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Abstract

Pathogenic germline exonuclease domain (ED) variants of POLE and POLD1 cause the Mendelian dominant condition
polymerase proof-reading associated polyposis (PPAP). We aimed to describe the clinical features of all PPAP patients
with probably pathogenic variants. We identified patients with a variants mapping to the EDs of POLE or POLDI from
cancer genetics clinics, a colorectal cancer (CRC) clinical trial, and systematic review of the literature. We used multiple
evidence sources to separate ED variants into those with strong evidence of pathogenicity and those of uncertain impor-
tance. We performed quantitative analysis of the risk of CRC, colorectal adenomas, endometrial cancer or any cancer in the
former group. 132 individuals carried a probably pathogenic ED variant (105 POLE, 27 POLDI). The earliest malignancy
was colorectal cancer at 14. The most common tumour types were colorectal, followed by endometrial in POLD] heterozy-
gotes and duodenal in POLE heterozygotes. POLDI-mutant cases were at a significantly higher risk of endometrial cancer
than POLE heterozygotes. Five individuals with a POLE pathogenic variant, but none with a POLD] pathogenic variant,
developed ovarian cancer. Nine patients with POLE pathogenic variants and one with a POLD1 pathogenic variant developed
brain tumours. Our data provide important evidence for PPAP management. Colonoscopic surveillance is recommended
from age 14 and upper-gastrointestinal surveillance from age 25. The management of other tumour risks remains uncertain,
but surveillance should be considered. In the absence of strong genotype—phenotype associations, these recommendations
should apply to all PPAP patients.
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Introduction

It has historically been thought that Mendelian cancer pre-
disposition syndromes are rarely, if ever, associated with
a general predisposition to cancer. This is often perplex-
ing, especially when the genes involved are ubiquitously
expressed and/or are involved in fundamental processes
such as cell metabolism or DNA repair. In fact, it is
increasingly recognised that many of these syndromes con-
fer a smaller, but definitely increased, risk of a wide range
of cancers, this having been masked by a combination of
early death from specific malignancies and ascertainment
bias. Early reports of the spectrum of cancers associated
with particular high-penetrance gene defects have often
been revised in the light of improved treatment, longer
follow-up and identification of gene heterozygotes in
extended pedigrees. Almost without exception, these stud-
ies have confirmed that the cancers originally described
are indeed the major risks, but lesser increased risks of
other cancers are also present. Well established examples
of the latter include prostate cancer in BRCAI and BRCA2
heterozygotes [1], gastric cancer in individuals with Li-
Fraumeni syndrome [2] and head and neck squamous cell
cancer, gynaecological squamous cell cancer, oesophageal
cancer, and liver, brain, skin and renal tumours in Fanconi
anaemia patients [3].

It is therefore premature to report the clinical features of
new Mendelian syndromes until several years have elapsed
since their identification. This problem is compounded by
the fact that the recently identified syndromes inevitably
tend to be rarer, so that accumulation of clinical informa-
tion is slow and it is almost impossible to avoid all ascer-
tainment bias. A recent example of the confusion that can
arise is the phenotype of the recessive condition NTHLI-
associated polyposis (NAP), which initially was based on
three families and largely comprises colorectal adenomas
and carcinomas [4]; yet, a single NAP patient with seven
primary cancers (and multiple non-cancerous tumours) has
also been described [5]. Recent papers highlighting the
now apparent extended tumour phenotype seen in individ-
uals’ with two NTHLI mutations suggest NTHLI tumour
syndrome as a more accurate name for this condition [6].

In this manuscript, we report the clinical features of
a set of families with polymerase proofreading-associ-
ated polyposis (PPAP), a Mendelian dominant condition
caused by pathogenic variants in the exonuclease domains
of POLE and POLDI, the genes encoding the catalytic
subunits of DNA polymerases epsilon and delta. We assess
the phenotype of those heterozygous for an exonuclease
domain (ED) probably pathogenic variant in the context
of dysfunction of the proof-reading capability of these
genes being expected to cause a 100-fold increase in point
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mutations in theoretically every dividing cell type in the
body. We provide an update of the phenotype of the fami-
lies when we first described PPAP [7] and combine this
with a comprehensive literature review, resulting in a set
of guidelines for PPAP management.

