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In a number of families with colorectal adenomatous polyposis or suspected Lynch syndrome/HNPCC, no germline alteration
in the APC, MUTYH, or mismatch repair (MMR) genes are found. Missense mutations in the polymerase genes POLE and
POLD1 have recently been identified as rare cause of multiple colorectal adenomas and carcinomas, a condition termed poly-
merase proofreading-associated polyposis (PPAP). The aim of the present study was to evaluate the clinical relevance and
phenotypic spectrum of polymerase germline mutations. Therefore, targeted sequencing of the polymerase genes POLD1,
POLD2, POLD3, POLD4, POLE, POLE2, POLE3 and POLE4 was performed in 266 unrelated patients with polyposis or fulfilled
Amsterdam criteria. The POLE mutation c.1270C>G;p.Leu424Val was detected in four unrelated patients. The mutation was
present in 1.5% (4/266) of all patients, 4% (3/77) of all familial cases and 7% (2/30) of familial polyposis cases. The colo-
rectal phenotype in 14 affected individuals ranged from typical adenomatous polyposis to a HNPCC phenotype, with high
intrafamilial variability. Multiple colorectal carcinomas and duodenal adenomas were common, and one case of duodenal car-
cinoma was reported. Additionally, various extraintestinal lesions were evident. Nine further putative pathogenic variants were
identified. The most promising was ¢c.1306C>T;p.Pro436Ser in POLE. In conclusion, a PPAP was identified in a substantial
number of polyposis and familial colorectal cancer patients. Screening for polymerase proofreading mutations should there-
fore be considered, particularly in unexplained familial cases. The present study broadens the phenotypic spectrum of PPAP
to duodenal adenomas and carcinomas, and identified novel, potentially pathogenic variants in four polymerase genes.
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What’s new?

POLE mutations in polyposis

A substantial number of families with adenomatous polyposis and Lynch-like phenotype have no known underlying germline
mutations. Recently new mutations in the genes encoding DNA polymerase epsilon and delta were identified. Here the authors
characterize the frequency and phenotypic spectrum of this newly described polymerase proofreading-associated polyposis
(PPAP) syndrome. They broadened the tumor spectrum to duodenal neoplasias, extraintestinal tumors and multiple colorectal
carcinomas, underscoring the clinical relevance of this syndrome beyond adenomatous polyposis. In addition, they identified
nine novel, potentially pathogenic variants in four polymerase genes.

Familial colorectal cancer (CRC) is genetically heterogeneous.
To date, several monogenic forms have been delineated,
including various gastrointestinal polyposis syndromes and
Lynch syndrome. However, in a number of families with a
gastrointestinal polyposis and families meeting the Amster-
dam I or II criteria, which define the hereditary nonpolyposis
colorectal cancer (HNPCC) phenotype,' no pathogenic germ-
line mutation is identified.

Adenomatous polyposis syndromes of the colorectum are
characterized by the occurrence of dozens to thousands of
adenomatous polyps, which, if not removed early, invariably
result in CRC. So far, two different inherited forms can be
delineated by molecular genetic analysis: the autosomal domi-
nant familial adenomatous polyposis (FAP), caused by heter-
ozygous germline mutations in the tumor suppressor gene
APC,>* and the autosomal recessive MUTYH-associated poly-
posis (MAP), caused by biallelic germline mutations of the
base excision repair (BER) gene M UTYH.*®

In FAP, the vast majority of mutations are truncating
point mutations including deep intronic alterations,® and
large deletions’” (www.lovd.nl/APC). In MAP, the mutation
spectrum is dominated by missense mutations (www.lovd.nl/
MUTYH). Mutation detection rates are dependent on the
colorectal phenotype. In classical FAP, a pathogenic APC
germline mutation is identified in up to 90% of index
patients whereas APC or MUTYH germline mutations are
detectable in only 20-30% of index patients with a mild dis-
ease course (attenuated FAP, AFAP).3710

In families where the Amsterdam criteria are met and
tumor tissue shows evidence for microsatellite instability and
loss of mismatch repair (MMR) proteins with immunohisto-
chemical staining, a germline mutation in one of the MMR
genes MLHI, MSH2, MSH6 and PMS2 or the EPCAM gene
is present in 70-80%'' (these cases are designated as Lynch
syndrome').

However, in about 30% of families meeting the Amster-
dam criteria, the tumor tissue is MMR proficient and in up
to 50% of families with unexplained adenomatous polyposis
no underlying germline mutation is identified even though a
genetic cause is likely in both groups.''™* Most mutation-
negative polyposis cases are sporadic or associated with an
uncertain family history, and are characterized by a more
attenuated or atypical disease course.”’*'> A recent study
identified specific germline missense mutations in the genes
POLE (c.1270C>G;p.Leu424Val; NM_006231) and POLDI

(c.1433G>A;p.Ser478 Asn; NM_002691) as rare, highly pene-
trant causative events in patients with MMR proficient multi-
ple colorectal adenomas and early-onset CRC.'® Currently,
the condition is termed polymerase proofreading-associated
polyposis (PPAP)."”

The PPAP cases identified so far displayed striking inter-
and intrafamilial variability in terms of the number, and the
age of onset of colorectal adenomas and carcinomas. The
phenotypic pattern ranged from large (>2 cm in diameter)
or multiple (>5) conventional adenomas resembling AFAP
or MAP to a clustering of CRCs or early-onset (<40 years of
age) CRCs compatible with a HNPCC phenotype. The
tumors were characterized by microsatellite stability and
chromosomal instability, a high rate of missense mutations
and a somatic mutation spectrum suggestive of a classical
pathway of tumorigenesis.

