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Discussion and future perspectives

POLE exonuclease domain mutations (hereafter referred to as ‘POLE mutations’) are 
found in a wide variety of human malignancies, including endometrial cancer. In all 
tumor types, cancers with POLE mutations are characterized by an exceptionally high 
mutational burden and a specific mutational signature.1,2 Despite their so-called ‘ultra-
mutated’ phenotype, patients with POLE-mutant cancers have significantly better out-
comes compared to patients with POLE-wild-type tumors. This prognostic benefit has 
thus far been shown for early-stage endometrial and stage II/III colorectal cancers, and 
has been suggested for glioblastomas.1,3-10 The studies described in this thesis aimed 
to gain insight into somatic POLE exonuclease domain mutations and especially into 
the underlying mechanism(s) by which these POLE mutations contribute to low risk of 
recurrence. This chapter puts the main findings of this thesis into perspective of current 
literature, and discusses the implications of these findings for the treatment of patients 
with POLE-mutant cancers, in particular endometrial cancer.

Explaining the favorable clinical outcome of POLE exonuclease domain-mutant 
cancers

Three hypotheses that could explain or contribute to the favorable prognosis of POLE-
mutant cancers were studied and will be discussed below.

1.	 Induction of an antitumor immune response
To explain the good prognosis of POLE-mutant cancers, we hypothesized that the ul-
tramutated phenotype would result in the presentation of neoantigens on the tumor 
cell surface. These neoantigens would elicit an antitumor immune response, which may 
contribute to the favorable outcome of these patients. To support this hypothesis, this 
thesis and work of others provide several lines of evidence that will now be discussed.

POLE-mutant cancers were predicted to display more neoantigens than POLE-wild-type 
cancers (chapters 4 and 5).11 This prediction was based on in silico algorithms that as-
sessed the binding affinity to MHC class I of all possible mutant peptides relative to that 
of the wild-type peptide. Similar prediction algorithms have been used in many reports 
to date to identify neoantigens.12-18 Previous studies also showed, however, that only a 
small fraction of mutations in expressed genes resulted in the presentation of neoan-
tigens that elicit T cell reactivity.13,15,19-21 Therefore, the in silico algorithms could more 
accurately predict reflect the landscape of immunogenic neoantigens in cancers when 
filtering of the exome or RNA sequencing data would be improved. Still, the observed 
difference in predicted neoantigen numbers between POLE -mutant and POLE-wild-type 
is very large (~100-fold) with the currently employed methods. Therefore, regardless of 
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more stringent filtering, these differences suggest that POLE mutations indeed result in 
the presentation of immunogenic neoantigens.

An in vitro study supported the concept of increased immunogenicity of POLE-mutant 
cancers. In this study, autologous dendritic cells pulsed with lysate from POLE-mutant 
endometrial cancers induced stronger proliferation of cytotoxic T cells and T helper cells 
than lysate derived from POLE-wild-type cancers.22 This suggests that POLE-mutant can-
cers are capable of eliciting an immune response and that this capacity is greater than 
in their wild-type counterparts. Whether the increased immunogenicity of POLE-mutant 
cancers is indeed caused by a higher neoantigen load remains to be elucidated.

POLE-mutant (endometrial) cancers are characterized by the presence of an enhanced 
cytotoxic T cell response (chapters 4 and 5).9,22,23 In POLE-mutant cancers, tumor-
infiltrating lymphocytes are present in larger numbers than in POLE-wild-type cancers. 
Moreover, these lymphocytes demonstrate upregulation of activation and effector 
markers, suggesting the T cells are cytotoxically active. These findings are supportive 
of increased immunogenicity of POLE-mutant cancers. Furthermore, the association 
between the presence of such an immune infiltrate and prognosis is well-established: 
a meta-analysis showed in a pooled cohort of over 12,000 patients with various tumor 
types that tumor-infiltrating lymphocytes have a positive effect on clinical outcomes.24 
A similar association has been previously described for endometrial cancers, albeit in a 
limited number of studies.25,26 

