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Abstract Germline mutations in the exonuclease domain
of POLE have been shown to predispose to colorectal
cancers and adenomas. POLE is an enzyme involved in
DNA repair and chromosomal DNA replication. In order to
assess whether such mutations might also predispose to
cutaneous melanoma, we interrogated whole-genome and
exome data from probands of 34 melanoma families
lacking pathogenic mutations in known high penetrance
melanoma susceptibility genes: CDKN2A, CDK4, BAPI,
TERT, POTI, ACD and TERF2IP. We found a novel
germline mutation, POLE p.(Trp347Cys), in a 7-case
cutaneous melanoma family. Functional assays in S. pombe
showed that this mutation led to an increased DNA muta-
tion rate comparable to that seen with a Pol € mutant with
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no exonuclease activity. We then performed targeted
sequencing of POLE in 1243 cutaneous melanoma cases
and found that a further ten probands had novel or rare
variants in the exonuclease domain of POLE. Although this
frequency is not significantly higher than that in unselected
Caucasian controls, we observed multiple cancer types in
the melanoma families, suggesting that some germline
POLE mutations may predispose to a broad spectrum of
cancers, including melanoma. In addition, we found the
first mutation outside the exonuclease domain, p.(Gl-
n520Arg), in a family with an extensive history of col-
orectal cancer.

Keywords Cutaneous melanoma - POLE - Germline
mutation
Introduction

Familial melanoma represents approximately 5—10 % of all
cutaneous malignant melanoma (CMM) cases reported [1—
7]. Susceptibility in approximately half of families is
attributable to known high penetrance genes. As yet, the
cause of increased risk of CMM development in the
remaining families is largely unknown but could be due to
a combination of low or medium penetrance mutations
(often detected through genome-wide association studies)
or due to rare as yet undiscovered high penetrance muta-
tions. To address the latter possibility, we have used next-
generation sequencing to study high-density CMM families
to uncover novel high-penetrance melanoma predisposition
genes. This has led to the identification of rare mutations in
POTI, ACD and TERF2IP [8, 9], but the cause of predis-
position in the bulk of CMM families is as yet undeter-
mined. In some families there are plausible candidate
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mutations, which require functional assessment to establish
their involvement in CMM predisposition. In one such
family we identified a novel (i.e. unreported in publically
available databases) mutation in the exonuclease domain of
the catalytic subunit of DNA directed polymerase €
(POLE). POLE is an enzyme involved in DNA repair and
chromosomal DNA replication. Given that such mutations
are associated with colon cancer susceptibility [10],
another cancer type with a high environmental mutation
burden, we felt that POLE was also a good candidate CMM
predisposition gene. The aim of this study was to determine
the role of POLE mutations in CMM predisposition.

Materials and methods
Ethics

Ethics approval was obtained from the QIMR Berghofer
Human Research Ethics Committee and the Committee of
Biomedical Research Ethics of the Capital Region of
Denmark. Written consent was obtained from each par-
ticipant in this study.

Samples

Australian samples were ascertained as part of the
Q-MEGA project [11] which is a population-based study
from Queensland investigating the link between genetics
and environment in melanoma development. Q-MEGA
consists of four study samples: the Queensland Study of
Childhood Melanoma (N = 101), the study of Melanoma
in Adolescents (N = 298), the Study of Men over 50
(N = 178) and the Queensland Familial Melanoma Project
(QFMP; N = 1897) [12]. The Childhood study included
children diagnosed with CMM under the age of 15 between
1987 and 1994 while the adolescent study consisted of
cases diagnosed between the age of 15 and 19 in the same
period [13-15]. In the study of men over 50, individuals
were diagnosed with CMM between July 1993 and June
1994 and were at least 50 years old at diagnosis [16]. In the
QFMP study, individuals that presented to the Queensland
Cancer Registry with histologically confirmed CMM
between the years 1982 and 1990 were approached.
Detailed information on personal and family cancer history
was ascertained and where an individual had relatives with
CMM, these additional family members were also asked to
participate. Danish cutaneous melanoma cases were
ascertained through the Danish Project of Hereditary
Malignant Melanoma. For each participant, genomic DNA
was extracted from whole blood using standard salting out
methods [17]. In some instances DNA was extracted from
transformed lymphoblastoid cell lines.
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Next-generation sequencing

