owing to their or-
thodox religion and strong family ties. Six of these families (1,
3, 4, 6, 10, and 19) were included in our previous linkage
studies in view of their relatively high incidence of mela-
noma. Complete pedigree data and histopathological find-
ings on families 1, 3, 4, 6, 10, and 19 have been presented
elsewhere (Bergman et al. 1994).

DNA Analysis
Genomic DNA from FAMMM family members was isolated
from peripheral blood leukocytes using the method of Miller
(Miller et al. 1988). The families were typed for the microsat-
ellite markers D9S156, D9S162, IFNA, D9S942, D9S171,
D9S126, D9S52, D9S43, and D9S55 as described previously
(Gruis et al. 1993). Genetic distances between relevant mark-
ers as obtained from reports by the Galton Lab map of Centre
d’Etude du Polymorphisme Humain (CEPH) consortium data
presented by Attwood et al. at the 1996 chromosome 9 work-
shop (www.ash.gene.ucl.ac.uk/chrg/scwg6/index.shtml) and
from the genetic map from the Marshfield World Wide Web
site (www.marshmed.org/genetics) are D9S162–D9S43, 20
cM; D9S162–D9S171, 8 cM; D9S162–D9S126, 10 cM. Haplo-
type reconstruction was performed jointly for the nine mi-
crosatellite markers and p16-Leiden, given the above map or-
der and a location of p16-Leiden between IFNA and D9S942.
The 19-bp germ-line deletion was detected after PCR with the
primers A1, 58-AGCCTTCCTTTCCGTCATGC-38, and A2, 58-
ACCAGCGTGTCCAGGAAG-38, after electrophoresis through
a 2.5% agarose gel plus ethidium bromide (Gruis et al. 1995a).

Calculations
The probability that two distant relatives separated by n meio-
ses share an area of at least x Morgan around a shared disease
gene was calculated as by Te Meerman et al. (1995), whereas
the double integration presented by those workers was re-
placed by an approximation via P(area $ x) = (1 + xn) e1xn.
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