For the T cells to contribute to the favorable prognosis, these lymphocytes would have to 
be tumor-reactive, recognizing the antigen presented by the tumor cell as being foreign. 
Evidence for this tumor reactivity is provided by the response of POLE-mutant cancers to 
immune checkpoint inhibition. It is important to note that this response is also clinically 
very relevant (details on therapeutic implications are given below). Through immune 
checkpoint inhibition, T cells are relieved of certain inhibitory signals (such as PD-1-PD-
L1 signaling), leading to a release of their cytotoxic potential. Although the search for a 
robust biomarker to predict response to checkpoint inhibitors is still ongoing, response 
rates are higher in cancers with a high mutational load.27,28 This is illustrated by the 
40-53% objective response rates found in (mostly colorectal) cancers with mismatch 
repair deficiency, compared to 0% response in non-hypermutated cancers.29,30 Following 
this rationale, the first few women with advanced-stage endometrial cancers carrying 
POLE mutations have been treated with anti-PD-1 antibodies and showed sustained 
responses.31-33 These responses suggest that upon PD-1/PD-L1 blockade, T cells that are 
tumor-reactive are ‘unleashed’, resulting in effective antitumor activity contributing to 
prolonged survival.
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Finally, a parallel can be drawn between POLE-mutant cancers and melanomas to 
provide evidence, albeit circumstantial, supportive of this ‘antitumor immune response-
hypothesis’. In melanomas, another highly mutated tumor type, lymphocytes have been 
identified in the tumor microenvironment that are reactive to neoantigens presented by 
the cancer cells.15,20 Furthermore, the tumor-reactive T cells expanded in the peripheral 
blood after immune checkpoint inhibitor treatment, suggesting a role for these T cells 
in tumor regression.20 Thus, the mutational load in melanomas is apparently sufficient 
to generate neoantigens that can be recognized by autologous T cells. Compared to 
melanomas, POLE-mutant cancers carry on average ten times as many mutations (10 
mutations per Mb for melanomas vs more than 100 mutations per Mb for POLE-mutant 
cancers).34 It can therefore be expected that the presence of neoantigens and their 
recognition by T cells are also common in POLE-mutant cancers.

In summary, we and others showed that the ultramutated POLE-mutant (endometrial) 
cancers display an enhanced cytotoxic T cell response. This T cell response is accompa-
nied by - and most likely caused by - a significant increase in the number of neoantigens 
presented at the tumor cell surface. Together, this provides a plausible mechanism by 
which POLE exonuclease domain mutations contribute to the good clinical outcome of 
the majority of patients.

A question worthy of further exploration is why POLE-mutant cancers, despite the 
antitumor immune response, are not eliminated by the immune system. Defects in 
antigen processing or presentation occurred at a similar frequency in POLE-mutant as 
in POLE-wild-type (chapter 4). Immunosuppressive molecules such as PD-1 and CTLA-4 
were upregulated in POLE-mutant cancers compared to POLE-wild-type. However, con-
sidering the overall increase in expression of cytotoxic effector markers, the upregula-
tion of immunosuppressive mediators appeared insufficient to fully suppress the T cell 
response in POLE-mutant endometrial cancers (chapter 4). Therefore, further research 
on immune escape mechanisms in POLE-mutant cancers, e.g. on the presence of im-
munosuppressive cells in the tumor microenvironment, is warranted.

The above-described immune-related mechanism does not explain the high survival 
rate of patients with POLE-mutant cancers completely. In chapter 3, POLE-mutant endo-
metrial cancers were evaluated for the presence of tumor-infiltrating and peritumoral 
lymphocytes. Although these lymphocytes were prominently present in the majority 
of cases, ~15% of POLE-mutant endometrial cancers showed no evidence of a strong 
T cell response. In colorectal cancer, a lack of lymphocytic infiltrate seems associated 
with poorer clinical outcome in the ‘hypermutated’, mismatch repair-deficient cases.35,36 
The number of POLE-mutant endometrial cancers studied to date is too small to per-
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form similar within-subgroup analyses. Considering the genomic similarities between 
POLE-mutant and mismatch repair-deficient cancers, the degree of immune response 
is likely to have prognostic impact in POLE-mutant cancers as well. Therefore, also other 
mechanisms that could (in part) account for the excellent prognosis of POLE-mutant 
cancers were investigated.

