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Carriers of any pathogenic variant in one of the MMR genes (path_MMR carriers) were traditionally thought to be at comparable risk of developing a range of different malignancies, foremost colorectal cancer (CRC) and endometrial cancer. However, it is now widely accepted that their cancer risk and cancer spectrum range notably depending on which MMR gene is affected. Moreover, there is increasing evidence that the MMR gene affected also influences the molecular pathogenesis of Lynch syndrome CRC. Although substantial progress has been made over the past decade in understanding these differences, many questions remain unanswered, especially pertaining to path_PMS2 carriers. Recent findings show that, while the cancer risk is relatively low, PMS2-deficient CRCs tend to show more aggressive behaviour and have a worse prognosis than other MMR-deficient CRCs. This, together with lower intratumoral immune infiltration, suggests that PMS2-deficient CRCs might have more in common biologically with sporadic MMR-proficient CRCs than with other MMR-deficient CRCs. These findings could have important consequences for surveillance, chemoprevention and therapeutic strategies (e.g. vaccines). In this review we discuss the current knowledge, current (clinical) challenges and knowledge gaps that should be targeted by future studies.




Keywords: Lynch syndrome (hereditary nonpolyposis colorectal cancer), mismatch repair (MMR), PMS2 gene, colorectal cancer, endometrial cancer, carcinonogenesis



Introduction

It has long been thought that germline pathogenic PMS2 variant carriers (path_PMS2 carriers) represent only a small minority of Lynch syndrome (LS) patients. However, more recent investigations have revealed that the population frequency of path_PMS2 carriers is actually the highest among the four mismatch repair (MMR) genes (1 in 714) (1). Germline path_PMS2 carriers have a much lower risk of developing cancer compared to other path_MMR carriers, although the cancer risk seems to vary widely among affected individuals from the same family (2–4). Stratifying LS patients by MMR gene is therefore of vital importance for research and clinical purposes. Indeed, accumulating evidence suggests that PMS2-deficient (dPMS2) tumours show distinct biological behaviour that differs from other MMR-deficient (dMMR) cancers. At the moment, it is still unknown whether the preventive measures now being investigated, such as vaccination or aspirin chemoprevention, would benefit path_PMS2 carriers in the same way as other path_MMR carriers. Given these clinical and research questions, we set out to review the literature on these topics and challenges, discuss clinical scenarios that highlight their importance and identify knowledge gaps to be addressed by future studies.



Past


Identification of path_PMS2 carriers

The clinical involvement of path_PMS2 variants in LS was first described in 1994. However, clinical testing of the gene did not become available until 2009 because the PMS2 gene is notoriously difficult to analyse due to the existence of multiple pseudogenes (5–9). PMS2 is located on the short arm of chromosome 7 and spans 15 exons. Multiple regions with over 90% homology have been identified, all on chromosome 7, and these pseudogene regions make interpretation of sequencing results of the PMS2 gene challenging. A variety of strategies, including designing long-range amplicons (9) and RNA analysis (7), have helped overcome this problem and led to improved variant detection and increased identification of path_PMS2 carriers. Another explanation for the reported underestimation of PMS2-LS prevalence lies in selection of families for genetic testing using family history or age of diagnosis (Bethesda and Amsterdam criteria) (10). Previous work has shown that path_PMS2 variants are predominantly found in families that do not fulfil these criteria (2, 4, 11, 12).