Methods
Patients

Eligible patients were identified from in-house studies
(CORGI [8] — 2349 probands screened in 2013 (includes
cases from National Study of Colorectal Cancer Genetics
(NSCCG)), 2311 patients screened as part of this study, 1
proband identified as carrier by clinical genetics depart-
ments or VICTOR/QUASAR?2 [9] — number of patients
screened in 2013 = 1560, number of additional QUASAR
2 patients screened as part of this study =287) or a litera-
ture review. 48 relatives of probands were screened for the
family variant. Most of the cases reported in CORGI and
all of the cases in QUASAR 2, were discovered by directly
testing for POLE NP_006222.2:p. (Leu424Val) and POLD1
NP_001243778.1:p. (Ser478Asn). One of the new families
we report was identified by panel sequencing conducted
at the clinical genetics centre that recruited the patient.
All individuals with a POLE or POLD1 ED variant were
included, together with their personal and family histories,
including as many details of tumours, screening and other
major diseases as were available. For further details see Sup-
plementary Methods.

Variant annotation

Germline ED variant HGVS descriptions were validated
using VariantValidator [10] (Supplementary Table S1) and
variants were annotated with conservation scores (PhyloP),
in silico predictions of likely impact on protein function
(SIFT, POLYPHEN, Grantham) and frequency from gno-
mAD. Protein sequences of the exonuclease domains of
human POLE and POLD1 were aligned using COBALT
[11], selecting the identity setting for visualisation and scor-
ing (red indicating full and blue partial conservation). The
variants and the exo motifs (regions critical for exonucleo-
lytic catalysis highly conserved between the two enzymes)
were mapped onto the alignment (Supplementary Figure
S1). We also identified studies that had assessed the func-
tion of POLE and POLD1 ED variants in model organisms
(e.g. Schizosaccharomyces pombe) or in vitro assays. We
required an ED variant to fulfil at least one of the following
criteria for classification as probably pathogenic: variant co-
segregating with disease status in more than four meioses,
hypermutation observed in yeast when the equivalent amino
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acid was mutated; or evidence of impaired proof-reading
from biochemical assays (Supplementary Figure S2). We
also required that where more than one of these was avail-
able, the data were compatible and consistent. The remain-
ing ED variants were classified as of unknown significance
(Supplementary Information, Supplementary Table S2).
Details of the assessments of specific variants are provided
in the Supplementary Information. The characteristics of
the probably pathogenic variants in terms of frequency in
gnomAD, in silico scores and location relative to exo motifs
and conserved residues between POLE and POLD1 were
also compared to the variants of uncertain pathogenicity and
the differences observed inform the recommendations made
in the discussion.

Statistical analysis

Cumulative incidence of CRC, endometrial cancer (EC),
colorectal polyps/adenomas and any cancer in probably
pathogenic exonuclease domain variant heterozygotes was
explored using survival analysis packages survival and
survminer in R. Diagnosis of one of the above phenotypes
was classed as an event and time of diagnosis was used as
the time of event. If no event occurred and current age was
known, this information was used to define the follow-up
period. If no event occurred, but current age was not known,
the last age at any other follow-up (for example, last clinic
appointment or last cancer diagnosis) was used for cen-
soring. If age at event was not reported the individual was
excluded from the analysis.

Results
Patient ascertainment

In 2013, we reported eight PPAP families with germline
POLE NP_006222.2:p. (Leud424Val), two families with
POLDI NP_001243778.1:p. (Ser478Asn) and one individ-
ual with POLD1 NP_001243778.1:p. (Pro327Leu) [6]. The
pathogenic status of these variants has been demonstrated
statistically and/or functionally. In this study, we updated
and extended the families’ pedigrees and clinical details
(Supplementary Figure S1, Supplementary Tables S3 and
S4). Additional clinical information, including identification
of three new heterozygotes, was also obtained for the POLE
NP_006222.2:p. (Asn363Lys) family reported by Rohlin
et al. [12]. We identified four new independent, unrelated
POLE Leu424Val heterozygotes, two from the CORGI study
(Fig. 2 Families M and N, Supplementary Table S3) and
two, diagnosed with CRC at ages 46 and 37, in the QUA-
SAR 2 trial (Supplementary Table S3). A total of 36 POLE
Leu424Val heterozygotes and 11 of POLDI Ser478Asn

heterozygotes, from 12 and two families respectively, was
identified in this way (Supplementary Tables S3 and S4).

