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To investigate whether the familial clustering of cutaneous melanoma is consis-
tent with Mendelian inheritance of a major autosomal gene, maximum likeli-
hood segregation analyses were performed in a population-based sample of 1,912
families ascertained through a proband with melanoma diagnosed in Queensland
between 1982 and 1990. Analyses were performed with the S.A.G.E. statistical
package, using the REGTL program for a binary trait with a variable age of
onset. We sought medical confirmation for all family members reported to have
had melanoma, and only medically verified cases among relatives were included
in the analysesThe hypothesis of codominant Mendelian inheritance gave a
significantly better fit to the data than either dominant or recessive Mendelian
inheritance, or environmental transmission. Overall, both Mendelian inheritance
of a single major gene, and purely environmental transmission were rejected (

< 0.001). In both the single major gene and environmental models, there was
strong evidence of familial dependence in melanoma occurréhee((001).

These results are consistent with reported genetic heterogeneity in melanoma
inheritance and suggest that other familial factors, such as pigmentation, skin
type, and sun exposure habits, may play an important role in the familial cluster-
ing of melanomaGenet. Epidemiol. 15:391-401, 1998© 1998 Wiley-Liss, Inc.
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INTRODUCTION

The incidence of malignant melanoma is increasing in white-skinned popula-
tions throughout the world and has more than doubled in Queensland, Australia,
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since 1980. In 1987, the age-adjusted incidence of invasive melanoma was 48.9 per
100,000 for men and 39.7 per 100,000 for women [MacLennan et al., 1992]. This is
the highest incidence of melanoma in the world and the highest incidence of any
cancer in Queensland, with the exception of nonmelanoma skin cancer.

Approximately 10% of melanoma cases in Queensland have one or more first-
degree relatives with melanoma, and population-based case-control and family stud-
ies suggest that a positive family history is associated with a two- to threefold increased
melanoma risk [Wallace et al., 1971; Holman et al., 1984; Green et al., 1986; Aitken
et al., 1994]. The familial clustering of melanoma may be due to the inheritance of
melanoma susceptibility genes, or to correlation between family members in known
melanoma risk factors [Hopper and Carlin, 1992], such as propensity to develop
melanocytic nevi, skin type, and sun exposure, the most important environmental
determinant [IARC, 1992].

A gene (CDKN2A) that encodes the low-molecular-weight proteif’{¥1&as
been identified in the same interval on chromosome 9p21, which had previously
been mapped to familial melanoma [Cannon-Albright et al., 1992; Kamb et al., 1994a].
The p16*** protein inhibits cyclin-dependent kinases 4 and 6 (CDK4 and CDK®),
which are involved in the stimulation of cell division. Germline CDKN2A mutations
have been detected with varying frequencies in small samples of Australian, Dutch,
and North American families selected because of their high risk of melanoma
[Hussussian et al., 1994; Kamb et al., 1994b; Walker et al., 1995; Gruis et al., 1995].
The frequency of CDKN2A mutations in the population is unknown, although a re-
cent observation that only 7.8% of 64 Swedish melanoma-prone kindreds with mul-
tiple dysplastic nevi carry a germline CDKN2A mutation suggests that this gene
probably accounts for only a fraction of familial melanoma [Platz et al., 1997]. Pre-
disposition to melanoma has been linked to markers on chromosome 1p [Goldstein
et al., 1993, 1996] and 6p [Walker et al., 1994], although again the importance of
these genes in melanoma aetiology in the general population is unknown. To investi-
gate whether the familial clustering of melanoma can be explained by Mendelian
inheritance of a major susceptibility gene, segregation analyses were performed in a
population-based sample of 1,912 Queensland families ascertained through a proband
with melanoma diagnosed in Queensland between 1982 and 1990.