2.	 Increased sensitivity to adjuvant treatment
The favorable prognosis of POLE-mutant cancers was, as described, found in sev-
eral independent studies.1,3-10,37 In these studies, the majority of patients (~66%) with 
POLE-mutant cancers received some type of adjuvant therapy (i.e. radiotherapy and/
or chemotherapy). Therefore, increased sensitivity to adjuvant treatment might also 
contribute to the good outcome of POLE-mutant cancers. Outcomes were, however, 
consistently favorable for patients in the PORTEC-1 endometrial cancer trial and in the 
colorectal cancer cohort regardless of adjuvant therapy (chapter 6).4,9 Moreover, in a 
mouse-derived embryonic stem cell model, POLE mutations did not result in greater 
sensitivity to ionizing radiation or to commonly used chemotherapeutics, including cis-
platin, paclitaxel, and doxorubicin. This is in line with another preclinical study in which 
no significant difference in sensitivity to paclitaxel was found between POLE-mutant and 
POLE-wild-type endometrial cancer cell lines, while demonstrating increased resistance 
to carboplatin in their POLE-mutant cell line. The cell lines used in this study were, 
however, non-isogenic.38 Moreover, the exonuclease activity of DNA polymerase epsilon 
is presumed not to have a role in the mechanisms of actions of the commonly used 
anti-cancer treatments: a POLE mutation is therefore unlikely to alter sensitivity to these 
therapies, providing further support for the clinical and in vitro findings. It should be 
noted that in the described model systems, an interaction between radiotherapy and 
the immune system could not be assessed.39 Nevertheless, the clinical data and the in 
vitro data together suggest that the clinical outcome of POLE-mutant cancers is inde-
pendent of the administered adjuvant treatment. Thus, increased sensitivity to adjuvant 
therapy does not seem to explain the favorable prognosis of POLE-mutant cancers.

3.	 Error catastrophe
The third possible explanation for the excellent clinical outcome of POLE-mutant cancers 
may originate from one of their characteristic features: the ultramutator phenotype. This 
may be the Achilles’ heel of POLE-mutant cancers. On one hand, the high mutation rate 
causes cells to rapidly accumulate mutations. This increases the genetic variation, which 
in turn facilitates adaptation of malignant cells to changing microenvironments, e.g. im-
mune evasion.40-42 On the other hand, rapid accumulation of mutations may compromise 
tumor viability. Many random mutations can arise that are neither directly beneficial, 
nor immediately deleterious. These mutations will not be subject to strong positive or 
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negative selection and can become fixed in the genome. Subsequently, these mutations 
may collectively exert a negative effect and can result in so-called error catastrophe.42,43 

Error catastrophe occurs when the mutational burden exceeds a certain threshold 
above which the combined negative effect of the acquired mutations prevails, and 
cellular viability decreases. Considering the exceptionally high mutational load of 
POLE-mutant cancers, error catastrophe may take place and may thus contribute to 
the favorable outcome of these tumors. In the primary cancer, the mutation rate may 
have struck a balance between the potential to adapt to new states and maintenance 
of tumor viability, preventing tumor regression. This is supported by a study of bial-
lelic mismatch repair-deficient brain cancers: after acquisition of a POLE mutation, the 
number of mutations rapidly increased to a certain threshold without surpassing it.44 
The high mutational burden may, however, render POLE-mutant cancer cells unfit to 
effectively metastasize: this could account for the rare incidence of distant metastases. 
Following Paget’s ‘seed and soil’-hypothesis, also in this scenario the immune system 
plays a pivotal role.45 

The existence of an ‘error threshold’ is supported by the infrequency at which POLE exo-
nuclease domain mutations co-occur with other defects that induce replication errors. 
Indeed, in yeast, combined polymerase ε proofreading defects and complete mismatch 
repair deficiency proved synthetically lethal for the majority of cells.46 We found similar 
results in preliminary experiments in the mouse embryonic stem cell model described 
in chapter 6. When attempting to knock-out Msh6, one of the mismatch repair genes, a 
mismatch repair-deficient clone was often obtained in the wild-type cell line (approxi-
mately 1 in 4 cells), while this proved rarely successful in the POLE exonuclease domain-
mutant cell lines (~1 in 175 cells, Figure 1). These findings suggest that the absence of 
both DNA repair pathways results in a rapid and catastrophic accumulation of mutations 
incompatible with cellular survival. This synthetic lethality may also be the reason why 
POLE-mutant cancers generally are microsatellite stable.47 

