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AbsTrACT
background Pathogenic variants in the CDKN2A 
gene are generally associated with the development 
of melanoma and pancreatic ductal adenocarcinoma 
(PDAC), but specific genotype- phenotype correlations 
might exist and the extent of PDAC risk is not well 
established for many variants.
Methods Using the Dutch national familial melanoma 
database, we identified all families with a pathogenic 
CDKN2A variant and investigated the occurrence of 
PDAC within these families. We also estimated the 
standardised incidence ratio and lifetime PDAC risk for 
carriers of a highly prevalent variant in these families.
results We identified 172 families in which 649 
individuals carried 15 different pathogenic variants. 
The most prevalent variant was the founder mutation 
c.225_243del (p16- Leiden, 484 proven carriers). Second 
most prevalent was c.67G>C (55 proven carriers). 
PDAC developed in 95 of 163 families (58%, including 
373 of 629 proven carriers) harbouring a variant with 
an effect on the p16INK4a protein, whereas PDAC did 
not occur in the 9 families (20 proven carriers) with a 
variant affecting only p14ARF. In the c.67G>C families, 
PDAC occurred in 12 of the 251 (5%) persons at risk. 
The standardised incidence ratio was 19.1 (95% CI 8.3 
to 33.6) and the cumulative PDAC incidence at age 75 
years (lifetime risk) was 19% (95% CI 7.5% to 30.1%).
Conclusions Our results support the notion that 
pathogenic CDKN2A variants affecting the p16INK4a 
protein, including c.67G>C, are associated with 
increased PDAC risk and carriers of such variants should 
be offered pancreatic cancer surveillance. There is no 
clinical evidence that impairment of only the p14ARF 
protein leads to an increased PDAC risk.

InTroduCTIon
The CDKN2A gene (MIM #600160) is a tumour 
suppressor gene encoding two distinct proteins 
using different first exons that are translated through 
alternative reading frames. The p16INK4a protein 
is coded by exons 1α, 2 and 3, while the p14ARF 
protein is coded by 1β and a part of exon 2.1 Thus, 
a germline mutation (henceforth referred to as 
pathogenic variant) can affect one or both of these 
proteins, depending on its location in the CDKN2A 
gene. Although both proteins act as tumour 

suppressors, they do so through different pathways. 
The p16- retinoblastoma pathway controls cell cycle 
G1 phase exit, whereas the p14ARF- p53 pathway 
induces cell cycle arrest or apoptosis.2 These prop-
erties suggest that CDKN2A variants may display 
specific genotype- phenotype correlations with risk 
of malignancy.

The most important malignancy associated with 
pathogenic variants in the CDKN2A gene is cuta-
neous melanoma, for which carriers have a life-
time risk of 70%.3 Pathogenic variants are found 
in up to 40% of high- density melanoma families, 
and CDKN2A is therefore the major high- risk 
susceptibility gene for hereditary cutaneous mela-
noma.1 4 The second most frequent tumour is 
pancreatic ductal adenocarcinoma (PDAC),5–9 for 
which the lifetime risk is up to 20%.9–12 This level 
of risk is among the highest for the known PDAC 
susceptibility genes,12 13 and pathogenic variants 
in the CDKN2A gene are even found in familial 
pancreatic cancer families that do not have cases of 
melanoma.14–16 Due to this high PDAC risk, carriers 
are eligible to be included in a pancreatic cancer 
surveillance programme.17