METHODS
Study Subjects

Family ascertainment and data collection have been described in detail previ-
ously [Aitken et al., 1996a]. Briefly, we ascertained all 12,006 first incident cases of
cutaneous melanoma (invasive and in situ) diagnosed in Queensland residents be-
tween 1982 and 1990 and reported to the Queensland Cancer Registry, or found by
comparing cancer registrations for 1984 and 1987 with records of pathology labora-
tories throughout Queensland. From this exercise, we estimate that registry records
are ~95% complete for the study period. Doctor’s permission was obtained to ap-
proach 10,407 cases, of whom 7,784 (75%) returned a brief family history question-
naire, stating whether any of their first-degree relatives (parents, siblings, children)
had had a diagnosis of melanoma. A total of 2,920 probands was sampled from these
respondents, including all who had claimed a positive family history (n = 1,529) and
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an approximate 20% random sample of the remainder (n = 1,391). Probands were
sent a detailed family history questionnaire, asking for the names and addresses of
all first-degree relatives, relatives’ vital status, dates of birth, and ages, and whether
any of these relatives had had a melanoma diagnosed by a doctor. To avoid bias in
determining the mode dfheritance, second and lower degree relatives were enrolled
in the study according to a sequential sampling scheme [Cannings and Thompson, 1977];
first-degreaelatives of all relatives with confirmed melanoma were ascertained through
the detailed family history questionnaire, described above, which was mailed to all
confirmed positive relatives. In total, 15,989 relatives belonging to 1,912 separate
families were reported by 2,118 (73%) probands or other positive relatives. A total
of 1,044 relatives for whom date of birth was unknown was excluded, leaving 14,945
relatives for analysis. There were 188 families independently ascertained through
two or more probands; to avoid ascertainment bias, these families were included in
the dataset separately for each proband in the family.

Confirmation of Melanomas Among Relatives

We sought medical confirmation and dates of diagnosis for the total 1,348 rela-
tives reported by probands or other relatives to have had melanoma [Aitken et al.,
1996b]. Access to medical records was refused by 71 relatives or their next-of-kin,
and records could not be located for 181 relatives. Of the remaining 1,096 relatives,
medical confirmation of melanoma as the diagnosis was obtained for 650 (59.3%).
Most false positive reports proved to be basal or squamous cell carcinoma, solar
keratoses, or benign nevi, which are far more common and are often excised from
the skin [Aitken et al., 1996b]. Only the 650 medically verified cases among rela-
tives were included in the segregation analyses. All other relatives were treated as
unaffected.

Statistical Methods

Evidence for melanoma inheritance was assessed with the statistical package
S.A.G.E. [1992], using the REGTL program for segregation analysis of binary traits
with a variable age of onset under the class A regressive logistic model [Bonney,
1986]. This model assumes that the affection status of an individual’'s parents com-
pletely explains any additional familial dependence, either genetic or environmental,
which remains after accounting for Mendelian inheritance of a major gene. In other
words, after accounting for Mendelian inheritance and the parents’ phenotypes, it is
assumed that no additional information about an individual’s probability of develop-
ing melanoma is obtained from the phenotypes of siblings. Mendelian inheritance, if
it exists, is assumed to be through a single autosomal locus with two alleles, giving
three possible genotypes (AA, AB, and BB), where allele A is associated with mela-
noma susceptibility. The program utilizes standard methods of ascertainment correc-
tion by conditioning the likelihood of each pedigree on the probands’ phenotype and
age at onset of melanoma.