To gain further insight into error catastrophe, future studies could investigate cell 
death in POLE-mutant compared to POLE-wild-type cancers. We examined levels of 
apoptosis in the endometrial cancer series described in chapter 4 by performing im-
munohistochemistry of cleaved caspase-3. Cleaved caspase-3 is the effector marker of 
both intrinsic and extrinsic apoptotic pathways.48 In POLE-mutant and POLE-wild-type 
microsatellite-unstable endometrial cancers, cleaved caspase-3+ apoptotic cells were 
present in significantly higher numbers compared to POLE-wild-type microsatellite-
stable cases (Figure 2). These results are promising and warrant further exploration.
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Figure 1.  Knockout of Msh6 in POLE exonuclease domain-mutant mouse embryonic stem cells.
A knock-out of Msh6, one of the mismatch repair genes, was attempted in POLE-wild-type (WT) and in 
POLE exonuclease domain-mutant mouse embryonic stem (mES) cells using CRISPR-Cas9. To this end, stem 
cells were transfected with a guide RNA targeting Msh6. Successfully transfected cells were positively se-
lected using puromycin. The number of cells that survived a 6-thioguanine pulse, which selects for loss of 
mismatch repair, was counted and is shown (box and whisker signify mean and standard deviation, respec-
tively). Results are shown for different homozygous POLE-mutant cell lines, namely double-mutant D275A/
E277A, and the common cancer-associated POLE P286R-, S297F-, and V411L mutants.
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Figure 2.  Apoptosis based on immunohistochemistry of cleaved caspase-3 in endometrial cancer accord-
ing to molecular subgroup.
Apoptosis based on cleaved caspase-3 (CC3) counts was compared between POLE exonuclease domain-
mutant (POLE), microsatellite-unstable (MSI), and POLE-wildtype, microsatellite-stable (MSS) endometrial 
cancers. For each endometrial cancer, the number of cleaved caspase-3-positive cells was counted in ten 
high power fields (HPFs; 325μmx225μm), consisting of at least 70% tumor tissue. The mean of these ten 
high power fields is used for each case. For each molecular subgroup, boxes represent the interquartile 
range, with the upper whisker indicating the 95th percentile and the lower whisker the 5th percentile. The 
median and mean values are indicated by a horizontal line and cross respectively. *P=0.0005, **P=0.0072.
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Future studies could also focus on cases that apparently escaped error-induced extinc-
tion, e.g. POLE-mutant endometrial cancers with combined (partial) mismatch repair 
deficiency or POLE-mutant cancers that present at an advanced stage or that recur. 
A starting point for such future studies could stem from an interesting finding in the 
yeast study on polymerase ε proofreading and mismatch repair: among the colonies 
that survived with combined polymerase ε proofreading- and mismatch repair defects 
were colonies that had acquired secondary mutations in POLE. These secondary muta-
tions resulted in a slower accumulation of mutations.46 It would be of interest to explore 
whether such ‘antimutator’ variants also occur alongside POLE exonuclease domain 
mutations in human cancers and if present, what their effect is on the mutational bur-
den. At the same time, as many POLE mutations outside the exonuclease domain remain 
‘variants of unknown significance’, fundamental research is warranted to understand the 
functional consequences of such variants.

In conclusion, this thesis together with work of others proposes an enhanced antitumor 
immune response and a catastrophic accumulation of mutations as most likely mecha-
nisms to explain the high survival rate of patients with POLE-mutant cancers. While these 
and other explanations require further research, they may provide a starting point for 
more tailored (adjuvant) treatment of POLE-mutant cancers, as will be discussed below.

Implications for endometrial cancer treatment: current practice and future 
directions