Other groups have reported pathogenic germline
POLDI variants NP_001243778.1:p. (Asp316Gly),
NP_001243778.1:p. (Asp316His) and NP_001243778.1:p.
(Leu474Pro) in patients with colonic polyposis or CRC
[13]. These variants co-segregated with affection status in
samples from the index case’s family members and there
is evidence from yeast and biochemical assays that muta-
tion of these residues leads to impaired proof-reading. In
our genotyping or sequencing data from 2311 colorectal
polyposis or CRC patients (pedigrees O and P respectively
in Fig. 2, clinical features in Supplementary Table S3) we
identified NP_001243778.1:p. (Asp316Asn) in one family
(two heterozygous individuals) and Leu474Pro in another
(two heterozygous individuals). In CORGI 1% of patients
screened were found to carry POLE Leu424Val, POLDI
Serd78Asn, POLD1 Asp316Asn or POLDI Leu474Pro and
in QUASAR 2/VICTOR clinical trials 0.1% of CRC patients
screened carried POLE Leu424Val or POLD1 Ser4d78Asn.

We performed a literature review to identify other indi-
viduals heterozygous for potentially pathogenic germline
POLE and POLD] ED variants. Using criteria described
in the Methods and Supplementary Information, we identi-
fied “probably pathogenic” POLE and POLD1 germline ED
variants — constitutional variants with at least one additional
data type supporting their disease-causing effects — in 69
and 11 patients respectively (Fig. 1, Table 1, Supplemen-
tary Tables S3 and S4). Information on the 10 POLE and 9
POLD] variants identified from the literature, which did not
meet our criteria for “probably pathogenic”, can be found in
Supplementary Table S2. Where available age at diagnosis
and adenoma burden is indicated for each affected individ-
ual. +indicates an individual heterozygous genotype for the
variant indicated, — indicates an individual who underwent
genotyping but was negative.

Tumour spectrum in PPAP

Individuals heterozygous for ED variants with probable
or greater likelihood of being pathogenic (105 POLE, 27
POLDI) were included in the clinical phenotype assessment
(Table 2, Supplementary Tables S3 and S4). Sex was avail-
able for 94 individuals.

Colorectal tumours

One hundred (95%) POLE variant heterozygotes had a colo-
rectal tumour phenotype (adenomas and/or carcinoma). The
median ages at diagnosis of CRC and polyps were 44.5 and
36 respectively. Polyp burden was available for 59/78 POLE
ED variant heterozygotes with polyps and ranged from one
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Fig. 1 Pedigrees of the families in which new carriers of POLE and POLD1 ED probably pathogenic variants were found
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Table 2 Summary information on polyp and cancer phenotypes observed in heterozygotes of likely pathogenic ED variants

Gene Number of heterozygotes with specified cancer type (Median age at diagnosis) Number of heterozygotes
with adenomas (Median age
at diagnosis)

Colorectal Endometrial Breast Duodenal Ovarian Brain Duodenal Colonic

POLE 74/105 (44.5) 5/43 (53) 6/43 (49) 10/105 (54) 5/43 (45) 9/105 (35) 16/105 (51) 78/105 (36)

POLDI 12/27 (41) 9/17 (52) 4/17 (62) 0/17 (NA) 0/17 (NA) 1727 (26) 2/27 (55) 18727 (43)

Metastatic cancers were excluded from this summary

For endometrial, breast and ovarian cancers, counts in female heterozygotes are displayed

to 100, with a median of 12. Twenty-three of the 27 POLD1
heterozygotes had a colorectal tumour phenotype. The
median ages at diagnosis of CRC and polyps were 41 and
43 years respectively. Polyp burden was available for 17/18
heterozygotes with polyps and ranged from two to 70, with
a median of 13.

Seventy of the 105 POLE variant heterozygotes devel-
oped CRC, at presentation or during follow-up (median age
of diagnosis 43). 48 of these also had reported colorectal
adenomas (CRAs). Age at diagnosis of CRAs was available
for 40 of these patients; 10 patients had a history of adenoma
removal prior to cancer diagnosis with the remained being
diagnosed with adenomas synchronously with CRC or at a
later time. Twelve of 27 (44%) POLD] variant heterozygotes
developed CRC, none had prior adenoma removal and 5 had
no reports of CRAs. The difference in frequency of CRCs
and adenomas was not significantly different between POLE
and POLDI heterozygotes (Fisher’s exact test, CRC p=0.12,
CRA p=0.19).