The calculation of the likelihood for family data is described by Elston and
Stewart (1971). Briefly, the likelihood is a function of the population frequencies of
the three genotype§ifa, Was, andygs) (determined by the population frequency of
allele A, g, assuming Hardy-Weinberg equilibrium); the transmission probabilities
of the three genotypesah, Tas, andTgs), wheretaa, for example, is the probability
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that a parent of genotype AA will transmit allele A to their child; susceptibjlity
defined as the probability that an individual selected at random from the population
will develop melanoma by age infinity [Go et al., 1993] (this will be <1.0 if, for
example, environmental factors to which only a portion of the population is ever
exposed are necessary for the development of disease); and the cumulative probabil-
ity that an individual of a particular genotype will develop melanoma by a given age.
This last was modelled using a logistic function that includes a baseline par@meter
a coefficienta for age, and separate coefficiertis,{nt unatrectedN0Oparent arectey fOr the
affection status of each parent [Bonney, 1986]. These coefficients were assumed to
be the same for the father and mother. The baseline parginmater vary according
to genotype and was assumed to be the same for both sexes, given that the age of
onset distributions were similar for men and women in this sample. Susceptibility
was assumed to be the same for all three genotypes and both sexes. This model was
chosen over one in which susceptibility is genotype-dependent and the baseline pa-
rameter is not, as there is epidemiologic evidence that patients with a family history
have an earlier average age of onset than do sporadic cases, particularly for variably
sun-exposed sites such as the trunk and legs [Aitken et al., 1996a].

We fit two groups of models to the data: the first group assumed no familial
correlation in addition to that explained by Mendelian inheritance 8,gent unaftected
and dparent arecteaVere fixed at 0), whereas the second allowed for additional familial
correlation. Within each group, we tested six models: Mendelian transmission of a
single dominant allele; Mendelian transmission of a single recessive allele; Mende-
lian transmission of a codominant allele; no parent-offspring transmission (the envi-
ronmental hypothesis) with two age-of-onset distributions in the population; no
parent-offspring transmission with three age-of-onset distributions; and the “no ma-
jor type” model, which assumes there is only one underlying age-of-onset distribu-
tion in the population, any variation from expectation being entirely random.

Mendelian transmission corresponds to the case in wihjck 1.0, T,z = 0.5,
and tgz = 0. In the dominant inheritance model, two age-of-onset distributions are
assumed: one for genotypes AAd ABand another for BB. The recessive inheri-
tance model also has two age-of-onset distributions, one for AA, and another for AB
and BB, whereas the codominant model assumes three different age-of-onset distri-
butions, one for each genotype. In the case gfament-offspring transmission,, =
Tag = Tgs. IN @ population at equilibrium and assuming complete correction for the mode
of ascertainment; and g are expected to be equal under this model [Bailey-Wilson et
al., 1986]. However, they were allowed to differ here because the two-step method of
sampling that we used made complete ascertainment correction problematic.

Parameters were estimated using the method of maximum likelihood, using up
to 18 sets of starting values for each model to ensure that the likelihood surface was
thoroughly examined. The maximum likelihood under each model was compared to
that under a full model—in which all of the parameters in the likelihood function
were estimated without restriction—by the likelihood ratio test [Kleinbaum et al.,
1982] to assess whether the model of interest provided an adequate fit to the data.
Cumulative incidence to 100 years, i.e., the expected probability that an individual
selected at random from the population will develop melanoma by 100 years of age,
was calculated for each model by extrapolating from the parametric survival curve
using the estimated parameter values for that model [S.A.G.E., 1992].
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Adjustment for Sampling Scheme

As our sample was weighted by self-reported positive history families in the
ratio of 5:1, negative history families were weighted by a factor of five in the analy-
sis to return the sample to correct population proportions. This “population sample”
allowed us to estimate correctly the population gene frequaentygprovided smaller
standard errors and a smaller likelihood than would otherwise have been the case.
Therefore, to obtain correct likelihoods, all models were re-run using the actual sample
while fixing all maximum likelihood estimates of the parameters to the values ob-
tained from the weighted “population sample.”

RESULTS

Of the total 1,912 families, 509 had at least one member with cutaneous mela-
noma in addition to the proband: 415 families had one affected member in addition
to the proband, 67 families had two, 20 families had three, and seven families had
four or more. The distribution of melanomas according to family size has been pre-
sented elsewhere [Aitken et al., 1996a]. The average age of onset of melanoma was
similar for male (49.9 yr; 95% CI: 48.8, 51.2) and female relatives (45.9 yr; 95% CI:
43.8, 48.0).

