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ysis of microsatellite markers adjacent to the p16 gene at chromosomal

recently invoked as an alternate mechanism in gene inactivation (12),
again emphasizing p16 as the important gene of the 9p21 region but
also the presence of an â€œimprinterâ€•
gene (13).
The demonstration of germline mutations in a proportion of 9p2llinked families suggests that p16 indeed is a strong candidate for the
MLM gene (14â€”16).Moreover, analysis of 15 Dutch families with
malignant melanoma and multiple dysplastic nevi revealed an identi
cal 19-bp germline deletion within exon 2 of the p16 gene in 13 of
them (17). We have earlier reported from our continuous investiga
tions of hereditary cancer in southern Sweden and about the presence
of founder effect mutations in the BRCA1 gene in familial breast and
ovarian cancer (18). In the present initial genetic analysis of familial
melanoma from southern Sweden, we found indications of a similar
founding mutation, evident as a repeatedly occurring novel p16 germ
line mutation.

region 9p21 revealed that both families share a common
keeping with a common ancestor.

Materials

Abstract
The p16 (CDKN2/MTSJ/INK4a) malignant melanoma susceptibility
gene was analyzed in 10 melanoma kindreds from southern Sweden using
single-stranded
conformation
polymorphism
analysis of all three exons
and flanking intron regions followed by sequence analysis. A novel germ

line mutation, constituting an in-frame 3-bp duplication at nucleotide 332
in exon 2, was identified in two families (Lund M2 and M9). The mutation
results

in an insertion

ofArg

at codon

105, which

interrupts

the last of the

four ankyrin repeats of the p16 protein, motifs which have been demon
strated as important
in binding and Inhibiting the activity of cyclin

D-dependent kinases 4 and 6 in cell cycle G1 phase regulation. All five
tested

individuals

tation carriers,

of Lund

M2 and

M9 affected

as were five melanoma-free

by melanoma

individuals.

were

mu

Other malignan

des observed in gene carriers or obligate carriers included cervical,
breast, and pancreatic

carcinomas

and a non-Hodgldn's

lymphoma

Anal

haplotype,

in

Introduction

Patients. Ten patients with cutaneous malignant melanoma and at least one

Approximately 10% of cutaneous malignant melanomas occur in
individuals with a genetic predisposition for the disease, often in
association with multiple dysplastic nevi (1). A major familial malig
nant melanoma susceptibility locus (MLM) has been identified on
chromosome 9p2l by linkage analysis in families from different
populations (2â€”4),whereas the evidence of a second susceptibility
locus on chromosome lp36 is less compelling (5). The gene (p16,
CDKN2, MTSJ, INK4a) for a previously identified cell cycle regulator
(6) was localized to chromosome 9p21 and found altered by mutations
or homozygous deletions in a wide range of tumor cell lines, including
60% of melanoma tumor cell lines (7). The p16 product belongs to a
family oflow molecular weight proteins that bind to cyclin-dependent
kinases 4 and 6 (CDK4 and CDK6) and inhibit their ability to interact
with cyclin D products in stimulation of G1 progression. Its growth
suppressing effects have been observed in Ras-transformed cells by
ectopic expression of p16 (8). Although less frequently altered in

primary tumors, somatic intragenic mutations are common in pancre
atic cancer (9) and esophageal squamous cell carcinoma (10), sup
porting the role of p16 as a multiple tumor suppressor gene. In other
tumor types, the 9p2l region is often altered by hemizygous deletions
without concomitant pitS mutation (11), suggesting the presence of
additional target genes in the region. However, transcriptional silenc
ing of the p16 gene by methylation of upstream CpG islands was
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first-degree

relative

with the disease

were included

in the analysis.

All were

Caucasian and diagnosed within the South Swedish Health Care Region, which
contains

approximately

20%

of the total

Swedish

population.

Cases

were

identified from patients treated at the Department of Surgery, University
Hospital, in Lund. None ofthe included families were found to be related when
traced back to approximately year 1850. Peripheral blood was obtained from
index patients and relatives for DNA extraction and mutation analysis.