The traditional approach to identifying LS using clinical selection criteria is of limited use in the identification of path_PMS2 carriers, making it difficult to determine their prevalence. Answers can be sought in population-based colorectal cancer (CRC) cohorts. Studies using immunohistochemical staining (IHC) in CRCs from population-based cohorts have shown that isolated PMS2 loss of expression, indicative of path_PMS2 variants, is present in 0.5–1.5% of unselected CRCs (2, 12). The fraction of isolated PMS2 loss in MSI CRCs varies between 1–8% (13–15). More than half of such tumours have been shown to be caused by a germline path_PMS2 variant (16, 17). Another possibility is the presence of double somatic hits, reported to be the cause in 13-17% of isolated dPMS2-CRC (17). Of note, this fraction is lower than for tumours with MLH1/PMS2 or MSH2/MSH6 loss. In other words, isolated PMS2 loss is highly indicative of a germline path_PMS2 variant. One study of population-based CRCs found a higher percentage of isolated PMS2 than of MSH2 loss of expression (12% versus 11%) in tumours with negative MMR staining (12). Moreover, recent studies have also shown that PMS2 and MSH6 variants are much more prevalent in unselected (population-based) cohorts than in those selected by traditional family history criteria. Estimates of (Western) population carrier frequency based on statistical approaches are 1 in 714 for PMS2 and 1 in 758 for MSH6, whereas the prevalences are 1 in 1946 for MLH1 and 1 in 2841 for MSH2 (1). Secondly, an unselected study involving the entire Icelandic population found an incidence of 1 in 226 for PMS2 and MSH6 variants combined (18). Another finding that may indicate that the carrier frequency of PMS2 variants is higher than that of MLH1 and MSH2 variants involves the fact that biallelic path_PMS2 variants comprise more than half of the homozygous or compound heterozygous variants in patients reported with the rare early-onset autosomal recessive disorder Constitutional MMR Deficiency (CMMR-D) (31/57) (19). However, this may also result from the lower penetrance of path_PMS2 variants, which makes them difficult to detect by clinical selection criteria, as will be discussed in the next section. In such a situation, fetuses with biallelic path_MLH1 or path_MSH2 variants might be less viable than fetuses with biallelic path_PMS2 variants, leading to overrepresentation of biallelic path_PMS2 carriers amongst CMMR-D cases. Of note, the possible occurrence of a child with CMMR-D in path_PMS2 families, especially consanguineous ones, is an argument for the importance of detecting path_PMS2 carriers despite the relatively low penetrance.

The most significant improvement in the detection of path_MMR carriers is most likely introduction of universal IHC staining of the MMR protein. While the specific screening strategy differs by country, ranging from true universal screening of all CRCs to age-dependent IHC, this approach has proven to be cost-effective and has the added benefit that no additional selection criteria are needed (20–22).



Cancer risks

The first large cohort of path_PMS2 carriers (55 index patients and 55 relatives) was reported by Senter et al. in 2008 (2). They reported a cumulative risk for CRC at age 70 years of 20% (95% confidence interval (CI): 11–34%) for male path_PMS2 carriers and 15% (95% CI: 8–26%) for female path_PMS2 carriers. The cumulative risk at age 70 for endometrial cancer (EC) was found to be 15% (23). These risks are substantially lower than those previously reported for path_MLH1, path_MSH2 and path_MSH6 carriers, which range from 25–75% up to age 70 years for CRC and 30–35% for EC.

In 2015, we analysed 98 PMS2 families and found similar cancer risks to those previously reported, i.e. risks of 11–19% for CRC and 12% for EC up to age 70 years (Table 1) (4), further supporting that PMS2-LS patients face significantly lower risks than other LS patients. This study was underpowered for analyses of less frequent LS-associated cancers. In a second, larger study by our group, consisting of 284 families and providing enough power to also estimate extra-colonic and extra-EC risks, we found increased risk only for CRC and EC (3). The cumulative risks for CRC and EC could be estimated up to age 80 years and were 13–14% and 14%, respectively. Statistically, the cumulative risks for ovarian, gastric, hepatobiliary, bladder, renal, brain, breast, prostate, or small bowel cancer did not significantly deviate from risks in the general population (3). Cancer risks for path_PMS2 carriers compared to the general population and other path_MMR carriers are given in Table 1.


Table 1 | Overview of reported cancer risks.



All three of the studies described above used modified segregation analysis to correct for ascertainment bias. This form of bias is the selection of families with relatively high penetrance due to selection criteria, most likely resulting in overestimation of cancer risk (24). However, retrospective analyses have been important because they estimate risk without surveillance. But there are other ways to deal with ascertainment bias besides modified segregation analysis. The first is to include families that have not been ascertained because of the LS phenotype, a group that includes those ascertained through universal IHC for the MMR proteins. These families usually exhibit much milder phenotypes compared to clinically ascertained families. A recent study published on MedRxiv reported much lower cancer risks and families ascertained through population screening in comparison to clinical ascertainment, namely 15.2% vs. 27.1% for path_MLH1 and 3.2% vs. 25.2% for path_MSH2, respectively (25). Theoretically this could mean that path_PMS2 carriers ascertained from the population or as incidental findings would only be at population risk (see also the clinical challenges section in this review). Cancer risks established in this way would be of high value considering the occurrence of path_PMS2 variant detection as incidental findings for example (see case discussions below). However, such cases mostly remained unidentified before the introduction of universal screening and to our knowledge such data is currently unavailable in sufficient quantities to estimate these risks.