Segregation Analysis

The results of the segregation analyses are presented in Table | for the group of
models (group A) in which we assumed no familial dependence in addition to that
explained by a major gene and in Table Il for the group of models (group B) that
included terms for additional familial dependence. In both groups of models, the “no
major type” hypothesis gave a significantly worse fit to the data than either the ge-
netic or environmental hypheses, implying the existence of more than one age-
of-onset distribution in the population. By comparing the likelihoods for the group
A genetic models, codominant Mendelian inheritance provided a significantly
better fit to the data than either dominant or recessive inheritance (e.g., for the
dominant versus codominant mode{$, = 180.11,P < 0.001), although both the
codominant and environmental models wegjected in favour of the full modeP(
< 0.001) (Table I).

The inclusion in group B models of logistic regression terms for familial depen-
dence in addition to a major gene significantly improved the fit of all mddel(001)

(Table II). Codominant Mendelian inheritance provided a significantly better fit to the
data than either dominant or recessive inheritance and also provided a significantly better
fit than either of the environmental models. However, codominant inheritance was re-
jected in favour of the full modeP(< 0.001). (We were unable to achieve convergence

of the parameter estimates for the full model in Table II, although had this been obtained,
the likelihood would have been even greater than that shown, and the codominant Men-
delian model would have been even more strongly rejected.)

DISCUSSION

Using complex segregation analysis, we have found no evidence of Mendelian
inheritance of cutaneous melanoma through a single major gene in 1,912 Queensland



TABLE |. Parameter Estimates From Segregation Analysis of Cutaneous Melanoma in a Sample of 1,912 Families Ascertained ThroughbBnds Diagnosed
With Cutaneous Melanoma in Queensland, 1982—-1990*

Hypothesis

Medelian inheritance Environmental factors No major Full
Parameter Dominant Recessive Co-dominant Two groups Three groups type model
Allele frequency gA 0.091 0.187 0.247 0.006 0.013 — 0.0004
Transmission prob.
Tan 1.0 1.0 1.0 0.175 0.315 — 1.0
Tag 0.5 0.5 0.5 0.175 0.315 — 0.74
Tes 0 0 0 0.175 0.315 — 0.04
Age coefficienta 0.105 0.087 0.167 0.085 0.139 0.085 0.142
Baseline parameters
Baa -4.83 —4.88 -5.73 -5.79 -5.36 -5.29 —4.88
Baa -4.83 -9.45 -10.52 -5.79 -9.65 -5.29 -9.13
Bes -8.00 -9.45 -15.54 —34.59 -63.18 -5.29 -16.49
Mean age of onset
Haa 46.05 55.76 34.18 68.14 38.49 62.16 34.38
Uas 46.05 107.95 62.77 68.14 69.27 62.16 64.31
Uss 76.30 107.95 92.73 406.92 453.64 62.16 116.08
S.D. of age of onset 17.31 20.73 10.82 21.34 13.02 21.32 12.77
Susceptibilityy 0.116 0.436 0.113 0.630 0.330 0.093 1.0
Additional fam. depend.
6parent unaffected 0 0 0 0 0 0 0
6Pa\rent unaffected 0 0 0 0 0 0 0
Cl by 100 yrs 0.109 0.155 0.098 0.008 0.008 0.090 0.093
—2(In L) (# parameters) 14,607.0 (5) 14,567.3 (5) 14,426.8 (6) 13, 754.1 (6) 13,736.0 (7) 14,758.8 (3) 13,060.4 (9)
X2 (df? 1,546.6 (4) 1,507.0 (4) 1,366.5 (3) 693.7 (3) 675.6 (2) 1,698.5 (6)
P value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

*In this group of models, there is assumed to be no familial dependence (genetic or environmental) in addition to thdtexpMeidelian inheritance. Numbers in
boldface are independent parameter estimates.
32 = (=2In L of the data under the hypothesis of interest) — (—2In L of the data under the full model).