Early-stage endometrial cancer is treated primarily with surgery; the indication for 
adjuvant treatment depends on risk factors for recurrence (chapter 1). Despite the use 
of risk-based indications, vaginal brachytherapy for patients with high-intermediate 
risk endometrial cancer still yields significant overtreatment: six out of seven patients 
would not have had a recurrence without vaginal brachytherapy.49-51 To reduce over-
treatment, screening for POLE mutations could be of use. POLE mutations predict an 
excellent prognosis in endometrial cancer.51 Moreover, as discussed before, this prog-
nostic benefit does not seem to depend on adjuvant treatment. Therefore, it could be 
argued that for patients with early-stage endometrial cancers carrying POLE mutations, 
surgery alone may suffice, thus reducing overtreatment. For POLE-mutant early-stage 
endometrial cancers, no additional treatment versus vaginal brachytherapy is currently 
under prospective evaluation in the PORTEC-4A trial.52 In this randomized trial, vaginal 
brachytherapy based on standard clinicopathological indications (chapter 1, Table 
2) is compared to molecular profile-based indication for either observation, vaginal 
brachytherapy or external beam radiotherapy. The PORTEC-4A trial is the first to bring 
molecular profile-based adjuvant treatment for endometrial cancer into the clinic, and 
results are eagerly awaited.
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This discussion has thus far focused mostly on POLE mutations in early-stage endometrial 
cancer and the high survival rate observed in this patient group. However, as mentioned 
briefly, POLE mutations can also be found in advanced-stage endometrial cancer. The 
frequency of POLE mutations in advanced-stage disease is yet to be determined: a col-
laborative study by Bosse et al. show 1 (1.6%) POLE-mutant cancers among 61 grade 3, 
stage III-IV endometrial cancers, while this was more common in the TCGA endometrial 
cancer cohort (7.2%, 4/55 stage III-IV endometrial cancers).1,53 Also the prognostic impact 
of POLE mutations in advanced-stage disease remains uncertain. For these advanced-
stage endometrial cancers and for other cancer types with relatively poorer prognoses, 
the mechanisms underlying the good prognosis of POLE mutations can be exploited for 
therapeutic purposes. First of all, the antitumor immune response can be enhanced by 
immune checkpoint inhibition. Indeed, the first cases of advanced-stage POLE-mutant 
endometrial cancers treated with anti-PD-1 antibodies have been reported, as well as 
of pediatric, POLE-mutant, biallelic mismatch repair-deficient glioblastomas. These 
studies showed remarkably good responses of at least five months duration (maximum 
reported duration was 16 months).31-33,54 Clinical trials testing the efficacy of immune 
checkpoint inhibitors in advanced-stage cancers are currently recruiting in which 
POLE-mutant cancers are included.55-58 Whether POLE mutational status itself or other 
factors such as the mutational load, the number or type of predicted neoantigens or 
the expression of CD8, PD-1 and/or PD-L1 are the strongest markers to predict response 
to checkpoint inhibition remains to be elucidated. The outcomes of ongoing trials may 
further advance this field.

If immune checkpoint inhibitors also yield promising results in larger series of POLE-
mutant cancers, these drugs may be quickly approved for this new indication. How 
fast this process of approval can be has been shown for the use of pembrolizumab in 
advanced-stage mismatch repair-deficient solid tumors: while the results of the first 
phase II study were only published in 2015, pembrolizumab was granted accelerated 
approval for this indication by the American Food and Drug Administration in May 
2017.29 In the Netherlands, PD-1 inhibitors pembrolizumab and nivolumab have been 
approved thus far only for the treatment of, among others, advanced-stage melanoma 
and advanced-stage non-small-cell lung carcinoma, although response rates in these 
tumors are similar to, or even lower than, those observed in mismatch repair-deficient 
cancers (e.g. for pembrolizumab: ~33% in melanoma,~45% in PD-L1+ non-small-cell lung 
cancer, 40-53% in mismatch repair-deficient colorectal cancers).29,30,59-63 Nonetheless, the 
use of immune checkpoint inhibitors should be carefully considered because of the high 
treatment costs. While the exact costs of anti-PD-1 therapy are not known because of 
confidential price agreements between the Dutch government and the manufacturers, 
they are likely to approximate or even exceed the threshold value of €80,000 per quality-
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adjusted life year, similarly to the anti-CTLA-4 antibody ipilimumab.64-66 These costs raise 
important ethical and political discussions on how much society is willing - and able - to 
pay for such treatments. Ongoing trials investigating immune checkpoint blockade for 
POLE-mutant cancers will provide more insight into the response rates, and thereby into 
the cost-effectiveness of these therapies.