Microsatellite instability (MSI) status was available for
29 colorectal tumours from POLE variant heterozygotes
and three from POLD] variant heterozygotes; four (all car-
cinomas from POLE variant heterozygotes) of 28 CRCs
(14.3%) and no adenomas were MSI+. Loss of mismatch
repair (MMR) proteins (assessed by immunohistochemistry)
was reported in CRCs from three of the four MSI cases. No
information regarding MMR protein loss was available for
the fourth case, just the number of microsatellites that were
unstable.

Most colorectal polyps were tubular or tubulovillous
adenomas, although nine POLE and five POLD] variant
heterozygotes also had hyperplastic polyps (Supplementary
Tables S3 and S4). Sixteen variant heterozygotes were diag-
nosed with multiple CRCs. Ten of these were synchronous
cancers involving 2—4 tumours and in the remainder, CRC
developed 1-22 years later (median 10 years). Those devel-
oping multiple CRCs carried POLE Leu424Val (N=10),
POLE Thr278Lys (N=2), POLE Asn363Lys (N=2),
POLDI Ser478Asn (N=1), POLD1 Leu474Pro (N=1).

Information on surgery was available for 24 participants,
of whom 19 underwent colectomy (4 segmental and 15

extended) following CRC diagnosis. Based on available
information, in three cases colectomy (reported as one pan-
proctocolectomy, one extended left hemi-colectomy and one
right hemi-colectomy) was chosen following metachronic
cancer and a further four participants underwent prophylac-
tic surgery following diagnosis of multiple bowel adenomas
(one proctocolectomy, one subtotal and one total colectomys;
one underwent “colectomy” but further details of this sur-
gery are not available).

All CORGI participants with probably pathogenic ED
variant were undergoing colonoscopic surveillance; one
developed cancer on surveillance and one developed cancer
after having been discharged from follow-up.

Upper gastrointestinal tumours

After colorectal tumours, duodenal tumours were the next
most frequent lesions in POLE variant heterozygotes. Ten
of 105 (9.5%) probably pathogenic POLE ED variant het-
erozygotes developed duodenal cancer (DC; median age 55)
and 16 (15%) developed one or more duodenal adenomas
(DAs; median age 43). 23 probably pathogenic POLE ED
variant heterozygotes developed both a colorectal phenotype
(CRC and or CRAs) and a duodenal phenotype (DC and or
DAs). In two cases, DAs arose before age 18. No DCs have
arisen to date in POLD1 ED heterozygotes, but DAs were
diagnosed in 2/27 cases (9%; median age 55) who also had
CRC and or CRAs. The difference in frequency of DC and
DA was not significant (Fisher’s exact test DC p=0.21, DA
p=0.36).

Endometrial and ovarian cancers

EC was the most common malignancy in female POLD]
variant heterozygotes (9/17, 53%), with three diagnosed
under the age of 50. 5/43 POLE variant heterozygotes
(12%) were diagnosed with EC, one before the age of 50.
The frequency of EC was significantly lower in POLE
variant heterozygotes (Fisher’s exact test, p=0.001)
(Fig. 2a). Five female POLE ED variant heterozygotes
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Fig.2 Graphs showing the cumulative risk of developing CRC, colorectal adenomas, endometrial cancer and any cancer in carriers of probably

pathogenic variants in POLE and POLD1

developed ovarian cancer (OC) between the ages of 33
and 45, including one with bilateral disease age 40 years,
but no OCs were found in POLDI ED variant heterozy-
gotes (Fisher’s exact test, p=0.31)). Two patients were
diagnosed with OC at the same time as their EC, although
it was not clear whether the synchronous lesions had
independent origins. No further details on the histol-
ogy or molecular biology of the ovarian cancers were
available. Data were also incomplete with respect to pre-
malignant gynaecological lesions. However, two POLE
Leu424Val heterozygotes underwent hysterectomy for
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benign pathology, specifically endometrial dysplasia or
hyperplasia, or endometriotic cysts.

Out of a total of 105 POLE carriers and 27 POLD1 car-
riers, of which 43 POLE carriers and 17 POLDI1 carriers
were female, the following had sufficient information to
be included in the analysis of cumulative risk of (1) CRC:
POLE N=103 POLD1 N=27 (2) EC POLE N=43, POLDI1
N =13, (3) colorectal adenomas POLE N=87, POLDI1
N =25 (4) any cancer POLE N=94 POLD1 N =27. a Gene
stratified analysis: Male and female heterozygotes were ana-
lysed together apart from in the EC plot which was generated
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using data from female heterozygotes only. “Any cancer”
includes brain tumours but not duodenal or colorectal adeno-
mas. No correction was made for screening or surgical inter-
ventions. b CRC cumulative risk in POLE presumed patho-
genic variant heterozygotes, excluding POLE Leu424Val.
Shaded areas represent 95% confidence intervals *P-value
remains significant when POLE Leu424Val heterozygotes
are excluded, p=0.018.