Ascertainment bias may also be circumvented by analysing families ascertained because of a patient with CMMR-D. These patients carry homozygous or compound heterozygous variants in one of the MMR genes, usually PMS2 or MSH6. Due to their constitutional dMMR, these patients display a very striking phenotype of cancer in childhood. They also present with axillary freckling and café-au-lait macules (19, 26–29). As de novo MMR variants have been reported to be extremely rare, parents are usually carriers of a heterozygous MMR variant, and therefore have LS. Notably, these families almost never meet traditional selection criteria due to a very mild phenotype. Our group has gathered a large cohort of CMMR-D-ascertained LS families and found similar results to the previously published cancer risks, 8.7% (95% CI 4.3–12.7%) up to age 70 years for both sexes combined (30), which confirms previous reports of low cancer risks for PMS2-LS patients. The great advantage of this method is that it provides cancer risks similar to the retrospective approach, i.e. risks without surveillance, but without ascertainment bias of families selected based on the LS phenotype. However, due to the rarity of families with a CMMR-D case the amount of families that can be included is much lower.

A third method of estimating cancer risks is to gather prospective data, and a global collaboration has now been formed to gather such data. The Prospective LS Database (PLSD) has currently published multiple reports on penetrance (23, 31–33). Their most recent study estimated risks of 11% (95% CI: 3–37%) and 8% (95% CI: 2–29%) for path_PMS2 carriers up to age 70 for men and women, respectively (32). Cancer risk estimates from the PLSD are aimed at determining the risks while under surveillance, which is important information when counselling patients. However, comparison of these risks to retrospective studies are difficult due to the inherent differences of these approaches. For a further discussion on this we refer to the section on clinical guidelines.

Lastly, it is well known that cancer penetrance seems to vary between and within families. One study that attempted to capture this variation by estimating the proportion of carriers that were at a specific risk found that most path_PMS2 carriers had a cumulative risk lower than 20%. However, a small fraction of carriers were still at very high risk (more than 80%) (34). It is likely that other (strong) risk factors play a role in these carriers and/or families, as discussed in more detail below.



Genotype–phenotype correlations

One factor that could influence penetrance is the specific variant present. Whether or not cancer penetrance in LS patients is dependent on the specific type of pathogenic variant identified in an MMR gene is still a subject of debate. It is conceivable that variants that lead to a partially functional protein could explain more mildly affected families. However, a recent PLSD report found no differences in penetrance between missense or truncating variants in path_MLH1 or path_MSH2 carriers (35). Missense and truncating mutations make up the majority of reported path_MLH1 (both 40%), path_MSH2 (31% and 49%, respectively), and path_MSH6 (49% and 43%, respectively) variants. In contrast, missense mutations make up 62% of path_PMS2 variants, considerably higher than the percentage of truncating mutations (24%) (36). There is one study of European path_PMS2 carriers that identified a difference of 9 years delay in mean age at first CRC diagnoses for variants that had retained RNA expression (37). Based on this study, most of the variants discovered were categorized as missense variants causing the loss of PMS2 mRNA expression. There were also several missense variants that did not seem to impact PMS2 mRNA expression (i.e. c.137G>T (p.Ser46Ile) and c.2113G>A (p.Glu705Lys)), which resulted in residual function of PMS2 protein. The residual protein function might explain the fact that this group of patients develop CRC at older age compared to the group bearing variants affecting mRNA expression (51.1 years vs. 60 years, respectively). Of note, effects on RNA expression could not be taken into account in the PLSD study because these data were not available. So whether these findings can also be extrapolated to other MMR genes remains to be determined. Interestingly, a report on CMMR-D patients carrying a biallelic NM_000535.5:c.2002A>G (p.Ile668Val) variant described an attenuated phenotype where the age at first cancer was strikingly different, namely 22 years for carriers of this variant versus 8 years for truncating PMS2 variants (38). Functional studies in these patients showed they retained full-length protein in normal tissue. These findings, if replicated, could have important consequences for clinical risk stratification and even surveillance guidelines.