Along with the immune response observed in patients with POLE-mutant cancers, 
the ultramutated phenotype of these tumors may be exploited for treatment. As the 
mutational burden seems to plateau just below the threshold for cellular viability, drugs 
that drive the mutation rate past this threshold could be of interest.44 The possibility to 
induce error catastrophe has been demonstrated in RNA viruses by using nucleoside 
analogs. RNA viruses have remarkably high mutation rates. Nucleoside analogs result in 
a critical increase of these mutation rates by mispairing after incorporation in the DNA 
or by preventing the DNA chain from being elongated during replication.42,67,68 Taking 
advantage of their already ultramutated phenotype, a similar approach could be benefi-
cial for cancers with POLE mutations. Moreover, the effects of nucleoside analogs may be 
increased in POLE-mutant cells: contrary to their wild-type counterparts, POLE-mutant 
cells may not be able to excise the analog once incorporated.

In mouse embryonic stem cells, we explored the sensitivity conferred by POLE exo-
nuclease domain mutations to nucleoside analogs (chapter 6). POLE-mutant cells were 
indeed found to be significantly more sensitive to the nucleoside analogs cytarabine 
and fludarabine compared to POLE-wild-type cells: sensitivity to both compounds was 
increased approximately three-fold. Increased sensitivity to cytarabine is supported by 
a previous study in POLE-mutant chicken lymphoma and human lymphoblast cell lines, 
which showed an estimated six-fold increase in sensitivity.69 

Sensitivity to cytarabine (and fludarabine) was thus far demonstrated in cell lines ho-
mozygous for the specific POLE mutations. For the S297F hot spot mutation, sensitivity 
to these two nucleoside analogs was also evaluated in the heterozygous state: sensitiv-
ity was lower than in the homozygous POLE-mutant lines, but higher than wild-type, 
reaching significance for cytarabine. Tsuda et al. also showed moderate sensitivity in 
heterozygous lines.69 As the majority of cancers – if not all – are heterozygous for the 
somatic POLE mutations, the effects of cytarabine and fludarabine in POLE-mutant 
cancers remain to be determined. Moreover, while cytarabine and fludarabine are used 
in the treatment of leukemias and lymphomas, their efficacy as (mono-)treatment for 
solid tumors appears to be limited, and toxicity can be considerable.70-75 Despite these 
considerations, the sensitivity conferred by POLE mutations to certain nucleoside ana-
logs is substantial and may be very specific for POLE-mutant cells. Another advantage of 
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nucleoside analog treatment may be that by the induction of additional mutations, the 
probability of neoantigen formation increases. This may further enhance the antitumor 
immune response. Therefore, studies on the use of nucleoside analogs and other similar 
treatments in the context of POLE mutations are warranted.

To be able to optimally exploit the high mutational burden of POLE-mutant cancers, 
it is important to understand the mechanisms leading to this mutator phenotype. The 
somatic mutations found in cancers often lie close to, or within, the exonuclease domain 
motifs, and frequently concern residues that are highly conserved across species (chap-
ter 2). An in vitro study showed that POLE mutations such as P286R, S459F, and V411L, 
despite not being located at the exonuclease domain catalytic sites, severely diminished 
proofreading activity. The degree to which each mutation reduced this activity, how-
ever, varied.76 Interestingly, when somatic POLE hot spot mutations such as P286R were 
introduced into yeast and mouse embryonic stem cells, they resulted in a higher muta-
tion rate than could be explained by proofreading deficiency alone (chapter 6).77,78 dNTP 
pool imbalances have been put forth by a study in yeast to explain the ultramutator 
phenotype.79 However, this explanation remains to be tested for cancer-associated vari-
ants and for mammalian cells, as their dNTP pool regulation differs greatly from yeast. 
Another explanation for the high mutational load is provided by structural analyses 
of somatic POLE mutations; the POLE substitutions found in cancers were predicted 
to perturb DNA binding.11 Based on these analyses, Barbari et al. suggested that the 
altered DNA binding may reduce the efficiency of extrinsic proofreading, for example by 
polymerase δ.78 These possible mechanisms, together with their potential utility in treat-
ment of POLE-mutant advanced-stage cancers, should be addressed in future studies.