Brain tumours

Brain tumours (two astrocytomas at age 26) were observed in
one of the first POLD1 Ser478 Asn heterozygotes described.
Brain tumours have also now been reported in nine of 105
(9%) of POLE variant heterozygotes. Two POLE Leu424Val
heterozygotes developed glioblastomas at age 47 and age
61 respectively, one Leu424Val heterozygote developed
an astrocytoma at age 15 and one Leu424Val heterozygote
developed an oligodendroglioma aged 30. Five Asn363Lys
heterozygotes developed primary brain tumours, comprising
four glioblastomas diagnosed between ages 30 and 52, and
one of unspecified type at 35.

Other common tumours

Breast cancer was not described in the original PPAP fami-
lies, but there are now multiple reports of breast cancer in
female patients with PPAP. Six of 43 (14%) female POLE
variant heterozygotes developed breast cancer (median age
49 years, range 38-65), as did 4/17 (24%) female POLD1
variant heterozygotes (median age 62 years, range 52-65).
The latter frequency is clearly higher than the general popu-
lation. Despite some recent reports that POLE and POLD1
variants predispose to prostate cancer [29], only one patient
developed prostate cancer (aged 51) in the families analysed.

Multiple tumours

15/51 (29%) male and 20/43 (46.5%) female POLE ED vari-
ant heterozygotes developed benign or malignant tumours
of more than one site to the date of follow-up. For POLD1,
the equivalent frequencies were 2/10 (20%) males and 10/17
(59%) females. Three out of 132 patients had synchronous
tumours of different organs.
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Fig.3 Graphs showing the cumulative risk of developing CRC, colo-
rectal adenomas and any cancer in male and female carriers of prob-

ably pathogenic variants in POLE and POLDI. POLDI and POLE

ED variant heterozygotes have been grouped together. Shaded areas
represent 95% confidence intervals
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Penetrance of probably pathogenic variants

Cumulative incidence curves (Fig. 2a) show the age-depend-
ent penetrance of the following phenotypes in those het-
erozygous for a probably pathogenic POLE and POLDI ED
variant: CRC; colorectal adenoma(s); EC; and any cancer
including brain tumour. 15 patients developed CRC before
age 30. The risk of CRC by age 70 years was approximately
90% for POLE variant heterozygotes and lower (around
50%) for POLDI ED variant heterozygotes (p=0.027).
Conversely, POLD1 ED variant heterozygotes had a higher
risk over time than POLE ED variant heterozygotes of devel-
oping EC (P=0.018). The risk of EC by age 70 was in the
region of 75% for POLD1 and about 25% for POLE vari-
ant heterozygotes. No ECs developed before age 45 years
in any of these variant heterozygotes. Males had a higher
lifetime risk of CRC than females (P =0.0096; Fig. 3) for
both genes, although this association was not present for
colorectal adenomas or when cancers of any organ were
considered (Fig. 3). We compared CRC incidence between
those heterozygous for the prototypic Leu424Val variant and
other variants, but no clear difference was found (Fig. 2b).

Discussion

In this study, we have provided a comprehensive descrip-
tion of the clinicopathological features of PPAP in those
heterozygous for POLE and POLD1 ED variants with sup-
porting evidence of a pathogenic impact. The cumulative
incidence of CRC in POLE and POLD] variant heterozy-
gotes is estimated at approximately 90% and 50% respec-
tively. These estimates are higher than previous reports [30],
probably because of the exclusion of variants of uncertain
pathogenicity and the variable mixture between studies of
PPAP patients who were screened because of family history
and others whose first cancer occurred before surveillance
began. Most patients have an attenuated polyposis pheno-
type (10-100 polyps), with greater polyp numbers in a few
cases, but a minority of cases have a Lynch syndrome-like
phenotype with early-onset CRC and few polyps. Individuals
without CRAs were either young (aged 24 and 18 respec-
tively), or carried a relatively rare probably pathogenic
variant and presented with an extra-colonic tumour (POLE
p-Tyr458Phe, POLDI p. Asp316Gly, POLDI p. Asp316Asn,
POLDI p. Leud474Pro).