Molecular pathways of dMMR-associated carcinogenesis

In healthy individuals, MMR proteins function as heterodimers in two main complexes consisting of (1) MutS homologues MSH2 and either MSH6 or MSH3 and (2) MutL homologues MLH1 binding to PMS2, PMS1 or MLH3. The MutS complex recognises a mismatch between the opposing DNA strands and recruits the MutL complex, which then initiates repair. These complexes act together in repairing mismatches of single nucleotides and insertion-deletion loops (5, 36, 39). The theory regarding the lower penetrance of path_PMS2 variants is that MLH1/MLH3 and/or MLH1/PMS1 heterodimers can partially compensate for the loss of the MLH1/PMS2 heterodimer. Indeed, Pms2 -/- and Mlh3 -/- mice have a similar mutational load and disease progression to Mlh1 -/- mice, suggesting this is a plausible explanation (40).

Tumours in path_MMR carriers arise or progress when the remaining wild type MLH1, MSH2, MSH6, or PMS2 allele is deactivated because of a second hit, in line with Knudson’s “Two-hit” hypothesis (41). This leads to impaired MMR and subsequent accumulation of somatic variants in other (cancer) genes, which can eventually lead to uncontrolled cell growth and cancer. Hallmarks of these tumours are the absence of MMR protein expression by IHC and, as a result of faulty MMR, the shortening and lengthening of regions with nucleotide repeats. These regions, which are common in our genome, can exist inside and outside protein coding regions and are referred to as microsatellites, with changes in their length referred to as microsatellite instability (MSI). Although these changes can also be caused by somatic pathogenic MMR gene variants when they hit both alleles of a MMR gene, they are very helpful in the selection of patients for germline DNA testing for LS (42).

Testing for MSI, somatic variants caused by MSI, or other mechanisms and loss of MMR by IHC staining also plays a role in the study of LS carcinogenesis. Recent studies have proposed three distinct carcinogenesis pathways in LS (Figure 1) (43, 44). These are:

	Pathway 1 – the traditional proficient MMR (pMMR) adenoma to dMMR CRC pathway,

	Pathway 2 – a combined pathway where dMMR adenomas grow from dMMR crypts proceeding to dMMR CRC and

	Pathway 3 – a more recently discovered pathway where dMMR CRC develops directly from morphologically normal dMMR crypt foci (MMR-DCF).






Figure 1 | Proposed pathways of CRC development in LS. Pathway 1 (green) shows similarities to the classic adenoma-carcinoma sequence, but the progression speed is accelerated in LS carriers. Pathway 2 (orange) follows the pattern of adenoma formation from MMR-DCF, which eventually gives rise to adenocarcinoma as a consequence of accumulating somatic mutations with absent MMR activity in the background . In Pathway 3 (blue), which is rather insidious, dMMR LS-CRC can skip the adenomatous phase to grow directly into the colonic wall. Figure based on data from Ahadova et al., 2018[42] and Engel et al., 2020[68].



About a decade ago, IHC staining of colon specimens from LS patients revealed areas of morphologically normal mucosa that were already devoid of MMR protein, which demonstrated early loss of MMR function in otherwise normal-looking mucosa (45). These areas are referred to as mismatch repair deficient crypt foci (MMR-DCF), and they are considered unique to LS because they are rarely found (<1%) in biopsy specimens of normal mucosa in the vicinity of sporadic MSI-high tumours (45). In addition, MMR-DCF were more frequently found in colon tissue than in small intestine in LS patients, and their abundance might increase with age (46). Most likely, a large percentage of LS-CRC cases develop through MMR-DCF that continuously accumulate variants, resulting in malignant transformation of colonic cells regardless of the presence of an adenoma, as indicated in Figure 1. In the past, somatic β-catenin variants have been linked to CRC formation from MMR-DCF (47). The finding that β-catenin variants have not been observed in PMS2-LS-CRC has led to the hypothesis that CRCs in these path_PMS2 carriers developed through an adenoma precursor lesion and not directly from MMR-DCFs (48).