Whole-genome sequencing for ten Q-MEGA cases and
exome sequencing for a further 77 Q-MEGA cases was
performed using the Hiseq 2000 platform (Illumina) com-
bined with SureSelect Human All Exon V4 4 UTRs
enrichment kits (Agilent). 100 bp paired-end reads were
generated with samples having a mean coverage of 96X.
Using the BWA alignment algorithm, the sequence output
was mapped to the UCSC human genome reference build
19 [18]. SNPs and indels were detected using bcftools and
SAMotools mpileup with disabled BAQ computation [19].
Variants were filtered for stringency using quality score
(>70) and alternate read counts (>2 and >20 % of all reads
at a given position). Samples selected for this study were
wild type for previously identified high-risk CMM genes:
CDKN2A, CDK4, TERT, POTI, ACD, and TERF2IP [2, 7-
9, 20-22].

Targeted sequencing of POLE on randomly selected
probands, from Q-MEGA and the Danish Project of
Hereditary Malignant Melanoma, was performed using Ion
318v2 chips on an Ion Torrent Personal Genome Machine
(Life Technologies) with AmpliSeq library kits and custom
designed primer pools. The exonic regions had 99.4 %
coverage; with amplicon lengths of 150-250 bp. The
missing region encompasses 44 nucleotides of exon 1
which does not form part of the crucial exonuclease
domain. Samples had minimum sequence coverage of 30X
across all regions. Variants were filtered for stringency and
were required to have minimum of four reads for the ref-
erence and four reads for the alternative alleles. As with the
exome/genome data, variants were filtered using quality
score (>70) and alternate read counts (>20 % of all reads
at a given position). Variants from next-generation
sequencing data sets that passed the filtering criteria were
validated by Sanger sequencing. See Supplementary
Table 1 for primers.

Fission yeast strain construction and mutation rate
assays

Strains used in this study are listed in Supplementary
Table 2. Standard genetic methods were used for strain
construction [23]. The pol2-F348C mutant strain encoding
a variant equivalent to human POLE p.(Trp347Cys) was
constructed by amplifying pol2 segments with primer pairs
1083 + 1156 and 1084 + 1155 (Supplementary Table 3).
The products were purified, annealed and amplified using
primers 1083 and 1084. The product was digested with
Bglll and Ascl and inserted into BamHI, Ascl-cleaved
pFA6a-kanMX6 [24]. The pol2-F348W strain (encoding a
protein equivalent to wild-type human POLE) was
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constructed in the same way using initial primer combi-
nations of 1083 + 1159 and 1084 + 1157. As a control, a
pol2™ (wild-type) strain was also constructed using the
same procedure, using primers 1083 and 1084 to amplify
the wild-type sequence, in case the sequence changes in the
vicinity of the pol2* gene affected pol2* expression. To
construct the exonuclease null pol2-D276A, E278A, primer
pairs 1083 4 1136 and 1084 + 1135 were initially used.
Plasmids were integrated into the pol2 locus after lin-
earization with BamHI and selecting for G418 resistance.
Constructs were verified by Sanger sequencing. Mutation
rates were determined by fluctuation analysis as previously
described [25]. For canavanine resistance assays, PMA
plates were used, containing 70 pg/ml canavanine (Sigma).
For fluoro-orotic acid (FOA) resistance, cells were plated
onto EMM medium containing 1 g/l FOA (Formedium).
Eleven cultures were used for each experiment, and plates
were scored after 8 (Ade) and 12 days (canavanine resis-
tance), respectively. Since background growth on the pri-
mary FOA-containing plates made it difficult to score
FOA-resistant colonies, the primary plates were replica
plated onto fresh FOA media after 3 days and scored after
an additional 3 days. Mutation rates were calculated using
the MSS-Maximum Likelihood Estimator [26]. Two inde-
pendently generated strains were used to generate biolog-
ical replicates and mutation rates were calculated from two
independent fluctuation assays.