Implementation of POLE exonuclease domain mutation screening in clinical 
practice

In consideration of the prognostic and promising therapeutic implications of POLE mu-
tations, implementation of screening for these mutations in clinical practice would be 
valuable. For which tumor types POLE mutation screening should be introduced could 
be based on the incidence and on prognostic and/or predictive implications. Endometrial 
cancer would be a logical cancer type to implement screening for: the frequency of POLE 
mutations is relatively high, and the prognostic and predictive implications of these muta-
tions in this cancer type have been described. In early-stage disease, POLE as a biomarker is 
unique in the sense that it may decrease rather than increase costs by reducing indications 
for adjuvant treatment; this will probably make POLE mutational screening cost-effective 
in this patient group. Moreover, POLE mutational screening in patients with advanced-
stage disease could help in identifying candidates for targeted therapies.
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To determine POLE exonuclease domain mutational status, the gold standard is to 
sequence exons 9 through 14 of the POLE gene. Because sequencing is not available 
in every clinical pathology laboratory, we aimed to identify histopathological and im-
munohistochemical characteristics to prescreen for POLE mutations in endometrial 
cancer (chapter 3). A combination of tumor type (endometrioid), tumor grade (high), 
peritumoral lymphocytes, and two routinely performed immunohistochemical stainings 
(MLH1 and p53) was found to increase the positive predictive value approximately five-
fold, from 7% to 33%. Although this prediction model requires validation, the majority of 
these histopathological features had been ascribed to POLE-mutant endometrial cancers 
in previous studies.80,81 Alongside these histopathological features, the age at diagnosis 
can be taken into account: the likelihood of a POLE mutation increases when a patient 
is diagnosed at a lower than average age, especially below 60 years (average age of an 
endometrial cancer patient is ~65-67 years).3,4 Moreover, although their origin remains 
to be clarified, the finding of tumor giant cells in an endometrioid-type endometrial 
cancer may also increase the likelihood of a POLE mutation being present. Together, 
these clinicopathological and immunohistochemical characteristics can aid in selecting 
cases for pathology consultation at medical centers with a molecular diagnostics labora-
tory equipped to determine POLE mutational status.

Different molecular diagnostic techniques can be used to identify POLE exonuclease 
domain mutations. While Sanger sequencing is a straightforward method, sequencing 
of all six exonuclease domain exons separately is laborious, especially when taking into 
account that in only ~1% of malignancies a pathogenic POLE mutation will be identified. 
To make Sanger sequencing more feasible, studies have screened only exons 9, 13 and 
at times exon 14, since these exons contain the majority of cancer-associated variants 
thus far identified (chapter 2). However, as massively parallel sequencing of targeted 
gene panels becomes increasingly available for clinical use, the POLE exonuclease do-
main could also be incorporated in such cancer gene panels. Ideally, these gene panels 
would be large enough to also establish mutational burden and spectrum. With this 
approach, POLE mutational status would be determined as part of the molecular work-
up and would not require an additional laboratory test; this would greatly facilitate 
its implementation. Moreover, variant identification and pathogenicity testing would 
be performed in a single test. Through this method, cancers would also be identified 
with a high mutational burden and/or with the same mutational signature due to 
other molecular alterations, e.g. POLD1 exonuclease domain mutations or POLE/POLD1 
polymerase domain variants, As the mutational load of a cancer likely influences tumor 
immunogenicity and sensitivity to immune checkpoint inhibition, a screening method 
including the number of mutations may be advantageous.
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An important aspect to keep in mind is that after implementation of POLE exonucle-
ase domain mutation screening, more POLE mutations will be identified. A fraction of 
these POLE-mutant cancers will also harbor other molecular alterations, such as TP53 
mutations. The implications of multiple prognostically relevant alterations for clinical 
outcome of patients are unknown. Large-scale collaborations are required to assemble a 
sufficient number of these relatively uncommon cases, and consequently, to determine 
which molecular alterations have the strongest impact on prognosis.

POLE exonuclease domain mutations in personalized medicine

Somatic POLE exonuclease domain mutations have the potential to become one of the 
success stories of (genomics-based) personalized medicine. After the discovery of these 
mutations during extensive genomic analyses, not only their prognostic significance was 
established in subsequent studies, but also their implications for immunotherapies. More-
over, thanks to close collaboration between clinicians, translational and basic scientists, 
the research that has led to these findings was performed over a relatively short period of 
approximately six years (Figures 3 and 4). Finally, as the prognostic and predictive value of 
somatic POLE exonuclease domain mutations seems generalizable to other cancer types, 
these mutations may provide an important step towards implementation of personalized 
medicine not only in endometrial cancer, but in a wide variety of malignancies.
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