In melanoma families, pathogenic variants in the 
CDKN2A gene are found across the entire coding 
region and therefore may affect either p16INK4a, 
p14ARF or both.3 6 18 However, for the risk of 
PDAC, genotype- phenotype correlations for specific 
CDKN2A variants have been proposed, based on 
the observation that PDAC is only found in relation 
to variants affecting p16INK4A (with or without an 
effect on p14ARF).6 7 19 PDAC- associated variants 
include the founder mutation c.225_243del in exon 
2, also known as p16- Leiden, the most commonly 
found pathogenic variant in the Netherlands,20 21 
which conveys an estimated lifetime risk for PDAC 
of 15%–20%.8 10 Genetic testing of Dutch mela-
noma families also regularly identifies pathogenic 
variants other than p16-Leiden,22 for which the 
exact PDAC risk is often uncertain.19 The uncer-
tainty surrounding PDAC risk in non- p16- Leiden 
carriers precludes offers of surveillance within a 
pancreatic cancer surveillance research programme, 
as these programmes are reserved for individuals 
with a proven increased lifetime risk.17 The aim 
of this study was to further explore the possible 
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genotype- phenotype correlation between pathogenic CDKN2A 
variants and PDAC risk. To this end, we assessed the occurrence 
of PDAC in Dutch melanoma families with a (likely) pathogenic 
CDKN2A variant. In addition, we determined the lifetime PDAC 
risk for the second most prevalent pathogenic variant in the 
Netherlands using detailed pedigree information.

MeThods
study design and data collection
Data for this study were derived from the previously described 
Dutch national database for familial melanoma.22 In this data-
base, clinical information is stored on all melanoma families 
that have been tested for CDKN2A pathogenic variants at the 
Laboratory for Diagnostic Genome Analysis of the department 
of Clinical Genetics at Leiden University Medical Centre. This 
laboratory has been the primary sequencing facility for CDKN2A 
in the Netherlands since 1998, and performs sequencing for all 
clinical genetics departments in the Netherlands. According to 
Dutch referral guidelines, CDKN2A sequencing is indicated if the 
family meets one of the following criteria: (1) Two first- degree 
relatives with melanoma. (2) Two first- degree or second- degree 
relatives with melanoma and one first- degree or second- degree 
relative with PDAC. (3) Three or more primary melanomas in 
one individual. (4) An individual with melanoma under 18 years 
of age. (5) An individual with a history of both melanoma and 
PDAC.

Using this national database, we selected all melanoma families 
in which a pathogenic or likely pathogenic germline CDKN2A 
variant (class 4 or 5 variant)23 was identified during the period 
1998–2015, regardless of the occurrence of PDAC in the family. 
Classification of these variants was based on previously reported 
co- segregation with disease and/or strong evidence of impaired 
protein function. Families with a variant of uncertain signifi-
cance (class 3)23 were also included when the variant was shown 
through linkage analysis to be located on a pathogenic CDKN2A 
haplotype. The linkage criteria are based on haplotype mapping 
analysis data using eight simple polymorph tandem repeat 
microsatellite markers (region D9S1878–D9S162) encom-
passing the CDKN2A genomic region and neighbouring genes 
(9p13.3–9p22.1). Previous studies have shown that it is reli-
able to use simple tandem repeat polymorphism markers in this 
region to identify a common haplotype in different families.24 25 
When variant carriers from a single large family (>8 meioses) 
or from different families carried a common haplotype for these 
markers per investigated variant (and healthy control family 
members and other control samples did not), the haplotype was 
classified as pathogenic.

Pedigrees were reviewed and updated for the occurrence of 
PDAC in any family member up to August 2018. Since the posi-
tive predictive value of self- reported family history for PDAC has 
been reported to exceed 75%,26 we included information on all 
reported PDAC diagnoses. For each individual family member, 
mutation status, history of any type of cancer, age at cancer diag-
nosis, age at last follow- up, and age and cause of death (if appli-
cable) were updated by the referring clinical genetics department.