In the meantime, a de novo occurrence of the POLE muta-
tion ¢.1270C>G;p.Leud424Val has been described in a female
patient diagnosed with CRC and >35 colonic polyps at age
28 years. In another family, a novel mutation in POLDI
(c.1421T>C;p.Leud74Pro) was found."® In families with
POLDI mutations, a predisposition to endometrial cancer has
been suggested.'®'® However, no study to date has reported
convincing evidence for an increased risk of other extraco-
lonic manifestations.

POLE and POLDI encode the catalytic and proofreading
subunits of the polymerase enzyme complexes € (Pol €) and
3 (Pol ), respectively. Both polymerase enzymes are hetero-
tetramers which contain accessory subunits (POLE2/3/4 and
POLD2/3/4). These subunits are involved in synthesis regula-
tion and co-factor binding.'” Somatic exonuclease domain
mutations in POLE have been identified in CRC and endo-
metrial cancer patients, and showed association with
hypermutability and microsatellite-stability. In contrast, cor-
responding somatic mutations in POLDI are rare and the
causal relevance is unknown so far.'”"*~*!

The aim of the present study was to further evaluate the
clinical relevance and phenotypic spectrum of polymerase
germline mutations in more detail. A large and well-
characterized cohort of unrelated index patients with unex-
plained colorectal adenomatous polyposis or multiple colo-
rectal adenomas and carcinomas was screened for point
mutations in eight polymerase genes using whole-exome and
targeted high-throughput sequencing approaches.
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Subjects and Methods

Patients/data collection

The inclusion criteria were: (i) the presence of at least 20
synchronous or 40 metachronous, and histologically con-
firmed colorectal adenomas irrespective of inheritance pattern
and no germline mutation in the APC and MUTYH genes
(unexplained polyposis cases) or (ii) fulfilment of the
Amsterdam T or II criteria’*** and the presence of microsa-
tellite stable tumors (familial CRC cases) (for details see Sup-
porting Information).

All unrelated index patients with a colorectal adenoma-
tous polyposis were screened for germline mutations in the
APC and MUTYH genes including multiplex ligation-
dependent probe amplification (MLPA) analysis and screen-
ing for pathogenic deep intronic APC mutations as previously
described.®” In all index patients with HNPCC, microsatellite
analysis and/or immunohistochemical analysis of the tumor
tissue for MMR proteins was performed.'’

Information on medical and family history was obtained
during genetic counseling sessions, from medical records, and
comprehensive structured telephone interviews. Nearly all of
the included index patients were of Caucasian/Western Euro-
pean origin according to family name and self-report. Rela-
tives were only classified as being affected if their medical
records confirmed fulfilment of the inclusion criteria. The
study was approved by the local ethics review boards (includ-
ing Ethics Committee no. 224/07 and 115/09 of the Medical
Faculty, University of Bonn). All patients gave informed con-
sent to participate in the study.

Next generation sequencing

In total, 266 unrelated index patients were sequenced. In 191
patients (144 polyposis patients and 47 familial CRC
patients), mutation screening of the polymerase genes
POLDI, POLD2, POLD3, POLD4, POLE, POLE2, POLE3 and
POLE4 was performed using targeted next generation
sequencing. In another 75 polyposis patients, exome sequenc-
ing was done. The inclusion criteria regarding a polyposis
were the same for the targeted and the exome sequencing
group.

For targeted next generation sequencing, the oligonucleo-
tide probes were designed with the Illumina DesignStudio
based on the TruSeq enrichment protocol (Illumina, San
Diego, USA). A total of 1 pg genomic DNA was extracted
from leukocytes and fragmented using sonication technology
(Bioruptor, Diagenode Liége, Belgium). Fragments were end
repaired and adapter ligated using Illumina’s TruSeq® DNA
HT Sample Preparation Kit. Custom capture of targeted
regions was performed on pools of 12 indexed libraries using
Mlumina’s TruSeq enrichment protocol. The captured DNA
was sequenced using an Illumina HiSeq2000 sequencer with
2 X 100 bp paired-end reads. A 30X coverage was achieved
for at least 96% of the targeted bases (Supporting Informa-
tion Table S2). For data analysis, the Varbank pipeline ver-
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sion 2.6 and interface was used. Primary data were filtered
according to signal purity using the Illumina Realtime Analy-
sis software version 1.8. Subsequently, the reads were mapped
to the human genome reference build GRCh37 using the
BWA version alignment algorithm,”* GATK version 1.6,
SAMtools version 0.1.7°° and Dindel version 1.01°” were used
to mark duplicated reads, perform local realignment around
short insertion and deletions, recalibrate the base quality
scores and call single nucleotide polymorphisms (SNPs) and
short Indels. For filtering of the targeted sequencing data,
data scripts developed at the Cologne Center for Genomics
were applied to detect protein changes, affected donor and
acceptor splice sites and overlaps with known variants.
Acceptor and donor splice site mutations were analyzed using
a Maximum Entropy model,”® and then filtered for effect
changes. To exclude pipeline-related artifacts (minor allele
frequency [MAF] <0.02), filtering was performed against an
inhouse-database of variants from 511 exomes that had been
obtained from epilepsy patients.