TABLE Il. Parameter Estimates From Segregation Analysis of Cutaneous Melanoma in a Sample of 1,912 Families Ascertained ThroBgbbands Diagnosed
With Cutaneous Melanoma in Queensland, 1982-1990*

Hypothesis

Mendelian inheritance Environmental factors No major Eull
Parameter Dominant Recessive Codominant Two groups Three groups type model
Allele frequency g 0.005 0.076 0.001 0.006 0.007 — 0.047
Transmission prob.
Tan 1.0 1.0 1.0 0.090 0.909 — 0.01
Tas 0.5 0.5 0.5 0.090 0.909 — 0
Tes 0 0 0 0.090 0.909 — 1.0
Age coefficienta 0.203 0.183 0.282 0.211 0.243 0.100 0.121
Baseline parameters
Baa -12.85 -12.00 -11.47 -13.93 -21.43 -9.68 -11.10
Bas -12.85 -18.18 -18.94 -13.93 -15.01 -9.68 -15.30
Bes -18.08 -18.18 -25.42 -20.86 —28.89 -9.68 -19.90
Mean age of onset
Haa 63.27 65.64 40.66 65.94 88.21 97.20 91.92
Uas 63.27 99.40 67.12 65.94 61.79 97.20 126.73
Hes 88.98 99.40 90.09 98.74 118.95 97.20 164.77
S.D. of age of onset 8.93 9.92 6.43 8.59 7.47 18.21 15.03
Susceptibilityy 0.221 0.567 0.217 0.494 0.407 0.401 0.720
Additional fam. depend
6parent unaffected 0 0 0 0 0 0 0
Oparent affected 6.56 6.79 9.97 6.94 7.18 3.81 7.70
Cl by 100 yrs 0.200 0.301 0.205 0.282 0.010 0.228 0.004
-2 (In L) # parameters) 12,717.6 (7) 12,499.6 (7) 12,181.6 (8) 12,508.6 (8) 12,234.3 (9) 13,288.2 (5) 11,047.6 (11)
X2 (dfy? 1,670.0 (4) 1,452.0 (4) 1,134.1 (3) 1,461.0 (3) 1,186.8 (2) 2,240.6 (6)
P value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

*In this group of models, there is assumed to be familial dependence (genetic or environmental) in addition to that expnddlian inheritance. Numbers in
bold face are independent parameter estimates.
3?2 = (—2In L of the data under the hypothesis of interest) — (—2In L of the data under the full model).
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families ascertained through probands with a recent diagnosis of melanoma. The
following broad groups of hypotheses were investigated to explain the familial oc-
currence of melanoma: (1) Mendelian transmission of a single major gene with two
alleles, with no additional familial dependence, (2) a major, randomly distributed,
environmental factor, producing either two or three age-of-onset distributions in the
population, with no familial dependence, (3) Mendelian transmission of a single ma-
jor gene with two alleles, with additional familial dependence, and (4) a major, ran-
domly distributed, environmental factor with, in addition, familial dependence due
to unexplained shared environmental or genetic factors. All four groups of hypoth-
eses were rejected.