We have expanded the spectrum of intestinal cancers to
include benign and malignant duodenal tumours. 19% of all
probably pathogenic ED variant heterozygotes had both a
colorectal and a duodenal phenotype. Unfortunately, pheno-
typic data regarding the upper GI tract are somewhat limited
and indeed many of the patients reported in the literature
are likely not to have undergone upper GI endoscopy at
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all. When only those who have had an upper GI endoscopy
were included, DAs were seen in over 50% of ED variant
heterozygotes.

EC is the most common extra-intestinal malignancy in
PPAP, with lower risks than CRC. The risk is higher in
POLDI heterozygotes. OC is also relatively frequent, some-
times synchronous with EC, although no consistent assess-
ment of histology or clonal origins was possible. There is
also growing evidence that a variety of brain tumours can
occur as part of PPAP.

Caution is advised in interpreting the details of some of
our findings, including the quantitative cancer risk estimates
and the intriguing possibility of genotype—phenotype cor-
relations. Potential problems include the small numbers of
affected individuals from a limited number of families, the
variable extent of cancer screening, and ascertainment bias
for genetic testing. Such issues are unavoidable for rare con-
ditions, and must be take into account wherever possible in
the clinical setting.

How do our data inform clinical management? Colorec-
tal surveillance is clearly advisable. Bellido et al. [27] sug-
gested colonoscopy from the age of 18 years. Given that we
identified an individual with a CRA aged 15 and Wimmer
et al. [20] identified a CRC in a 14 year old, we suggest
that earlier colonoscopic assessment at age 14 should be
performed in all PPAP patients. It is noteworthy that 26/86
(30%) CRC cases were in patients who did not have adeno-
mas and no clear correlation between polyp burden and can-
cer risk has been demonstrated. Furthermore, although the
tumours we originally described in POLE and POLD] carri-
ers were microsatellite-stable, the frequency of MSI (12.5%)
that we now describe in CRCs is similar to that in sporadic
CRCs, despite the earlier onset of the former. Whether MSI
in PPAP CRC results from somatic loss of mismatch repair
or an unappreciated direct effect of constitutive proofread-
ing deficiency, it could result in accelerated progression to
cancer. Given the above uncertainties, we recommend at
least biennial colonoscopy, compared with 1-2 yearly sug-
gested by Bellido et al. [27]. Prophylactic surgical interven-
tion may be appropriate for PPAP cases with a severe polyp
phenotype: our data suggest that colectomy and ileo-rectal
or ileo-distal sigmoid anastomosis would usually be most
appropriate. Surgery for those with PPAP in whom CRC
has already arisen needs to be individualised and no strong
recommendation can be given; factors including phenotype,
expected functional outcome and the metachronous cancer
risk all need to be considered.

The finding of frequent DAs and DC suggests that routine
upper gastrointestinal tract surveillance would be beneficial.
In the absence of robust data, we suggest that surveillance is
based on the system advocated for FAP [31], starting at age
25. The role of duodenal polypectomy is unproven, even in
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FAP, but it would seem reasonable to consider polypectomy
in PPAP when adenomas reach 1 cm in size.

Endometrial cancer is common in PPAP and it is logi-
cal to think that gynaecological surveillance would be
warranted. Indeed, Bellido and colleagues [27] proposed
endometrial surveillance in patients with POLD1 patho-
genic variants, commencing age 40 years. However, there
are no robust data to support gynaecological screening in
Lynch syndrome, which has a comparable or higher risk of
gynaecological cancer, even though it is performed in some
centres. Instead of gynaecological surveillance, Lynch syn-
drome patients are usually counselled regarding the possibil-
ity of risk-reducing surgery when they have completed their
family [32]. For POLE carriers, given the finding of 5 cases
with ovarian cancer, this counselling should include a dis-
cussion of both risk reducing hysterectomy and bilateral sal-
pingo-oophorectomy (BSO). We suggest a similar approach
for women with PPAP, since the EC risk is appreciable with
either POLDI or POLE ED variant heterozygotes.