Whole-exome sequencing was performed at the Yale Cen-
ter for Genome Analysis via capture using NimbleGen 2.1M
human exome array followed by paired-end sequencing on a
HiSeq 2000 instrument, as previously described.” Targeted
bases were covered by a mean of 67 independent reads, with
an average of 94% of all bases covered eight or more times
(Supporting Information Table S2). Reads were aligned to the
hgl9 human reference genome using ELAND (Illumina). Sin-
gle nucleotide variants along with short insertions and dele-
tions were identified using SAMtools software. To filter the
exome sequencing data for potential pathogenic variants in
the eight polymerase genes (frameshift, stop gain/loss or start
loss, mutations at highly conserved splice sites, and nonsy-
nonymous mutations), the Cartagenia BENCHlab NGS plat-
form version 3.0.4 (Leuven, Belgium) was used.

Subsequently, the targeted and exome sequencing data were
filtered for high-quality, rare (MAF <0.01) variants using allele
frequencies from dbSNP, the 1000 Genomes database (TGP)
and the Exome Variant Server (EVS). The remaining missense
variants were selected manually for MAF <0.001 and deleteri-
ous effect as predicted by at least two of three in silico analysis
tools (PolyPhen-2, MutationTaster and SIFT).

Sanger sequencing

Variant validation and segregation analysis was performed
using Sanger sequencing and standard protocols. Briefly, pri-
mers were designed using Primer3 v.0.4.0 (primers available
on request). Genomic DNA was extracted from leukocytes
and used to amplify the genomic region of the respective var-
iant. PCR products were purified and sequenced on an ABI
3500x] Genetic Analyzer (Applied Biosystems, Darmstadt,
Germany).

Haplotype analysis
Haplotype analysis of families with a segregating POLE muta-
tion was performed using a panel of five microsatellite
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markers. These flanked the POLE region and spanned ~3.3
Mb. The order of markers on chromosome 12q was: CEN-
D1281045-D12S343-D1281723-POLE-D12581638-D1282342—
TEL.

Structural and conservation analysis

For the analyses, 40 nonredundant, full-length sequences of
the POLD1 or POLE protein from diverse organisms were
retrieved from the NCBI RefSeq protein database and aligned
using T-Coffee.”® The alignments were used to create Weblogo
diagrams of local sequence conservation.®® For structural anal-
ysis, the crystal structures of yeast POLD1 (3IAY) and POLE
(4M80) proteins were used, which share 51% and 55% iden-
tity with the corresponding human proteins within the crystal-
lized sequence, respectively.’>** Structural figures were created
using PyMOL v.1.4.1 (Schrodinger LLC).

Results

The study cohort (266 unrelated index patients) comprised
219 patients with a histopathologically confirmed colorectal
adenomatous polyposis in whom no APC or MUTYH germ-
line mutations could be identified, and 47 patients who met
the Amsterdam criteria for HNPCC and exhibited microsatel-
lite stable tumors (familial CRC patients). The mean age at
diagnosis was 45 years in the polyposis patients (range 12-78
years), and 52 years in the familial CRC patients (range 30—
86 years). The vast majority of polyposis patients presented
with a more attenuated colorectal phenotype (late onset dis-
ease and/or <100 colorectal adenomas) with no evident
extracolonic lesions and an unremarkable family history. Five
of the familial CRC patients met the Amsterdam II criteria,
and the remainder met the Amsterdam I criteria. The clinical
features of the study cohort are summarized in Supporting
Information Table SI.

Frequency and phenotype of the POLE mutation

p.Leus424Val

By targeted next generation and exome sequencing, all 76
exons of POLE and POLDI were covered (average read depth
478X and 40X, respectively) (Supporting Information Table
S2). The previously described POLE missense mutation
¢.1270C>G;p.Leud24Val was found in four unrelated index
patients. About the family history of one patient (F1505),
only insufficient information was available, however in the
maternal family several members died because of cancer at a
rather young age. Three patients had a positive family history
that was suggestive of autosomal dominant inheritance. From
the three respective families, ten further mutation carriers
were identified among relatives for whom DNA was available.
Thus a total of 14 mutation carriers were identified (six
females, eight males, Table 1). In all ten relatives, the muta-
tion segregated with the phenotype (Table 1, Fig. 1, Support-
ing Information Figs. 1A-1C). Subsequent haplotype analysis
using microsatellite markers around the POLE locus showed
that all three families exhibited differing haplotypes. The

POLE mutations in polyposis

index patients of the two parts of family F156/F381 were pri-
marily referred as independent patients. The relationship was
confirmed by haplotype analysis and extended pedigree infor-
mation provided by family members.

In families F156/F381, F354 and F1505, the colorectal
phenotype of the mutation carriers was that of a more atte-
nuated polyposis with either a late-onset manifestation or
with early-onset occurrence of <100 polyps. The fourth fam-
ily (H1427) met the Amsterdam I criteria. Here, the index
patient and the mutation carrying mother had <10 and the
mutation carrying cousin had >20 colorectal polyps. In all
four families, the polyps were mainly adenomas, although
four patients showed also few hyperplastic polyps.

The mean age at diagnosis in all 14 patients was 35 years
(range 16-63 years). The diagnosis in a 16-year old patient
(son of index patient F354) was assigned after a surveillance
colonoscopy; the earliest age at diagnosis at symptomatic
stage was 27 years (index patients F156 and F354).