statistical analysis
Descriptive statistics were used to describe the prevalence of 
the different pathogenic CDKN2A variants and of PDAC within 
these families. For the second most prevalent variant (c.67G>C, 
p.(Gly23Arg)) we assessed the cumulative lifetime PDAC risk 
using detailed pedigree information. First, we excluded PDAC 
cases that were the index patient of their family, to prevent 

overestimation of risk as a result of ascertainment bias. We also 
excluded proven non- carriers, and all untested second- degree or 
higher- degree family members of a proven carrier, to prevent 
the effect of a likely reporting bias. Included in the analysis 
were proven carriers, obligate carriers, and untested first- degree 
family members of a proven or obligate carrier. Second, a stan-
dardised incidence ratio (SIR) was calculated, as the ratio of 
observed to expected cancers. The expected number of cancers 
was calculated based on the sum of all individual cumulative 
hazards derived from sex and age group- specific incidence 
rates for PDAC in the general Dutch population.27 Third, we 
estimated cumulative lifetime risk, defined as cumulative PDAC 
incidence by 75 years of age, using the Kaplan- Meier method. 
Mutation probabilities based on kinship coefficients were used 
as analytical weights in the Kaplan- Meier analysis, to avoid 
possible testing bias and increase efficiency. We calculated 95% 
CIs for both the SIR and the lifetime risk using bootstrapping at 
the family level (1000 repetitions).

resulTs
Pathogenic CDKN2A variants
Between 1998 and 2015, a total of 15 different (likely) patho-
genic CDKN2A variants was found in 172 CDKN2A- mutated 
melanoma families that included a total of 649 proven variant 
carriers (table 1). Seven variants affected both the p16INK4a 
and p14ARF proteins (143 families, 543 proven carriers), six 
variants solely the p16INK4a protein (20 families, 86 proven 
carriers), and two variants solely the p14ARF protein (9 fami-
lies, 20 proven carriers). The p16- Leiden variant (c.225_243del, 
p.(Ala76Cysfs*64)) was found in the majority of families 
(131/172 families, 76%). The frequencies of the 15 variants are 
presented in figure 1.

Pancreatic cancer occurrence
PDAC occurred in 95 families (55%, 373 proven carriers, table 1 
and figure 1). Regarding variants affecting both proteins, 59% 
of the families with such a variant included cases of PDAC and 
these families accounted for 59% of the proven carriers of these 
variants. For variants affecting solely p16INK4a, PDAC was 
observed in 55% of the families, accounting for 64% of the 
proven carriers. When excluding the two most common vari-
ants (c.67G>C and c.225_243del), PDAC was observed in 2/12 
(17%) families with a variant affecting both proteins, and in 
5/11 (45%) families with a variant affecting solely p16INK4a. 
Combining all variants with an effect on p16INK4a, regardless 
of the effect on p14ARF, PDAC occurred in 95/163 (58%) fami-
lies that included 373/629 (59%) proven carriers. By contrast, 
PDAC was not observed in the nine families (20 proven carriers) 
with a variant solely affecting the p14ARF protein.

CDKN2A c.67G>C variant and pancreatic cancer risk
The c.67G>C, p.(Gly23Arg) variant was found in nine families 
and is therefore the second most prevalent pathogenic CDKN2A 
variant found in Dutch melanoma families (table 1 and figure 1). 
Together, these families comprised 251 at- risk family members 
(84 proven and obligate carriers, 90 individuals with an a priori 
50% chance of carriership and 77 with an a priori 25% chance; 
table 2). During a total follow- up of 10 414 person- years, PDAC 
developed in 12 individuals (9 were carriers, including 2 PDAC 
index cases; 2 had a 50% chance of carriership; 1 a 25% chance). 
PDAC did not develop in the 52 proven non- carriers.