S5cP3 Analysis. Primer sequences for PCR amplification of all three
exons and flanking intron regions of the p16 gene were as described previously
(14). PCR was carried out in 30-pi volumes containing

100 ng of genomic

DNA; 1X PCR buffer; 0.3 mMeach of dATP, dGTP, and dTTP; 16 @M
dCTP;
0.24 @tl[a-32PIdCTP (10 @Ci.4d,3000 Ci/mmol; Amersham); 0.5 @LM
of each
primer; 1.0 mM Mg2Cl; 1.0 unit Taq polymerase (MB! Fermentas); 5%

DMSO; 0.1 mg/mi BSA; and ddH2O up to 30 p1. PCR was performed in an
Omnigene Thermal Cycler (Hybaid), using an initial denaturation at 92Â°Cfor
5 ruin, followed by 30 cycles consisting of 92Â°Cfor 30 s, 55â€”65Â°C
for 30 s,
and 72Â°Cfor 45 s, and a final extension at 72Â°Cfor 10 mm. SSCP analysis was
carried out at both room and +4Â°Ctemperature. Threepi of the samples were
mixed with 12â€”27,.d denaturing loading buffer (95% formamide, 10 mM

NaOH, 0.05% xylene cyanol, and 0.05% bromophenol blue), denatured for 5
mm at 95Â°C,and cooled on ice. A 60-mi gel contained 0.5X Hydrolink MDE
(AT Biochem), 0.6X ThE, ddH2O up to 60 ml, 240 ,.d 20% ammoniurn
persulfate, and 24 ,.tl tetramethylethylenediarnine.
perature,

5% glycerol

For gels run at room tern

was added to the gel. Gels were run in O.6X TBE buffer

for 16â€”18
h at 6â€”10
W at room temperature or for 4â€”6h at 35â€”40
in 4Â°C,and
thereafter transferred to chromatography paper, covered with plastic wrap, and
placed on Cronex4 X-ray film (DuPont) at â€”70Â°C
for 2â€”48h. Shifts in both
single-

and double-stranded

Sequencing.

Variant

(heteroduplexes)

DNA migration

were evaluated.

bands were cut out from SSCP gels, rehydrated

in 100

,d ddH2O, and incubated at 65Â°Cfor 15 mm. One to 2 @.d
were used in a new

PCR, using identical programs as above, except for using 0.2 mM of each

Berta

dNTP and excluding radioactive dCTP. When not possible to use variant bands
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as templates

for sequencing,

PCR was carried

out on genomic

DNA.

Lund M2

A

biotin-labeled reverse primer was used in both types of reactions. Single
stranded PCR products were isolated by capturing to avidin-coated magnetic
beads (Dynazyrne) and subjected to the Sanger dideoxynucleotide chain ter

mination DNA sequencing, using a Sequenase Dye Terminator single-stranded
sequencing kit, a 373 Sequencer (Applied Biosystems), and the PCR-forward
primer as sequencing primer.
PCR-Microsatelllte
cleotide microsatellite

Analysis. Primers or primer sequences for the dinu
markers flanking the p16 gene on chromosome 9p21

AML6O

70

Mm

Mm

were obtained from Research Genetics (Huntsville, MA) or from the Genomic
DataBase (http://gdbwww.gdb.org; Ref. 19). The markers included (from
telomere to centromere): JFNA. D9S1751. D9S1749, D9S1747, D9S1748,
D9S1752,

and D9S171. The 50-M1 PCR mixture contained 10 mM Tris-HC1
Mm40,BrCa6O

(pH 8.8), 50 mMKC1, 1.0 m@iMgCl2,5 @xg
BSA (0.1 mg/ml), 5% DMSO, 0.8
mM dNTPs,

1.25 unit of Taq polymerase

(MB! Fermentas),

0.25

M

Mm49

Mm35

M

M

47
WI

@.tM
of each

primer, and 100ng ofgenomic DNA. PCR was run as follows: 1cycle of5 mm
at 92Â°C,followed by 26â€”32cycles of 30 s at 92Â°C,30 s at 57â€”60Â°C,
45 s at
72Â°C,followed by I cycle of 10 mm at 72Â°C.Four pi PCR product was mixed
with 8 @al
denaturing loading buffer (95% deionized formarnide, 10 mM EDTA,

CxCa 27/32
M

0.05% bromophenol blue, and 0.05% xylene cyanol), heated 10â€”20
mm at
94Â°C,cooled on ice, and loaded (3 ,.tl) on 0.4-mm thick preheated and

cS@Sc@
33
M

denaturing (8 M urea) 6% polyacrylamide gels for electrophoresis at 80 W
(30-cm-wide gels) during 1â€”2h. The separated DNA fragments were blotted

31

CxCa 23

WI

Lund M9

onto Hybond N+ (Arnersham) and hybridized with one of the PCR primers,
randomly tailed with dNTPs and terminal deoxynucleotide transferase (Am

@

ersham),

using an ECL direct nucleic acid labeling and detection

system

__

(Amersham) and placed on a blue light-sensitive film (Cronex-4; DuPont).
Allele sizes were compared between individuals of different families.