CRC occurred in 10/14 (71%) of the mutation carriers
and affected all families. The age at diagnosis ranged between
27 and 63 years. In all index patients, CRC was diagnosed at
a symptomatic stage, while a proportion of their relatives had
been diagnosed with CRC as a result of presymptomatic sur-
veillance. The CRCs occurred throughout the colon, with no
predilection site. Five mutation carriers (39% of the 14 muta-
tion carriers or 56% of the nine CRC patients) had synchro-
nous and/or metachronous CRCs. All five patients underwent
a partial colorectal resection. In three of the five patients, a
subsequent proctocolectomy was performed due to the devel-
opment of a polyposis phenotype . In three of the ten CRC
patients (30%), or in three of all 17 CRC of known histology
(18%), a mucinous adenocarcinoma was described. No other
Lynch syndrome-associated histological findings such as
tumor-infiltrating lymphocytes, signet ring histology or a
medullary growth pattern were reported. In four patients,
carcinoma tissue was investigated for MMR deficiency and
only microsatellite stability was found.

All 14 mutation carriers had undergone at least one gas-
troduodenoscopy. Three had a history of gastric fundic gland
polyps; in none of the three patients chronic use of proton
pump inhibitors was reported. In 8/14 patients (57%) duode-
nal adenomas were described. Of these, one individual (F381,
III:1) was diagnosed with a duodenal adenocarcinoma at age
45 years (Table 1). In one patient (F156, III:5) jejunal polyps
were found.

Further malignant tumors were reported in two mutation
carriers. One (H1427, I1I:8) had an ovarian carcinoma at age
33 years, classified histologically as solid clear cell malignant
epithelial ovarian tumor (in addition to adnexectomy a hys-
terectomy was done). In another (F354, I:5), a neuroendo-
crine carcinoma of the ascending colon was diagnosed at age
41 years and a glioblastoma at age 47 years. In addition, a
child of F156, III:3 was reported by the family to have had
an adrenal neuroblastoma, and a child of F156, III:4 was
reported to have had a glioblastoma. These children died at

Int. J. Cancer: 00, 00-00 (2015) © 2014 UICC



Spier et al.

‘Jowny 9)qels ajj|aresodiw

$31J9UdK) JdUR))

"9HSW Ul uoleINWw ou ‘a)qejaidiajul Aluea)d Jou 9HSW,
‘Adodsouaponpolises auo jsea) je pey suaied |1y,
©lpesods = §

= GSI ‘Anstwaydolsiyounww = JH| ‘sdAjod ansejdiadAy = dH ‘eljiwey = 4 “493ued 1830810102 = )Y ‘wnijpynds juawsid Jeurtal ayy jo AydosuadAy je3uaduod = IdYHD

sdAjod jeunfaf osje ‘(sew

(snoupnuw :wnyal)

pauodas Suiylon -0UBPE) 319A9S-9)RIBPOY BWOUIIBIOUIPY wndaed ‘wnay 1% + 1€ dH ‘sewouapy 05-1¢ pajenuany 1€ (xapui) #t 4/Ss  19s9€t01dd 8714
(s1eak U0]0d 3SIASURL)
€€) BWOUIDIRD UBLRAQ pPiw BWOUIIRI0UIPY (Z+ T ‘uojod prowsis (1 €5+(X7) S%  dH dwos ‘sewouspy 05-1C pajenuany S 81l
pauodas Sujylon JewoN ajqe|ieae JoN apISIySIy €9 sewouape 01> | wepialswy €9 Tl
(SnoupNW :wnjdal)
$50] OU DHI ‘SSW pauodal Sujyilon JewoN BUWOUIDILIOUIPY wndaed ‘wnay 8y + 9y Sewouapy 01> | wepialswy 9Y (xopui) Tzl 4 leApzynaTd LTYTH
$50] OU DHI ‘SSW ewodi] auQ JewoN BWOUIIIBIOUIPY U0]0) 3SIAASURIL 8¢ sewouspy  00T-1§ pajenuany 8¢ Xapu| S JeAyzynatd S05T4
pauoday Suiylon |euuion ON  dH awos ‘sewouapy 0z-11 1ea1dAL 91 =
(steah /%)
BLWO)SE|qONS ‘(S1eah Tt) (NS ul ewioU|DIRD)
U0]02 SUIPUaISE BLIOUIDIED) u0]0d Sujpusdse
QULIDOPUI0INAU ‘SBWOIqL (sewouspe) ajesapopy BWOU[IRI0UBPY (€ + ¢ ‘wnpay (T 6€+8€ + /T Ssewouapy 00T-1§ ea1dA) 1T 4 |eawgynaTd 7S€Eq
sdAjod
puejs d1puny duises swos (ewouape) piin oN sewouapy 0z-11 palenuany [43
(BWOUBPE) S50] OU DH| pauodal Sujyion |ewion oN Sewouapy 05-1¢ pajenuany L€
£550] OU DH] (s1eah G¥)
‘(19dued |RUBPONP) SSW S1S0p102IES J192UBd |euapong BWOUIIBIOUIPY aInxa|y 21102 WSy 9¢ Sewouapy 05-1¢ pajenuany I3 | 18¢4
3d¥HD Jo Hodas (sewouape) (snoupnw wnyaal (€ ‘uojod asiaAsuel}
SSW J19s pawiyuodun I9NIS—RIIPO 1WNJ3LI) BWOUIIIRIOUSPY (z ‘wnpal ‘wndse) (I 99 + 95+ (X7) 9¢ Sewouapy 001-1§ pajenuany 9¢ (xapul) 9:|] 18€4
wnydal
(¢ ‘(stowny snouoiyduhs
sdAjod (SNOUNW :2INX3) ) UOJOD ISIBASUEI} ‘dINXaY
pue|s 21puny duIses awos JewWsoN 21102 13]) SBWOUIIIBIOUIPY 21102 Jy8u pue Yo7 (1 9y+ ‘(x¥) 0€ dH ‘sewouspy  001-1§ pajenuany o€
sisoiqy eauojuadonay (sewouape) ajeIapoy a|qe)ieae JoN wndae) w Sewouapy pajenuany 43
sdAjod puejs
21puny Jujses snosswnN (sewouape) ajesapoyy oN dH ‘sewouapy 001< 1eardhyy 13 T 95T
sisoyud Aseniq wnunfaf ul #
Arewnd ‘sewoduewolld 0s|e ‘(sewouape) jelapoy BLWOUIDIRIOUIPY Inxa)y 21102 Ya LT sewouspy 001-1§ 1eo1dA| LT (xapu)) 1 9614 4 eAyzyneTd  18€4/9614
sishjeue saseasip odAjouayd 24 BY'p) (s1eak) sdAjod  sewouape adAjouayq (s1eak) @l @a181pad  AioisiH uofjenw al
aedas yojewsiy /siown) Jayuny Jeuapong AS0)01s1H uonisod sisouselp je AS0j01SIH  |B32210]0D sisouselp /diysuonejpy  Ajwey 310d Awey
/adAyouayd as8e—)¥) J0 "oN Je a8y