After excluding the two PDAC index cases and the family 
members with a 25% chance of carriership, the ratio of observed/
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Table 1 Overview of pathogenic variants and pancreatic cancer occurrence

Variant location CDKN2A nucleotide change*
CDKN2A/p16InK4a 
amino acid change

CDKN2A/p14ArF 
amino acid change

Total no. of families
(no. of proven carriers)

no. of families with PdAC
(no. of proven carriers in 
these families)

no. of
PdAC cases
(no. of validated† 
cases)

no. of proven carriers 
with PdAC
+ no. of obligate 
carriers with PdAC

PdAC occurrence in 
literature

Exon 1β c.193G>C None p.(Gly65Arg) 4 (8) 0 (−) 0 (−) 0+0 No

Exon 1β c.193+1G>A None p.? (splicing) 5 (12) 0 (−) 0 (−) 0+0 No

Exon 1α c.-34G>T p.? None 4 (8) 0 (−) 0 (−) 0+0 Yes6 7 15 19 37

Exon 1α c.47T>G p.(Leu16Arg) None 3 (9) 2 (5) 2 (0) 0+1 Yes15 19

Exon 1α c.67G>C p.(Gly23Arg) None 9 (55) 6 (39) 12 (5) 5+4 No

Exon 1α c.71G>C p.(Arg24Pro) None 2 (3) 2 (3) 2 (2) 2+0 Yes6 7 15 19 37

Exon 1α c.131- 132insAA p.(Tyr44*) None 1 (3) 0 (−) 0 (−) 0+0 Yes15 19

Exon 1α c.143C>A p.(Pro48Gln) None 1 (8) 1 (8) 3 (1) 1+1 Variant not reported

Exon 2 c.151- 2A>G p.? (splicing) p.? (splicing) 1 (12) 1 (12) 1 (0) 0+0 Variant not reported

Exon 2 c.159G>A p.(Met53Ile) p.(Asp68Asn) 2 (5) 1 (4) 1 (1) 0+0 Yes15 19

Exon 2 c.203C>T p.(Ala68Val) p.(Arg82Arg) 2 (7) 0 (−) 0 (−) 0+0 Yes36

Exon 2 c.225_243del p.(Ala76Cysfs*64) p.(Arg90Valfs*76) 131 (484) 82 (302) NA NA Yes6–8 10 15 16 19 37

Exon 2 c.301G>T p.(Gly101Trp) p.(Arg115Leu) 2 (2) 0 0 (−) 0+0 Yes6 7 14 15 19 37

Exon 2 c.352G>A p.(Ala118Thr) p.(Gly132Asp) 4 (31) 0 0 (−) 0+0 Variant not reported

Exon 1+2+3 Deletion 155 kb of CDKN2A, 
CDKN2B and partially MTAP

p.?
(whole gene deletion)

p.?
(whole gene deletion)

1 (2) 0 0 (−) 0+0 Variant not reported

The variants c.143C >A and c.203C >T are located on a pathogenic haplotype.
*RefSeq NM_000077.4 isoform p16INK4a, RefSeq NM_058195.3 isoform p14ARF (for exon 1β).
†Through medical records and/or pathology reports.
CDKN2A, cyclin- dependent kinase inhibitor 2A; NA, not analysed; PDAC, pancreatic ductal adenocarcinoma.

Figure 1 Visualisation of variant frequencies and pancreatic cancer 
occurrence. PDAC, pancreatic ductal adenocarcinoma.

expected cases was 9/0.47, resulting in a SIR of 19.1 (95% CI 
8.3 to 33.6). The cumulative PDAC incidence for carriers of the 
c.67G>C, p.(Gly23Arg) variant is shown in figure 2. At age 75 
years, the cumulative PDAC incidence (lifetime risk) was 19% 
(95% CI 7.5% to 30.1%).