Results

91

92

EnCa 79

StCa 79

PaCa 71

92

Two of ten southern Swedish melanoma families (Lund M2 and
Lund M9), analyzed in the present study, were found to carry an
identical and novel germline mutation in exon 2 of the pitS gene. The
mutation was detected by SSCP and heteroduplex analysis and by
NHL 38 CxCa 51
55
37
sequencing identified as an in-frame 3-bp insertion (duplication) at
Mm56/57
WI
M
M
nucleotide 332 [according to the cDNA sequence of Serrano et a!.
(6)], resulting in an arginine insertion at codon 105. A known poly
morphism, Alal4OThr (G436A), in exon 2 was observed in two
families. Moreover, a single base pair substitution (G494C) residing
34
Mm23/29
in the 3' untranslated region of exon 3 was identified in one family.
WT
M
The G494C substitution was subsequently observed in healthy control
individuals and represents, in all likelihood, a normal polymorphic
Symboldefinitions
variant.
Lund M2 is a kindred with five cases of malignant melanoma (ages
0 Unaffected
of onset, 35, 40, and 49 years, with the two remaining at unknown
U â€¢NHL,
Cervical
Ca,Malignant
melanoma
age), three of which were tested and found to carry the 3-bp insertion
E:@
3 Pancreatic
ca
(Fig. 1). Three mutation carriers are disease free at ages 33, 47, and
L@ Cervical
ca
61, respectively, and one obligate carrier died at age 56 without signs
@1 Stomach
ca
of melanoma. Conversely, three unaffected individuals were identi
fled as non-carriers of the mutation. Thus, the gene penetrance in
Lund M2 is presently 50% (three melanoma cases among six carriers).
Two females (one gene carrier and one of unknown gene status)
p
Malignant
melanoma,
Breastca
developed cervical carcinoma at ages 23 and 27 (an additional in situ
cervical carcinoma at age 32), respectively. One female gene carrier
Fig. 1. Pedigree structure for kindred Lund M2 and Lund M9. Malignant diseases and
affected by melanoma subsequently developed breast cancer at
ages of onset, or current disease-free age, are shown beneath each symbol. Mm, malignant
age 60.
melanoma; BrCa, breast cancer; AML, acute myeloid leukemia; CxCa, cervical carci
Lund M9 is a kindred with two females affected by melanoma (Fig.
noma; PaCa, pancreatic cancer; NHL, non-Hodgkin's lymphoma; EnCa. endometrial
cancer; SiCa, stomach cancer. p16 mutation status is indicated as M (carrier of the
1), both of which were found to carry the 3-bp insertion. The proband
l05insArg mutation) or 547 (wild-type sequence).
developed two primary melanomas at ages 56 and 57 but also cervical
carcinoma at age 5 1 and non-Hodgkin's lymphoma at age 38. Her
daughter developed two primary melanomas at ages 23 and 29.
50%. Lund M2 and M9 were found to carry a common haplotype for
Moreover, the proband's mother (not tested) developed pancreatic
carcinoma at age 7 1, whereas a stomach and an endometrial cancer
markers flanking the p16 gene on chromosome 9p2l (IFNA,
were present in the paternal branch of the proband. Two gene carriers
D9S1751, D9S1749, D9S1747, D9S1748, D9S1752, and D9S171),
were disease free at ages 2 1 and 37, resulting in a gene penetrance of
supporting a common ancestor for these families.
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Discussion
The p16 tumor suppressor protein binds to the cyclin-dependent
kinases CDK4 and CDK6, preventing their activation by cyclin D and
thereby the phosphorylation of the retinoblastoma susceptibility gene
product (pRB) and pRB-related proteins involved in regulation of G1
phase progression (20). The p16 protein contains four ankyrin repeats,
motifs which are recognized in protein-protein interaction and, in the
case of pl6, probably in the interaction with CDK4 and CDK6 (6).
Earlier

investigations

have demonstrated

that mutations

affecting

investigate whether the cervical carcinomas in Lund M2 and M9 are
HPV negative and, indeed, carry somatic mutations in the p53 gene.
HPV-positive cervical carcinomas have usually retained a wild-type
p53 gene but have an impaired p53 function due to protein degrada
tion via binding to the E6 viral oncoprotein.
The number of germline p16 mutations identified to date is still low
(14â€”17),although certain mutations are repeatedly found in independ
ent families. For instance, Gly93Trp has been identified in kindreds