Results

Whole-genome or exome sequencing was performed on a
total of 34 CMM families (87 cases) to identify novel,
high-risk CMM predisposition genes. A novel POLE
mutation (i.e. not reported in any publically available
database) was found in all three cases sequenced in one
family. The mutation at position chrl12:133252386
(c.1041G > T; NM_006231; build hgl9) results in a mis-
sense substitution, p.(Trp347Cys), occurring within the
exonuclease domain of the large subunit of POLE. One
case presented with uveal melanoma (UMM) at age 21, the
second case presented with CMM at age 14 and the third
case presented with multiple primary melanoma first
diagnosed at age 70 (Fig. 1). This mutation has not been
reported in dbSNP, ESP6500 NHLBI or the 1000 Genomes
Project. Overall, this family had a total of seven confirmed
cases of CMM and a case with UMM (Fig. 1). Co-segre-
gation analysis using Sanger sequencing found that 5 of the
6 melanoma cases that were available for testing carried
the p.(Trp347Cys) mutation. This included two individuals
with multiple primary melanomas, and a case that devel-
oped three different primary cancers: melanoma, renal cell
carcinoma and prostate cancer (Supplementary Table 4).

The individual that was wild type for the mutation devel-
oped CMM at the latest age (94 years) of all melanoma
cases in the family.

While tryptophan 347 is highly conserved in Pol €
across vertebrates (Supplementary Figure 1) it is not per-
fectly conserved in invertebrates (Drosophila or C. ele-
gans), members of the eukaryote fungi kingdom
(S. cerevisiae or S. pombe), or the eukaryote plant kingdom
(A. thaliana). However the position homologous to Trp347
is conserved as an aromatic amino acid, not only in Pol ¢
but also in other B family polymerases, such as Pol 6 and
distantly related bacterophage RB69/T4 polymerases
(Supplementary Figure 2). In S. cerevisiae Pol g, this
residue does not fall into a conserved region within the
exonuclease domain [27]. Examining its location using
PyMOL shows that it is not adjacent to the exonuclease
active site, so it is difficult to assess its effect on Pol ¢
function (Supplementary Figure 3) [28, 29]. To assess
whether this mutation was functionally important, an
equivalent mutation was constructed in S. pombe and
mutation rate assays were carried out. In fission yeast Pol ¢
(Pol2) the position equivalent to human Trp347 is Phe348,
so in addition to mutating this to cysteine, a strain
expressing F348W was also constructed. Using three dif-
ferent mutation rate assays, strains expressing Pol €
Phe348Cys were shown to have a mutator phenotype. For
instance the mutation rate of ura4/ura5 genes (giving FOA-
resistance) is nearly 40 times the mutation rate of a wild-
type strain (Fig. 2). In contrast, the conservative change to
the human wild type amino acid p.(Phe348Trp) only
resulted in a slight increase in the mutation rate. The
mutation rates are comparable to those seen within a strain
expressing Pol ¢ D276AE278A, where mutations in the
exonuclease active site are predicted to inactivate the
proof-reading ability of the enzyme [30]. Thus these results
suggest that the human p.(Trp347Cys) mutation will cause
an increased mutation rate, comparable to a polymerase
mutant defective in proof-reading.

Given the co-segregation pattern in this family together
with the mutation causing functional impairment in yeast,
we consider it a likely cause of melanoma susceptibility in
this family. To determine whether POLE mutations are
responsible for other melanoma families we conducted
targeted sequencing analysis in a large series of CMM
cases. Overall, 1243 probands from the Q-MEGA
(N =1093) and Danish (N = 150) samples were
sequenced at sufficient depth to give adequate coverage of
the POLE gene. This led to the identification of an addi-
tional ten probands with novel (N = 5) or rare (N = 5)
mutations occurring in the exonuclease domain (amino
acids 223-517) of POLE (Table 1) The predicted effect of
these variants on POLE function was modelled using
PyMOL (Supplementary Figure 4).
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Fig. 1 Segregation analysis of POLE p.(Trp347Cys) in family
40972. Black symbols represent individuals with cutaneous malignant
melanoma (CMM). The black dot indicates a case with uveal
malignant melanoma (UMM). M indicates POLE p.(Trp347Cys)
mutation carrier while WT indicates the individual is wild type. The
age at diagnosis of cutaneous or other cancer is indicated in the
brackets. In instances where a person has developed multiple primary
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Ade ®mCan HFOA
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E278A