dIsCussIon
The precise relationship between the CDKN2A gene and PDAC 
is unclear and an association has only been confirmed for a 
subset of pathogenic variants.19 In order to properly counsel 
carriers and to determine whether they are eligible for pancreatic 

cancer surveillance, a better understanding of possible genotype- 
phenotype correlations is needed. In this study, we investigated 
PDAC occurrence in a Dutch nationwide cohort of melanoma 
families with a (likely) pathogenic CDKN2A germline variant, and 
estimated the lifetime risk associated with the variant c.67G>C, 
p.(Gly23Arg). Of the 15 different variants, the majority (87%) 
affected the p16INK4a protein and PDAC occurred in 58% of 
families harbouring these variants. By contrast, we observed no 
PDAC in carriers (or their family members) of the two variants 
(both in exon 1β) that solely affected the p14ARF protein (9 
families, 20 carriers). This outcome supports the findings of 
earlier studies, which are summarised in online supplementary 
tables 1 and 2. To date, a total of 35 families with exon 1β vari-
ants (including the 9 families in our current study) have been 
reported worldwide, and PDAC has not been reported in any of 
them (see online supplementary table 1). A recent meta- analysis 
also failed to find an association between PDAC and patho-
genic variants in exon 1β.19 In our cohort, all variants in exon 2 
impaired both proteins, but other studies have described patients 
with melanoma and families with exon 2 variants altering only 
one of the two proteins. These studies have reported PDAC 
occurrence for exon 2 variants affecting only p16INK4a,6 but 
there are no such reports for exon 2 variants solely altering 
p14ARF (see online supplementary table 2). Of note, in a study 
by Kannengiesser et al,28 PDAC was reported in two out of four 
melanoma families with the c.339G>A variant that solely affects 
p14ARF, but as this variant is co- occurring in these families with 
a second variant that does alter p16INK4A (c.340C>T), they 
cannot be considered as sole p14ARF- families. Thus, although 
variants affecting only p14ARF have been described in a small 
number of families, these earlier observations together with 
our own findings strongly suggest that impairment of only the 
p14ARF protein (and therefore the p14ARF- p53 pathway) is 
not associated with an increased PDAC risk. Of the individual 
variants in our cohort, the most prevalent was the p16- Leiden 
variant (c.225_243del, p.(Ala76Cysfs*64)), which was present 
in the majority (76%) of families, in many of which (63%) PDAC 
occurred. This is unsurprising, as earlier studies have described 
the high prevalence of this variant in the Netherlands and its 
strong association with PDAC.8 10 Yet, other pathogenic variants 
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Table 2 Details of the families in which the c.67G>C, p.(Gly23Arg) variant was found

Family number
Total number of family 
members at risk* Carriers†

50% chance of 
carriership

25% chance of 
carriership

Proven non- 
carriers

no. of PdAC cases in carriers† and 
possible carriers
(of which validated‡)

1 11 7 4 0 3 0 (−)

2 56 9 17 30 5 3 (1)

3 44 11 19 14 7 1 (1)

4 26 9 7 10 6 0 (−)

5 8 6 2 0 9 4 (2)

6 53 24 21 8 16 2 (0)

7 19 6 7 6 0 1 (1)

8 14 9 5 0 5 0 (−)

9 20 3 8 9 1 1 (0)

Total 251 84 90 77 52 12

*Proven non- carriers excluded.
†Includes proven and obligate carriers.
‡Through medical records and/or pathology reports.
PDAC, pancreatic ductal adenocarcinoma.

Figure 2 Cumulative pancreatic cancer incidence for c.67G>C, 
p.(Gly23Arg) carriers, with 95% CIs shown as dashed lines.

were also found regularly (in 24% of families), the most preva-
lent was c.67G>C, p.(Gly23Arg). Single families harbouring this 
variant29 30 or other variants within the same codon29–35 have 
been previously described, mainly in the context of melanoma 
risk. Of these studies only one also reported on PDAC occur-
rence, describing a single case in a second- degree relative of a 
c.67G>A, p.(Gly23Ser) variant carrier.34 Based on our larger set 
of nine families, we estimated the lifetime PDAC risk associated 
with this specific variant to be approximately equivalent to that 
of the p16- Leiden variant (estimated at 15%–20%).8 10