the

consensus amino acid residues of the ankyrin repeats also reduce the
binding and inhibitory activity of p16, whereas mutations at non
conserved residues within the ankyrin repeats or at residues outside
these repeats have minor functional effects (21â€”23).Moreover, it was
recently demonstrated that a melanoma cell line manifested a muta
tion in the pl6 binding domain of the CDK4 gene product (24). The
same CDK4 mutation was subsequently detected in the germline of
a melanoma kindred (25), further strengthening the important role
of aberrations in this cell cycle pathway in malignant melanoma
development.
The 105 Arg insertion, identified in two kindreds of the present
study, reside in the beginning of the forth ankyrin repeat inserted
between conserved (underlined) amino acid residues (WGRLPV to
WGRRLPV). The functional effect of this previously unreported
mutation, i.e., the interaction of the mutant p16 protein with CDK4, is
presently under analysis.4 The fact that all five tested individuals with
malignant melanoma in Lund M2 and M9 are carriers of the mutation
supports its role in disease development. On the other hand, five
mutation carriers were melanoma free at the ages of 34 to 6 1 years,
which is in agreement with the calculated penetrance of 53% by age
80 for carriers of the 9p21 gene (26). It is of considerable interest that
other malignant diseases are found repeatedly in mutation carriers,
obligate carriers, and descendants of carriers in Lund M2 and M9. A
pancreatic cancer was found in an obligate carrier of Lund M9,
lending support to earlier observations of a connection between an
increased risk of both melanoma and pancreatic cancer in the familial
atypical multiple mole melanoma syndrome (27â€”29).Pancreatic can
cer is also one of the few tumor types with a reported high frequency
of somatic p16 mutations (9). One female gene carrier affected by
malignant melanoma also subsequently developed breast cancer. This
raises the question if germline pitS mutations are also involved in
predisposition for this heterogeneous disease, although her relatively
high age at diagnosis (60 years) indicates that she may have developed
a sporadic breast cancer. However, another female gene carrier has
developed three independent malignant diseases (melanoma, cervical
carcinoma, and non-Hodgkin's lymphoma), emphasizing the role of
p16 as a multitumor suppressor gene.
Three individuals with cervical squamous cell carcinoma were
detected in Lund M2 and M9, two of which were tested and found to
be gene carriers. Two of them developed the disease at a very young
age and/or had multiple primary tumors. Although no association has
been reported to exist between malignant melanoma and cervical
carcinoma, somatic p]6 mutations have previously been found in
squamous cell carcinomas of the esophagus (10). It cannot be ex
cluded that inactivation of the p16 protein in cervical carcinomas in
part has a similar

effect

as inactivation

of pRB

by complex

binding

Utah 3012 and NIH 1017, and Vall l8Asp has been identified in
kindreds

to

the E7 protein of HPV types 16 and 18, which are known carcinogens
in cervical carcinoma development. p16 and pRB participate in a
common growth regulatory pathway, and there seems to exist an
inverse relationship between functional disruptions of the pitS and
RBI genes in human cancers (23, 30). It will be of interest to

in Utah

1771 and NIH

1016.

Moreover,

13 of 15 Dutch

melanoma kindreds analyzed were found to carry an identical l9-bp
deletion at nucleotide 218, providing strong support for the presence
of a common ancestor. Similarly, the two families of the present study
being found to carry an identical 3-bp insertion are most likely related,
because they share common alleles of microsatellite markers proxi
mate to p16 at 9p2l.
Although p16 is a strong candidate for the MLM gene on chromo
some 9, far from all 9p2l-linked melanoma families have been shown
to carry germline pitS mutations (14â€”16).This may be interpreted as
being due to gene inactivation by other mechanisms than mutation in
coding and splice site regions. Alterations in promoter/enhancer dc
ments operating in regulation of gene transcription may exist, as may
mutations affecting transcript stability/translation efficacy. The exist
ence of a chromosome 9p imprinter gene has recently also been
emphasized (12, 13) by drawing parallels with the proposed activity of
the H19 gene in specific methylation of the JGF2 promoter region,
with both the latter genes being clustered on chromosomal region
1lpl5. The potential role of other adjacent genes also has not been
ruled out. For instance, the involvement of the p15/MTS2/JNK4b gene
(7) in familial melanoma is still mostly unexplored. Its proximity to
the p16 gene on 9p2l has been taken as an explanation for the strong
selection for homozygous deletions in certain malignancies such as
astrocytoma and leukemia (preferentially acute lymphocyte leuke

mia), affecting both genes rather than inactivation of p16 by point
mutation followed by hemizygous deletion (31, 32).
In conclusion, an initial genetic analysis of familial malignant
melanoma in southern Sweden has provided some evidence of a
repeatedly occurring novel pitS mutation within the population. The
frequent occurrence also of other tumor types in mutation carriers
suggests that germline p16 mutations are involved in predisposition to
several malignancies, similar to the broad range of tumors found to
manifest somatic pitS alterations. The possible existence of a p16
mutation founder effect in Sweden will facilitate future genetic
screening and also provides an opportunity to study disease pen
etrance and effect of risk factors such as skin pigmentation, number of
melanocytic nevi, sun exposure, propensity to sunburn, and others on
the background of common genetic susceptibility.
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