A possible explanation for the differences observed between path_PMS2 carriers and other path_MMR carriers is that dPMS2 may only occur at a later stage of tumour development (Pathway 1). More information on the specific mutational spectrum of LS-tumours could help to further corroborate this. Somatic variants identified in LS-lesions often demonstrate an overrepresentation of C>T variants, which corresponds to mutational signature 6 associated with MMR deficiency (48, 49). Mutated genes in dMMR CRC include APC, KRAS, CTNNB1 and TGFBR2. Somatic APC variants are assumed to occur after the loss of the wildtype MMR allele in the majority of LS-CRCs and to accelerate the malignant transformation in LS. However, although the majority of dysplastic LS adenomas are dMMR, it is important to note that some adenomas in LS do retain MMR capacity (pMMR adenomas), in accordance with Pathway 1 (43). It has also been suggested that dPMS2 CRC develops solely through pMMR adenomas, with dPMS2 occurring at a relatively late stage and not as an initiating event. Indeed, data from a previous study by our group reported a relatively low frequency of the somatic KRAS hotspot variants G12D and G13D that were previously associated with the mutational signature of MMR deficiency (48, 49). The lower frequency of these two variants in dPMS2 tumours, combined with the fact that KRAS variants are known to occur in a relatively late stage of tumour progression, has led to the hypothesis that loss of the wildtype PMS2 allele is a secondary and not an initiating event in CRCs that develop in path_PMS2 carriers. Future studies are needed to confirm this hypothesis and evaluate why dPMS2 predominantly contributes as a late event in LS carcinogenesis.

Another approach to investigate differences between molecular pathways in the different subgroups of path_MMR carriers is to study the coding microsatellite instability (cMSI) spectrum (50). Our group therefore performed a second tumour study analysing 16 dPMS2 CRCs from confirmed path_PMS2 carriers. The cMSI spectrum of dPMS2 CRCs did not show any significant differences from dMLH1/dMSH2 CRCs, even after correction for tumour stage. If confirmed by larger studies, this is an interesting finding from an immunological perspective. An important aspect of dMMR CRC is activation of the immune system. CRCs in path_MMR carriers are known to bear a significantly higher number of pathogenic variants compared to sporadic CRC. These lesions with high mutational burden produce a relatively large amount of tumour-specific neoantigen. In the case of LS-CRC, the neoantigens resulting from insertions and deletions occurring in tumour cells with MSI are caused by a shift of the translational reading frame, with the resulting neoantigens termed frameshift peptides (FSPs). The presence of FSPs on the cellular membrane can trigger the recruitment and functionality of immune cells that surround the tumour mass. Consequently, MSI tumours display a high degree of immune infiltration. This is considered to play a major role in the favourable prognosis of LS-tumours (23). However, we and others have observed significantly lower CD3-positive T cell infiltration in dPMS2-CRCs compared to other dMMR-CRCs. One study looked at 93 dPMS2-CRCs and observed higher odds of disease specific death compared to other dMMR-CRCs. A plausible explanation for this more aggressive behaviour may be the lower degree of immune activation. The same study speculated that a lower level of mutational neoantigens may underlie the limited T cell infiltration in dPMS2 tumours (51). As described above, our data did not provide any evidence for a decreased amount of cMSI–induced neoantigens in dPMS2 CRCs. Therefore other explanations should be considered, including alternative immune evasion strategies, similar to what is seen in sporadic CRC. Moreover, these findings may be compatible with the hypothesis that dPMS2 occurs later during tumour evolution.

How do these MMR gene-dependent pathways relate to EC? Recent work has shown the existence of dMMR nonneoplastic endometrial glands (52). These dMMR glands were not present in population controls, suggesting that they are a benign precursor for EC in LS patients. More studies are needed to determine whether there are multiple pathways leading to EC and whether or not there are differences between the MMR genes as well.