Fig. 2 Mutation rates of S. pombe strains expressing mutant Pol €
equivalent to human POLE p.(Trp347Cys). Shown are fold changes
of mutation rates for Ade™ reversion of the ade6-485 allele (Ade), and
the rates of spontaneous mutation to canavanine resistance (Can) and
5-fluoroorotic acid (FOA) resistance relative to the wild type strain
(WT: S. pombe strain 2840). Numbers are calculated from two
experiments with two independently generated strains per 10° cell
divisions. Human Trp347 is partially conserved in S. pombe (Phe348).
The phenylalanine was therefore mutated to both the human wild-type
tryptophan residue (Phe348Trp) and a mutant cysteine residue
(Phe348Cys). Both pol2 (pol €) variants were integrated into strain
2840. The wild-type pol2 gene was integrated into the 2840 strain in
the same way (Pol2 WT), to determine if plasmid integration in the
vicinity of the pol2 locus affected the mutation rate. Error bars
indicate the 95 % confidence intervals
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melanomas, the number is indicated and the age of first CMM
diagnosis is indicated. Circles are females and squares are males. A
line through a symbol indicates they are deceased. Unaffected and/or
ungenotyped cases are represented by a diamond with the number of
individuals indicated in the centre of the symbol. CRC colorectal
cancer, RCC renal cell carcinoma

Of the novel mutations observed, POLE p.(Arg259Cys)
occurred in a sporadic case that developed CMM at age 34
and had family history of breast and bladder cancer. The
second mutation, POLE p.(GIn352Pro) occurred in an
individual who developed CMM at age 54. They also had a
sibling with CMM (DNA unavailable for testing) and two
other siblings who developed either astrocytoma (age 70)
or leukaemia (age 65). They also had a parent who
developed squamous cell carcinoma (SCC) of the
oesophagus at age 85 (Supplementary Figure 5A). The
third mutation, p.(Lys425Arg), was detected in a sporadic
CMM case (age 55) without a family history of cancer. The
fourth mutation, p.(Val460Met) occurred in a CMM case
(age 29) who had an extensive family history of cancer.
Her father, who also carried the mutation, had colorectal
cancer (CRC) at age 74, prostate cancer at age 70 and acute
myeloid leukaemia at age 83 (Supplementary Figure 5A).
Additionally, there were family members with prostate
cancer, oesophageal cancer and CRC (unavailable for
testing). The fifth mutation occurred in a 3-case CMM
family (Supplementary Figure 5A). The two cases avail-
able for genotyping both carried the p.(Ile515Met) muta-
tion and developed CMM at ages 36 and 41. Additionally,
a mutation occurring three amino acids after the boundary
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of the exonuclease domain, p.(GIn520Arg), was identified
in a Danish proband who had an extensive history of CRC
with three confirmed cases and a further two unconfirmed
reports as well as a case of salpinx cancer. Her mother, who
also carried the mutation, was diagnosed with CRC at age
45. While no further DNA samples were available for
testing, there was a strong family history of CRC on the
mother’s side.

In addition to the novel mutations, we identified rare
population variants that occurred in five probands (Table 1,
Supplementary ~ Figure 5B). POLE  p.(Phe282Ser)
(rs138207610; minor allele frequency (MAF) = 0.000349
in NHLBI ESP6500 European American population)
occurred in an individual that developed ten primary CMM
tumours with the age of onset being 55 years as well as a
Merkel cell carcinoma at age 76. POLE p.(Asp287Glu)
(rs139075637; MAF = 0.001281 in NHLBI ESP6500
European American population) was identified in three
CMM probands. In one family it did not segregate with
disease, occurring in 2 out of 6 cases. One individual
developed CMM at 73 and non-Hodgkin lymphoma at 40.
The second individual had eight primary CMMs as well as
breast cancer and SCC of the mouth. POLE p.(Asp287Glu)
was also seen in a three case family where there was
incomplete segregation and the carrier developed CMM at
61. The final instance of p.(Asp287Glu) occurred in spo-
radic CMM case with age of onset of 57 years. Lastly,
p.(Argd446GlIn)  (rs151273553; MAF = 0.000582 in
NHLBI ESP6500 European American population) occur-
red in a sporadic CMM case (age 38).