21u0j0e1IX3

urewop Suipeasjooid sy} ul suoieINnw 3704 Yim sjuaied jo adAjousayd *t 9jqel

Int. J. Cancer: 00, 00-00 (2015) © 2014 UICC



(/]
9
.5
)
=
()
&}
o
)
Q
=
<
®

POLE mutations in polyposis
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Figure 1. Pedigree of family F381 with the POLE mutation c.1270C>G;p.Leu424Val. The age stated below of each individual is the age at
last contact or the age at death. The cumulative number of colorectal adenomas, the occurrence of CRC and duodenal polyps together with
the respective age at diagnosis are indicated. The index patient is indicated with an arrow. Filled symbol, affected; M = mutation; n = wild
type allele. The results of the haplotype analysis using a panel of five microsatellite markers flanking the POLE region is shown. All affected
individuals share the same haplotype, as marked with a black bar (same haplotype as F156, Supporting Information Fig. 1A). *The allele
combination of markers D1251045 and D12S343 in patient Ill: 5 points to a previous recombination event.

the age of 4 and 5 years, respectively. No medical records
were available to confirm these diagnoses.

Benign extraintestinal manifestations were reported in five
patients including a patient with fibromas (F354, II:5), one
patient with a lipoma (F1505), another case with pilomatrico-
mas and his sister with retroperitoneal fibrosis following a
colectomy (F156, III:5 and III:3). She had received no chemo-
therapy. One patient (F381, II:6) reported a history of con-
genital hypertrophy of the retinal pigment epithelium
(CHRPE).

Novel germline mutations in four polymerase genes

By applying stringent filter criteria, a further nine different
unique or rare (MAF <0.1% in population-based controls,
based on dbSNP, the EVS and TGP data) germline variants
were identified in a total of four polymerase genes (POLDI,
POLD3, POLE, POLE2). These comprised one frameshift muta-
tion and eight heterozygous rare missense mutations (Table 2).
All putative missense variants were predicted to be pathogenic
by at least two of the three applied in silico analysis tools and
are located in highly conserved regions; none were predicted to
generate new or activate cryptic splice sites. Two different mis-
sense variants were detected in POLDI and POLD3, respec-
tively, and three in POLE. In POLE2, a frameshift and a

missense variant were found. With the exception of the POLE
missense mutation ¢.2683G>A;p.Ala895Thr, each variant was
identified in one patient only. One patient (H2399) carried two
variants (in POLDI and POLD3, respectively).

Two of the three POLE missense mutations
(c.1306C>T;p.Pro436Ser and c.1337G>A;p.Arg446Gln) are
located in the exonuclease domain (Fig. 2b). The variant
c.1306C>T had occurred de novo and was identified in a
patient (F1228) with attenuated polyposis (>40 colorectal
polyps, mainly adenomas, but also hyperplastic polyps),
early-onset, mucinous, metachronous CRC (ages 31 and 41
years) and duodenal adenomas (Table 1, Supporting Informa-
tion Fig. 1D). The mother presented with few polyps (<10,
histologically adenomas and hyperplastic polyps) and an age
of diagnosis of >60 years. A maternal uncle had been diag-
nosed with CRC at age 49 years.