Our results are in agreement with those of Speer et al. [1992] who found no
evidence for segregation of a major gene for melanoma in a group of Utah families,
some of whom were ascertained through clusters of melanoma cases and some through
random sampling of clinic cases selected independently of family history. This is in
contrast to most other segregation analyses of melanoma, which have supported Men-
delian transmission of a major gene as the basis for the familial clustering of this
disease. Greene and colleagues [1983] investigated 14 families with two or more
living members with cutaneous malignant melanoma ascertained through a Cancer
Family Register. Using the Elston-Stewart maximum likelihood method of segrega-
tion analysis, they found that the distribution of melanoma in these kindreds was
consistent with autosomal dominant inheritance of a single susceptibility gene. Based
on life table and disease-free survival analysis in the same 14 kindreds, Bale and
colleagues [1986] demonstrated an autosomal dominant mode of inheritance for the
combined phenotype of melanoma/dysplastic nevus syndrome in which relatives were
considered affected if they had either melanoma or histologically verified dysplastic
nevi. Lynch et al. [1983] and Bergman et al. [1986] presented segregation analyses
whose results also suggested autosomal dominant inheritance of the combined ma-
lignant melanoma/dysplastic nevus syndrome. Most analyses supporting the major
gene hypothesis have been based on small numbers of highly selected families with
a strong history of melanoma and multiple dysplastic nevi and as such are likely to
present a more genetically homogeneous sample than that analysed here.

As far as we are aware, ours is the first segregation analysis of families ascer-
tained through a population-based sample of melanoma cases. We have demonstrated
significant heterogeneity in melanoma risk between these families [Aitken et al.,
1994]. After accounting for family size and the sex, ages, and birth cohorts of rela-
tives, ~5% of our families have a very strong melanoma history, often diagnosed at a
young age, suggestive of inherited susceptibility [Aitken et al., 1994]. (After adjust-
ing for our weighted sampling scheme, this corresponds to <1% of the families of
melanoma cases in the total Queensland population). The remaining families have
only one or two affected members and appear to be at much lower genetic risk.
Queensland has the world’s highest recorded incidence of melanoma, the result of a
white-skinned population residing in a subtropical climate with high levels of solar
radiation. Although the causes of melanoma are complex and include both genetic
and environmental components, it is likely that environment plays the major role in
many, if not most, of the cases in our low familial risk kindreds. Although a major
gene may be segregating in our high risk families, this effect may have been masked
in a background of such high apparently sporadic incidence.
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It is also possible that the assumptions underlying segregation analysis are not
appropriate in this situation, in particular, the assumption that Mendelian transmis-
sion, if it exists, is through a single major gene with two alleles. The melanoma
susceptibility gene CDKNZ2A identified on chromosome 9p21 appears to be inher-
ited in dominant Mendelian fashion. Although the proportion of familial melanoma
attributable to this gene is unknown, it is clear that many melanoma kindreds exist
that do not carry germline mutations in CDKN2A [Kamb et al., 1994b; Platz et al.,
1997]. Further, there is some evidence for genetic heterogeneity in melanoma inher-
itance [Goldstein et al., 1994; MacGeoch et al., 1994]. Whereas familial melanoma
has most commonly been linked to chromosome 9p in North American [Cannon-
Albright et al., 1992; Hussussian et al., 1994; Kamb et al., 1994b], Dutch [Gruis et
al., 1995], Australian [Nancarrow et al., 1993], and British [MacGeoch et al., 1994]
families, linkage to chromosome 1p and 6p also have been reported [Goldstein et al.,
1993; Walker et al., 1994]. If two or more major genes are segregating in our sample
with different modes of inheritance, the results of segregation analysis become ex-
tremely difficult to interpret.

In conclusion, using a population-based sample of families ascertained through
melanoma cases, we have demonstrated familial transmission of malignant mela-
noma that cannot be explained by Mendelian inheritance of a single major gene. We
have collected proxy- or self-reported melanoma risk factors for 61% of relatives,
including counts of nevi on the arm and back, pigmentation characteristics, ability to
suntan, propensity to sunburn, and an approximate lifetime history of sun exposure
[described in detail in Aitken et al., 1996a]. In future segregation analyses, the inclu-
sion of relatives’ risk factors in the models may reveal whether all or a combination
of these explains the familial dependence that we have clearly demonstrated. If a
major gene exists that operates independently of these covariates, including them in
the models may reduce residual variation and increase the power of the analysis to
detect a major gene effect, as has been observed for lung cancer when the inclusion
of information on smoking increased the power for detecting a major gene for this
disease [Sellers et al., 1990].
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