For the other cancers observed in PPAP families, the
absolute risk appears relatively small and below the thresh-
old at which routine surveillance would be recommended.
The lifetime risk of breast cancer in the female UK popu-
lation is 12% and the risk of developing breast cancer in
the next 10 years if aged 50 is 3.54% whereas the risk of
breast cancer by age 60 is approximately 30% in POLDI1
and 20% in POLE ED pathogenic variant heterozygotes
included in our analysis (Supplementary Figure S4). Whilst
this is based on only 40 female POLE ED heterozygotes
and 17 female POLDI heterozygotes, we conclude that
female POLDI ED heterozygotes in particular may be at an
increased risk of developing breast cancer compared to the
general population, but this is not proven. Specifically, there
is, as yet, insufficient evidence that the risk observed is high
enough to fulfil the criteria for moderate risk breast screen-
ing according to UK NICE (Familial breast cancer: classi-
fication, care and managing breast cancer and related risks
in people with a family history of breast cancer, Clinical
guideline [CG164] updated: March 2017 [33]). We suggest
POLE and POLD]I ED heterozygotes could be referred to a
high risk breast screening service for discussion. The lack
of data about type of breast cancer, hormone receptor status
and the inherent bias in our cohort make it difficult to give
robust recommendations. Discussion in a specialised unit is
sensible particularly where there is clustering of breast can-
cer cases or the presence of very young onset breast cancer
in a first degree relative. Certainly, breast awareness and
self-examination should be encouraged in all female patients
with PPAP. Whilst there are no data to support that it is
effective, increasing awareness and empowering patients to
be involved in the management of their condition should be
supported.

The PPAP phenotype is in some ways a hybrid between
attenuated adenomatous polyposis (as seen in other DNA
repair deficiency syndromes such as MAP) and Lynch
syndrome, especially as regards the high EC risk. CRC
and EC cancer patients with somatic POLE ED mutations
have been shown to have a favourable prognosis [34, 35]
and it would be interesting in future studies to investi-
gate whether the prognosis of cancer patients with ger-
mline POLE or POLDI mutations is also better. There
is currently no consensus as to who should have diag-
nostic testing for PPAP (screening of EDs of POLE and
POLDI for pathogenic variants); we suggest that it should
be considered for those with unexplained adenomatous
polyposis, as well as those with a family history fulfill-
ing the Amsterdam or modified Bethesda criteria, espe-
cially if no pathogenic mismatch repair variants have been
found. Distinguishing pathogenic, PPAP-causing variants
from non-pathogenic variants in POLE and POLDI may
be challenging. Based on the features of the mutations
described here and the likely absence of functional data to
help assessment of novel mutations in the clinic, we sug-
gest applying the following filtering steps to distinguish a
likely pathogenic variant:

(1) Maps to the exonuclease domain of POLE (amino acids
268-471) or POLD1 (amino acids 304-533)

(2) Allele frequency of < 1 x 107 in non-Finnish European
gnomAD data

(3) Maps to or flanks an exo motif and affects an amino
acid that is perfectly or highly conserved in a POLE-
POLDI1 protein alignment

(4) Classed as pathogenic by two or more in silico tools

(5) Results in a protein predicted to retain polymerase and
regulatory functions.

Additional DNA samples from relatives for co-segrega-
tion studies, and from tumours for mutation burden, spec-
trum and signature analysis are also very helpful. It remains
desirable to find an in vitro system for rapid testing of
novel variants. Design of functional assays in accordance
with American College of Medical Genetics and Genom-
ics (ACMG) and the Association for Molecular Pathology
(AMP) guidelines would aid greatly with variant interpreta-
tion [36]. The set of variants selected here as probably path-
ogenic all had supporting evidence from at least one of the
following: co-segregation studies, mutator phenotype assess-
ment in yeast assays or biochemical proof reading assays, in
addition to fulfilling the five criteria above. If any of these
supporting lines of evidence were conflicting or inconclu-
sive, the variant was classed as being of unknown signifi-
cance (e.g. POLE W347C and POLE L460M). It is possi-
ble that we have excluded variants that are pathogenic, but
we decided that strict classification criteria for pathogenic
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variants was required in order to give an accurate survey of
the clinical features of those with PPAP.

This manuscript is a step forward in describing the clini-
cal features of PPAP based on variants with strong evidence
of pathogenicity with implications for diagnostic testing
algorithms and hence screening. With time, the understand-
ing of this condition and its cancer risk will no doubt evolve
and inform updates to our recommendations for clinical
management. We highlight the difficulties in identifying
truly pathogenic variants and provide suggestions that could
be incorporated in a more formal variant classification sys-
tem for suspected PPAP-causing variants.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10689-021-00256-y.
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