The exonuclease POLE variant c.1337G>A;p.Arg446Gln
was found in a sporadic case (F708) with a classical pheno-
type (age at diagnosis 28 years, > 100 polyps). The rare POLE
variant ¢.2683G>A;p.Ala895Thr, which is located outside the
exonuclease domain, was identified in two sporadic polyposis
index patients (F1275 and F1495) with an attenuated pheno-
type. No DNA from relatives was available for segregation
analysis.
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Figure 2. Structural analysis of the POLD1 (a) and POLE (b) proteins. The amino acid positions of the novel germline mutations
€.245C>T;p.Pro82 Leu in POLD1 (a, detailed view on the right) and ¢.1306C>T;p.Pro436Ser, c.1337G>a;p.Arg446Gln and
€.2683G>a;p.Ala895Thr in POLE (b) are indicated. Furthermore, the amino acid positions of the previously described mutations
€.1433G>a;p.Ser478Asn in POLD1 and ¢.1270C>G;p.Leus24Val in POLE are shown. The corresponding positions in yeast are depicted in
brackets. On the right side, the degree of local conservation is shown. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

The POLE2 variant ¢.823C>A;p.Leu275Ile (NM_002692.3)
was identified in a patient with 80-100 polyps and CRC at
age 31 years (F291, Supporting Information Fig. 1E). Gastric
fundic gland polyps were also described. The POLE2 variant
was found in the father (CRC at age 60 years, few hyperplas-
tic polyps reported), the two sisters (colonoscopy revealed
one adenoma and one sessile serrated adenoma in one sister
and no pathological findings in the other) and in the daugh-
ter (no polyps, last colonoscopy at age 22 years). The variant
was not detected in the healthy mother (no history of colo-
noscopy) or the healthy son (last colonoscopy at age 20 years
was unremarkable).

In a family meeting, the Amsterdam II criteria, the index
patient (H2399) and his mother carried two missense var-
iants each (POLDI:c.55C>T;p.Argl9Cys and POLD3:c.1154
G>A;p.Arg385His; NM_006591.2). The index patient was
diagnosed with CRC at age 44 years, while the mother was
affected by endometrial cancer at age 66 years (no informa-

tion concerning her colorectal phenotype was available). In
addition, the maternal uncle and grandmother had CRC at
age 55 and 81 years, respectively (Supporting Information
Fig. 1F).

The remaining patients with rare variants in POLDI,
POLD3 and POLE2 (F1798, F5039 and F1467, respectively)
exhibited an attenuated polyposis phenotype and were spo-
radic cases or showed an unclear family history (Table 2).
No parental DNA was available for segregation analysis.

Discussion

To explore the frequency and phenotypic spectrum of the
recently described germline missense mutations in POLE and
POLDI and to look for variants in additional polymerase
genes, we performed a systematic mutation screening in a
large and well characterized cohort of 266 unrelated patients
with clinically confirmed and genetically unexplained multi-
ple colorectal adenomas or familial CRC. The clinical features
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and family histories of the present cohort are consistent with
published data for other mutation negative samples.'*"*

Impact and clinical characteristics of the POLE mutation
p.Leus24Val

The POLE mutation, ¢.1270C>G;p.Leu424Val was identified
in four unrelated families, in whom thereby a PPAP was diag-
nosed. Although this corresponds to only 1.5% of index
patients in the whole cohort (4/266), the frequency is consider-
ably higher in selected subgroups, in particular, in families
with a positive family history (4%; 3/77) and familial polyposis
cases (7%; 2/30). This is consistent with the original study,
which identified the mutation in one of 15 selected patients
(>10 colorectal adenomas by age 60 years) but in only 0.3% of
a large validation cohort (12/3,805). The latter comprised 1,560
unselected CRC cases in addition to patients with familial colo-
rectal tumors, multiple adenomas and early-onset disease.'® As
with the present cohort, the majority of mutation carriers had
a positive family history that was suggestive of autosomal dom-
inant inheritance and high-penetrance. The fact that the altera-
tion was found to segregate with different haplotypes support
the view that the mutation POLE:c.1270C>G;p.Leu424Val is a
mutational hot spot rather than a founder mutation.

The colorectal phenotype in the four mutation-carrying
families from the present report is compatible with previous
observations. Some individuals presented with >100 adenomas
or early-onset disease, while others had <10 adenomas and a
late-onset. In around 30% of cases, hyperplastic polyps were
reported. Wide variation in the phenotype was observed, even
within families. As would be expected from the study inclusion
criteria, the frequency of CRC was high. However, a remark-
ably high proportion of the patients had multiple syn- or meta-
chronous carcinomas, and the percentage of tumors with one
criteria of microsatellite instability-high (MSI-H) histology
(mucinous adenocarcinomas) was comparable to that observed
in Lynch syndrome patients, irrespective of whether the index
patient had been recruited as a polyposis or HNPCC case. In
contrast to Lynch syndrome or AFAP, no predilection in CRC
location was evident. As in the previous study by Palles et al.,'®
all investigated tumors showed microsatellite stability and nor-
mal immunochistochemical results.

Detailed phenotyping enabled us to broaden the spectrum
of extracolonic features in patients with a PPAP. As in FAP,
the present data indicate that both duodenal adenomas, rang-
ing from a mild to a severe phenotype, and gastric fundic
gland polyps are frequent manifestations of this condition.
Based on the occurrence of a duodenal carcinoma in one
patient, an increased risk for duodenal cancer can be pre-
sumed. The prevalence and severity of duodenal tumors was
higher in polyposis patients compared to individuals meeting
the Amsterdam criteria only. The observation of one patient
with jejunal polyps indicates that adenomas might also occur
in distal parts of the small bowel.