Clinical guidelines

Interestingly, the CRC risk reported for path_PMS2 carriers is only two or maximum three times higher than the general population risk. Is that high enough to offer surveillance colonoscopy? In the Netherlands for example, surveillance would be indicated when the CRC risk exceeds the threshold of three times the general population risk. Does it therefore follow that path_PMS2 carriers should not undergo any colonoscopic surveillance, at least in countries using these threshold levels? To answer this question, we can look at several lines of evidence.

Firstly, a recent study compared retrospective International Mismatch Repair Consortium (IMRC) and prospective cancer risks from the PLSD (32). Retrospective studies are aimed at determining the cancer risk without colonoscopy and polypectomy, while prospective studies include patients that undergo surveillance and therefore estimate risk despite colonoscopy. The retrospective CRC risks for path_PMS2 carriers were very similar, 7% for men (95% CI: 6–8%) vs 6% for women (95% CI: 5–6%), while the prospective risk was 11% (95% CI: 3–37%) vs 8% (95% CI: 2–29%). However, before age 50, the prospective path_PMS2 PLSD cohort appeared to have slightly lower CRC risk than the retrospective IMRC cohort, although this was not statistically significant. Of note, this was the opposite for carriers of other path_MMR variants, suggesting that colonoscopic surveillance does not prevent CRC in these carriers, but might in fact be effective for path_PMS2 carriers. A possible explanation for this is that dPMS2 tumours are believed to predominantly progress from adenomas, which are clearly visible, while the other dMMR tumours may progress directly from MMR-DCF, which may be more difficult to detect during colonoscopies. In the future, larger studies should shed more light on whether this is a clinically relevant difference. This naturally has important implications for the determination of clinical guidelines.

Secondly, as discussed above, the role of dPMS2 in tumour development seems to be confirmed by molecular studies and could result in increased adenoma progression to CRC (50). For the moment, the clinical and molecular characteristics together support the existence of colonoscopy guidelines for path_PMS2 carriers. Whether use of other screening measures such as the Fecal Immunochemical Test instead of colonoscopy might also lead to substantially (and acceptably) lower cancer risk needs further research.




Present


Challenges in clinical practice

Recent guidelines have made a clear distinction between the different MMR carriers (53–56). For path_PMS2 carriers colonoscopic surveillance starts at age 35 rather than at age 25. The foundation for this being the substantially lower cancer risk and later age at onset of CRC compared to other path_MMR carriers, as discussed above. Indeed, recent studies have shown that raising the starting age is (very) cost-effective without leading to substantial differences in disease outcomes (57, 58). The European Hereditary Tumour Group guideline takes this one step further by extending the colonoscopy interval to 5 years from 1–2 years (56). Below we present and discuss five cases from our daily practice that highlight challenges in clinical management of path_PMS2 carriers. The aim of presenting these cases is not to replace current clinical guidelines but to serve as an illustration and stimulate further discussion.



Case 1

The daughter of a 60-year-old woman who had died from endometrioid type ovarian cancer is referred for genetic testing. Unfortunately, tumour tissue from the mother is not available for sequencing and/or IHC. In line with current Dutch guidelines, the daughter is offered germline DNA testing of our ovarian cancer gene panel, which includes the MMR genes. A likely pathogenic germline variant in the PMS2 gene is identified. There is no personal or family history of EC or CRC.

Case discussion: We suggest counselling the daughter and explaining that there is no evidence for a direct association between pathogenic variants in this gene and ovarian cancer (see also Table 1). The penetrance of this variant is likely very low given that the family history mentions no LS tumours. We believe that the path_PMS2 variant should therefore be considered an incidental finding and could have been inherited from the father or mother. The pros and cons of colonoscopic and endometrial surveillance should carefully be discussed with the daughter in light of the likely low penetrance. Unfortunately, cancer risk data in such instances are not yet available.

In our centre we have now excluded the PMS2 gene from the ovarian cancer panel because of lack of evidence for an association. Germline testing of this gene in an ovarian cancer panel would, in our opinion, be opportunistic screening, i.e. aimed at finding genetic disease predisposition unrelated to the diagnostic question. Such screening is currently not offered to our patients who undergo diagnostic testing.