By comparison to the CMM probands above, there were
20 variants reported in the exonuclease domain of the
European American population in the NHLBI ESP6500
database, only 16 of which were rare (MAF < 0.001).
Overall, 29 out of 4300 control individuals had rare vari-
ants in this region of the gene, equating to a MAF of 0.007
(Supplementary Table 5). In the melanoma probands
(N = 1243), we observed ten novel or rare (MAF < 0.001)
variants in the exonuclease domain of POLE
(MAF = 0.008), the frequency not being statistically dif-
ferent to that of controls.

Discussion

Here we identified a POLE p.(Trp347Cys) mutation in a
family predisposed to CMM as well as a range of other
cancers, which included renal cell carcinoma, prostate
cancer and UMM. The CMMs in this family appeared on
both sun-exposed and non-sun-exposed body sites. The
mutation was carried by six unaffected family members
screened. It is possible that these carriers may develop
CMM or other cancers at older ages after additional
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exposure to environmental mutagens. The particular vari-
ant in family 40972 (Fig. 1) has not been seen in 60,706
individuals contained within the Exome Aggregation
Consortium database (exAC). This database includes
approximately 10,000 cancer cases. The mutation lies in
the exonuclease domain of the polymerase and modelling
this mutation in yeast shows a clear mutator phenotype.
Mutations causing proof-reading defects in Pol & and ¢
show partial dominance in mice and yeast [30, 31] and our
hypothesis is consistent with the notion that individuals
heterozygous for POLE p.(Trp347Cys) have cancer pre-
disposition via an increased probability of mutations in
genes relevant to CMM development. Further work will be
required to determine whether the mutation inactivates
exonuclease activity by distorting the active site, or affects
some other process such as partitioning the nascent ter-
minus to the exonuclease domain. It is also possible that
tumour development is dependent on loss of the wild type
POLE allele, and further studies comparing somatic and
tumour genotypes will be necessary to establish whether
loss of heterozygosity (LOH) is relevant. Unfortunately no
archival tumor material was available from carriers in
family 40972 for LOH assessment. However, it is not clear
from CRC if POLE acts as a classical two-hit tumor sup-
pressor gene, since LOH is only seen in the minority of
cases [10].

To further assess the role of POLE as a potential rare
melanoma predisposition gene, we also sequenced the
POLE exonuclease domain in a large population-based
sample of melanoma cases and compared this to the variant
frequency in unselected public domain controls. Statisti-
cally there was no significant difference in the frequency of
exonuclease variants between cases and controls. However,
the possibility remains that specific mutations may still be
associated with melanoma susceptibility, although to date,
CMM has not been reported in any of the CRC families
with POLE exonuclease mutations.

In the analysis of the population-based samples of CMM
cases we noted that several POLE mutation carriers had
developed three distinct primary cancers. In one case this
included CRC, for which germline POLE mutations have
been shown to cause predisposition [10]. While still spec-
ulative at this stage we contend that mutations occurring in
the exonuclease domain of POLE might be responsible for
susceptibility to a broader range of cancers than just CRC,
and our data support the notion that CMM is one of these
cancer types. In a study by Rohlin et al. [32] a POLE
mutation was found to predispose to a multi-tumour phe-
notype in a family in which two mutation carriers had each
developed three different cancer types including, CRC,
ovarian, endometrial and pancreatic cancers. Overall, this
data suggests that POLE may be a general tumour sup-
pressor and the development of cutaneous melanoma may
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be part of the disease spectrum. Further larger studies will
be needed to determine the proportion of cancer risk that is
attributed to such mutations.

In addition to the exonuclease variants discussed above,
we also identified a novel mutation three amino acids after
the boundary of the exonuclease domain, p.(GIn520Arg),
in a Danish family (Fam 89, Supplementary Figure 5A)
that presented with several cases of CRC. This implies that
the region adjacent to the exonuclease domain plays a role
in CRC susceptibility, thus suggesting a more compre-
hensive analysis of mutations throughout the entire POLE
protein in relation to functionality of the enzyme and
cancer predisposition is warranted.
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