In 43% of the patients, extraintestinal lesions were
described. Of particular interest are the pilomatricomas, ret-
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roperitoneal fibrosis, possible CHRPEs, fibromas and a lip-
oma that were reported in a single patient respectively, since
these are typical manifestations of the established hereditary
syndromes FAP and MAP. This suggests a significant clinical
overlap between these conditions, even beyond the gastroin-
testinal tract. Early-onset ovarian cancer, reported in one
patient, was also described in a family from the initial report
(at age 35 years, in addition to two CRC at age 50 years; test-
ing for the familial mutation was not possible).'® Further-
more, the occurrence of two glioblastomas in our cohort is
remarkable (one in childhood where genetic testing was
impossible, and one at age 47 years in a confirmed mutation
carrier). Palles et al. reported an astrocytoma in one carrier
of the POLDI p.Ser478Asn alteration at age 26 years and in
one relative of a family with the POLE p.Leu424Val alteration
at age 67 years (the relative had three CRCs between 39 and
54 years of age; testing for the familial mutation was impossi-
ble).'® Glioblastomas belong to the tumor spectrum of Lynch
syndrome and ovarian cancer to both Lynch syndrome and
MAP.***° These findings emphasize the overlap in the tumor
spectrum in hereditary tumor syndromes caused by muta-
tions in DNA repair genes. Whether neuroendocrine carcino-
mas and adrenal neuroblastomas are causally related to the
POLE mutation remains unclear.

Naturally, it cannot be excluded that some of the findings
occurred by chance; however, the number of extracolonic
tumors in our and other studies is striking and suggests an
association with the POLE mutation. Nonetheless, more
mutation carriers with detailed phenotype data are needed to
confirm these observations.

Given the limited clinical data and small number of fami-
lies with polymerase germline mutations described to date,
current surveillance recommendations must be considered
preliminary. However, the early-onset manifestation of colo-
rectal adenomas described in the second decade, the
increased risk and multiplicity of CRCs from the third decade
of life and the high prevalence of duodenal tumors suggest
that frequent endoscopic examinations similar to those rec-
ommended for FAP and Lynch syndrome are indicated in
polymerase germline mutation carriers. These recommenda-
tions will also be influenced by national guidelines and
should include colonoscopies every 1-2 years starting at age
18-20 years, and gastroduodenoscopies at least every three
years (in the case of normal findings) from around age 25-30
years.”®>” The timing and extent of prophylactic surgery has
yet to be determined. In none of our female POLE mutation
carriers, endometrial cancer is reported; however, no system-
atic screening has been performed in any of these patients.
Based on the limited data available so far, no specific surveil-
lance regarding endometrial cancer seems to be warranted.

Spectrum of additional polymerase gene variants

Palles et al. detected the POLDI mutation c.1433G>A;p.
Ser478Asn in 2/15 selected patients but in only one further
patient from a large validation cohort of selected and
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unselected CRC cases (1/3,805 = 0.03%).'® Furthermore, they
described three rare heterozygous POLDI variants, each of
which was found in a single patient. The variant
¢.981C>G;p.Pro327Leu seems to be of particular functional
relevance. Recently, a patient with a novel POLDI mutation
in the proofreading domain (c.1421T>C;p.Leud474Pro) was
identified in a cohort of 858 familial/early onset CRC and
polyposis cases.'® Together with the absence of POLDI muta-
tions in our cohort, those mutations seem to occur at a lower
frequency than the POLE mutation in families selected for
colorectal adenomas and carcinomas.

Using a comprehensive approach to screen all known sub-
units of the polymerases 8 and €, we identified nine addi-
tional different rare heterozygous germline variants in a total
of four polymerase genes. All are novel or rare (MAF<0.1%)
and predicted to be pathogenic by at least two prediction
analysis tools (Table 2).

The POLE missense mutation ¢.1306C>T;p.Pro436Ser was
identified in a patient whose phenotype is similar to patients
with the known POLE mutation. The index patient shows the
most pronounced gastrointestinal phenotype in the family.
Thus, the de novo status of the mutation seems to be com-
patible with the family history. This variant is located also in
the exonuclease domain of the protein and lies in a disor-
dered loop, which becomes ordered on DNA binding.'® Fur-
thermore, it is structurally located in direct vicinity to the
previously described mutation p.Leu424Val (Fig. 2b). An
amino acid change at the same position (p.Pro436Arg) has
been described previously as a somatic mutation in sporadic
CRC.*° Based on this information it is likely that the germ-
line mutation is pathogenic. However, it is possible that there
are further genetic risk factors for CRC in this family.

The POLE variant ¢.1337G>A;p.Arg446GIn leads to a substi-
tution of a highly conserved arginine. However, it is located at
the outer surface of the exonuclease domain (Fig. 2b) and thus,
it remains unclear yet, whether or not the function of the exonu-
clease is impaired. Interestingly, another rare variant at the
same codon, which is predicted to be probably-damaging by
three in silico analysis tools, is listed in the EVS data
(c.1336C>T;p.Arg446Trp, 1s200403177, frequency 0.008%).
Nonetheless, the polymerases are highly conserved proteins in
general and thus, pathogenic changes may be over-called.