Case 2

A ten-year-old boy from two non-consanguineous healthy parents presents with severe developmental delay and dysmorphic features. A SNP array is performed, and a small paternal deletion identified that includes 7p22.1 where the PMS2 gene is located. It is believed that this is not an explanation for the boy’s developmental delay and whole exome sequencing will be performed next. There is no family history of cancer of any type and no consanguinity. Should the pathogenic deletion of PMS2 be discussed as an incidental finding and cascade screening subsequently be offered?

Case discussion: Further policy in this case is naturally highly dependent on national guidelines and the specific informed consent given by the parents regarding incidental/secondary findings. In the Netherlands, the standard is to only report highly penetrant variants in genes with clinical actionability. Based on UK Biobank findings for MLH1 and MSH2 (25), we suspect that path_PMS2 cancer risks in the general population are even lower than reported for PMS2-LS families and might fall well below the national threshold of three times the population CRC risk, therefore not warranting such surveillance. Nevertheless, these risk figures are unavailable, and the only national PMS2 guideline available to us is that for identifying pathogenic variants in the setting of suspected LS, which recommends colonoscopic surveillance. The ACMG guidelines on reporting secondary findings in patients undergoing diagnostic testing do recommend actively looking at PMS2 for pathogenic variants and reporting those even if unrelated to the disease for which the testing was initially done (59). Those guidelines, however, are often based on cancer risk studies biased by selection and ascertainment, and this holds true for PMS2. A last argument in favour of reporting the deletion in this setting could be the identification of couples at risk of conceiving a child with CMMR-D. However, to our knowledge in most countries genetic testing for path_MMR variants is not routinely offered to partners of path_MMR carriers who want to conceive. The exception being cases with known consanguinity or a higher chance of biallelic offspring (e.g. isolated populations). Clearly there are pros and cons for reporting our PMS2 finding in such situations: the possible increased CRC risk on the one hand and the lack of knowledge of cancer risks associated with path_PMS2 as secondary finding, which might in fact be low, on the other. In the end we decided to share these considerations with the parents in addition to discussing the burden of colonoscopy and the possible alternative of the national CRC screening through faecal occult blood testing.



Case 3

A 30-year-old woman is pre-symptomatically tested for the path_PMS2 variant in her family and found to be positive. She requests a prophylactic hysterectomy and oophorectomy. There is no family history of ovarian cancer and EC.

Case discussion: We advise extreme restraint with respect to a prophylactic hysterectomy in this case. The cumulative risk of EC is approximately 12% (3). Moreover, as survival for these tumours is extremely high (23, 33), we believe there is no indication for prophylactic hysterectomy. Of note, the Manchester recommendations for the management of gynaecological cancer in LS involved patient representatives who felt that it should be considered an option despite these considerations (53). However, in the Netherlands, we currently actively advise against gynaecological preventive surgery in path_PMS2 carriers.



Case 4

A 55-year-old man presents with a T3N0 CRC, with no family history of CRC or EC. Universal IHC for the MMR proteins shows loss of expression of the PMS2 protein. The surgeon refers the patient for priority counselling and genetic testing. Choice of a specific operating procedure (i.e. segmental or hemi-colectomy) is postponed until the genetic testing results are available.

Case discussion: Extended colectomy with ileosigmoidal/ileorectal anastomosis is preferable to standard resection for path_MLH1 and path_MSH2 carriers given the increased risk of developing a metachronous cancer after segmental colectomy vs more extensive surgery (60–62). There is no clear indication for preventive colorectal surgery in path_PMS2 carriers given the relatively low penetrance of path_PMS2 variants (56). This means that there is no reason for priority counselling and testing in this case. Decisions regarding the specific operating procedure in this case should be made strictly on patient and tumour characteristics. This has also been included in recent international guidelines (56). The presence or absence of a germline path_PMS2 variant is not a factor herein.



Case 5

A 65-year-old woman presents with an MSI CRC and isolated loss of PMS2 expression on IHC. No germline path_MMR variant is found, nor is there MLH1 promoter hypermethylation. There is no family history of CRC or EC. The tumour is sent to the pathology department for next generation sequencing of PMS2, where one somatic hit in PMS2 with a variant allele frequency of 23% is found. There are no signs of loss of heterozygosity indicating loss of the second allele. What would the advice for relatives be in this case?