Of the remaining 13 variants, 10 have been found in families 
in other countries,7 19 36 but 3 have not been previously described 
in literature. These were c.143C>A (located on a pathogenic 
haplotype), c.151- 2A>G and a deletion of 155 kb spanning 
CDKN2A, CDKN2B and a part of MTAP. Two of these variants 
(c.143C>A and c.151- 2A>G) were identified in families with 
one or more occurrences of PDAC. Since the majority of variants 
affecting p16INK4a in our study were identified in melanoma 
families with one or more occurrences of PDAC, and most other 
variants affecting p16INK4a have been associated with a positive 
family history for PDAC in previous studies (table 1), our results 
contribute to a growing body of evidence that suggests that all 
pathogenic variants affecting the p16INK4a protein convey an 

increased PDAC risk. This trend is further supported by the risk 
estimates for the two most prevalent variants in the Netherlands, 
both of which affect p16INK4a and exceed the 5% threshold 
defined by the international cancer of the pancreas surveillance 
consortium.17 Although we consider it likely that most other 
pathogenic variants affecting p16INK4a will exceed the 5% life-
time risk threshold for PDAC surveillance as well, we could not 
specifically investigate this for every single variant in our cohort 
due to their low prevalence. We do acknowledge that somewhat 
lower frequencies of PDAC have previously been reported in 
families harbouring variants in specific domains of the CDKN2A 
gene, that is, the ankyrin repeats 1 and 2 (corresponding to 
codons 11–71 of the p16INK4a transcript),6 7 37 but our data 
do not support this possible genotype- phenotype correlation 
between variants in specific ankyrin repeats and PDAC risk since 
the c.67G>C, p.(Gly23Arg) variant lies within the ankyrin repeat 
1 and has shown a particular strong association with PDAC risk. 
Therefore, based on existing literature and this study, all carriers 
of pathogenic CDKN2A variants affecting p16INK4a should be 
considered candidates for PDAC surveillance, until convincing 
evidence to the contrary emerges. Conversely, available evidence 
does not support an increased PDAC risk in carriers of variants 
solely affecting p14ARF, and carriers of these variants should, 
therefore, not be offered surveillance at this time. Our study 
had several strengths. The centralised Dutch database for fami-
lies harbouring (likely) pathogenic CDKN2A variants allowed us 
to examine the complete spectrum of variants and the occur-
rence of PDAC on a national level. This facilitated estimation 
of the lifetime PDAC risk for the second most prevalent variant, 
enabling better genetic counselling. Second, we also corrected 
for possible ascertainment bias by excluding all PDAC index 
cases from the analysis, thereby avoiding risk overestimation. 
Third, it is unlikely that a recall or reporting bias substantially 
influenced our results. To minimise this risk, we excluded all 
untested second- degree and higher- degree family members (with 
and without PDAC) from the analyses. Furthermore, it has been 
shown that reported family histories have a near perfect (>99%) 
negative predictive value for PDAC,38 and a high positive predic-
tive value for PDAC diagnoses in first- degree relatives (>75%).26

One limitation of our study should be noted. Notwithstanding 
the large number of families included, for each individual variant 
the number of families, variant carriers and PDAC cases was low. 
Besides the previously described p16- Leiden variant, the c.67G 
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>C, p.(Gly23Arg) variant was the only variant for which we had 
sufficient PDAC cases to calculate lifetime risk estimates. Clearly, 
achieving reliable future estimates of lifetime PDAC risk for most 
variants will require international reporting and the amalgama-
tion of results on variant frequencies and PDAC occurrence.

In conclusion, a variety of pathogenic CDKN2A variants 
other than the relatively prevalent p16- Leiden variant are found 
in Dutch melanoma families. Pathogenic variants affecting 
p16INK4a (including c.67G>C, p.(Gly23Arg)), but not those 
affecting only p14ARF, appear to be associated with increased 
PDAC risk. Therefore, carriers of such variants should be eligible 
for pancreatic cancer surveillance programmes within a research 
setting.
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