The co-occurrence of the variants POLDI:c.55C>T;
p.Argl9Cys and POLD3:c.1154G>A;p.Arg385His in two
patients of the same family is interesting since it points to a
possible functional interaction (see below). In addition the
occurrence of endometrial cancer is remarkable, since, endo-
metrial cancers have been reported recently in four carriers
of the POLDI mutation p.Ser478Asn, as well as in three fur-
ther family members for whom no testing was possible, and
in two carriers of the POLDI mutation p.Leu474Pro.'®'®

The variant p.Argl9Cys lies outside the proofreading
domain of POLDI, however, it is part of a potential bipartite
nuclear localization signal, which could lead to a deficiency of
the polymerase. Another amino acid change at the same posi-

POLE mutations in polyposis

tion (c.56G>A;p.Argl9His) occurs with a frequency of 0.05%
in population-based cohorts (EVS). Remarkably, a somatic
mutation in the same codon affected by the POLD3 variant
p.Arg385His has been reported in an endometrial carcinoma
(COSMIC), and a common intronic polymorphism in POLD3
has been associated with a moderately increased risk of CRC.>®
For POLD3, only polymerase domains are described. However,
the subunit POLD3 (p66) seems to be necessary for accumula-
tion of the POLD1 (p125) catalytic core at sites of local dam-
age.”® Interestingly, Lemmens et al** demonstrated that a
highly conserved region between amino acids 384 and 399 of
p66 is phosphorylated, and that this is associated with the co-
localization of p66 with the p125 subunit. A plausible hypothe-
sis therefore is that mutations in POLD3 impair the interaction
with POLDI1 and thus the proofreading function of POLDI.
Whether the POLD3 variant p.Arg385His affects protein func-
tion in this way is unknown. However, the occurrence of one
variant in both POLDI and POLD3 in a single patient and his
affected mother points to a putative impaired interaction
between the two proteins, resulting in digenic inheritance.
Since POLDI and POLD3 are located on different chromo-
somes (19 and 11, respectively), mutations in these genes are
inherited independently.

The recurrence of the rare POLE variant c.2683G>A;
p.Ala895Thr (frequency 0.03% in the general population) in
two unrelated polyposis patients indicates that the mutation
might be of functional relevance to the disease. This variant
and POLDI1:c.245C>T;p.Pro82Leu lie outside the exonuclease
domain of the respective genes (Fig. 2). Nevertheless, the
variant Pro82 Leu could affect the function of the exonuclease,
since the binding of the exonuclease domain to the N-terminal
domain is conveyed by the proximate Arg81 (Fig. 2a).

If causative, the segregation data for the POLE2 variant
¢.823C>A;p.Leu275lle point to a reduced penetrance or rather
mild phenotypic expression. For POLE2, only polymerase
domains are described. Such mutations may lead to insufficient
polymerase function, involving incorporation of mispaired
bases. Furthermore, it can be assumed in general, that mutations
in the accessory subunits of the polymerases result in impaired
function of the proofreading subunits, as described above.*

One of the rare variants identified in POLE2 is a frame-
shift mutation  (c.1328_1329insT;p.Leud43Phefs*17). A
somatic POLE2 frameshift mutation in the same region has
also been identified in CRC (c¢.1370_1371delAT;p.Tyr457s*9;
COSM1369919, COSMIC). According to current knowledge,
truncating mutations are not typical disease causing events in
PPAP patients. However, a recent study described a sporadic
CRC patient (diagnosed at age 26 years) with a frameshift
POLE mutation (c.5621_5622delGT).* According to the EVS
data, only two of the 148 listed coding variants in POLE2 are
frameshift mutations and both occur at a low frequency
(0.008%, respectively), indicating that frameshift mutations
are rare events in POLE2.

In conclusion, the present study identified the previously
described POLE mutation c¢.1270C>G;p.Leu424Val in a
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substantial number of patients with an autosomal dominant
inheritance pattern and multiple colorectal adenomas, adeno-
matous polyposis, or familial CRC. Our data confirm the
highly variable colorectal phenotype of PPAP, and broaden
the phenotypic spectrum to include a high frequency of duo-
denal tumors and various extraintestinal lesions that are
characteristic of established hereditary CRC syndromes.
PPAP seems to be characterized by a high prevalence of mul-
tiple CRCs. The broad clinical overlap between PPAP, Lynch
syndrome and MAP, both in terms of gastrointestinal mani-
festations and extraintestinal tumors, seems to be based on a
similar pathogenesis involving reduced DNA repair.

Of the nine novel variants, the POLE mutations and the
two mutations identified in two individuals from the same
family (POLDI, POLD3) are likely to be pathogenic. How-
ever, since in silico programs are often inconsistent and the
polymerases are highly conserved in general, conclusions
regarding the functional impact should be drawn with cau-
tion unless more data is available. To verify the causal rele-
vance of these variants and identify recurrent mutations,
studies of larger cohorts and functional
warranted.

The results of both the previous reports and the present
study suggest that screening for POLE germline mutations in
exons encoding the proofreading domain should be seriously
considered, particularly in unexplained familial cases of colo-
rectal adenomas and microsatellite-stable CRCs. More exten-
sive clinical data are required before wvalid surveillance
recommendations can be formulated. However, according to

analyses are
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present knowledge, regular gastroduodenoscopies at intervals
similar to those recommended for FAP seem to be warranted
in addition to colonoscopies and prophylactic surgery. An
increased risk for endometrial cancer in POLDI mutation
carriers seems likely; if this observation can be confirmed in
future studies, the surveillance recommendations might be
extended accordingly.
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