Case discussion: Per definition, the cause of the dMMR in this case was not found. In the past this would mean that first-degree relatives should be offered a LS-like surveillance scheme. We suggest using new techniques to look for a missed germline variant, such as ultra-long-read sequencing to look for deep intronic variants (or exon deletions), which were recently described as an explanation for part of the missing heritability in up to almost 20% of LS-like cases (63). If such analyses also fail to reveal a germline variant, we would not advise additional screening of the colon or endometrium for relatives as the explanation of the dMMR would most likely be somatic. Naturally, relatives would be encouraged to participate in population-based screening. Of note, the possibility of a (missed) germline mosaicism cannot be excluded, but we believe the chance of vertical transmission to offspring can be considered negligible in this case.




Future


Sequencing strategies

As mentioned in discussion of Case 5, new methods of MMR gene analyses are now available. Ultra-long-read sequencing with reads up to 100 kb could increase the proportion of LS families identified through more efficient detection of both larger deletions and noncoding, deep intronic variants (63–65). The introduction of these strategies is very relevant for PMS2 because it makes circumvention of pseudogenes much more straightforward (66).



Prevention


Colonoscopic techniques

There has been a debate about whether standard colonoscopy techniques are adequate to detect all colonic lesions in LS. A previous study in France indicated that optimisation of colonoscopy, such as performing chromoendoscopy, and the adjustment of surveillance intervals led to a significant reduction of CRC incidence (67). According to a recent randomised study, the use of white light endoscopy might aid detection of flat lesions, showing a higher detection rate compared to standard colonoscopy (65% vs. 37% respectively, p 0.003) but detecting comparable numbers of total adenomas and right-sided lesions (68). Unfortunately, flat adenomas, which are presumed to harbour more advanced histology, were still frequently missed by current standard colonoscopy. Given the differences in occurrence of benign precursor stages – MMR-DCF for path_MLH1, dMMR adenomas for path_MSH2 and pMMR adenomas for path_PMS2 carriers (43, 44) – optimisation of colonoscopy procedures would need to be MMR gene–specific.



Chemoprevention

Results from the CAPP2 trial concluded that aspirin intake might prevent nearly half of the CRC diagnosed among individuals affected by LS at low cost and relatively low risk (69). However, there seemed to be a delay in the effect, which only started to be measurable 3–4 years after commencement of chemoprevention, and the effect seemingly occurred when aspirin was taken for at least 2 years. At present the precise mechanism of aspirin in cancer reduction is not known. One hypothesis is modulation of the immune response that potentially enhances T cell activity while suppressing inflammatory responses. An alternative explanation from cell line and mouse model data suggests that aspirin has a pro-apoptotic influence on premalignant cells in the gut, with one conceivable target being MMR-DCF (70). If true, aspirin might have a lower efficacy in path_PMS2 carriers as they most likely do not develop CRC from MMR-DCF. However, without MMR gene–stratified analyses, this remains speculation.



Vaccination strategies

In the past few years, increased knowledge about immunotherapeutic approaches has also offered additional cancer-preventive strategies for individuals affected by LS. Recent studies revealed that FSP-specific immune responses were already detectable in tumour-free path_MMR carriers or individuals with early-stage adenomas, indicating that continuous immunoediting occurs in early LS lesions (71). FSPs derived from cMS variants in dMMR cells can be processed and presented to the host’s immune system, potentially triggering immune responses specifically targeting dMMR cells. There is evidence that a high mutational and neoantigen load in tumour cells is associated with the strength of antitumoral immune responses. FSP-based preventive vaccination is currently under investigation, and the first phase I/IIA trial has already demonstrated its safety and immunological effectiveness. The therapy regimen consisted of three FSP neoantigens administered subcutaneously using the adjuvant Montanide ISA 51 in three treatment cycles consisting of four weekly applications. Patients demonstrated considerable response to the FSP neoantigens, and the safety profile was deemed tolerable (72). Investigations of cancer-preventive effects of the FSP vaccine in LS carriers remain to be planned, but recent results from a LS mouse model demonstrated that FSP vaccines can reduce tumour burden and improve survival (73). The presence of a similar cMSI spectrum, and thus of FSPs for dPMS2 tumours (as compared to dMLH1 or dMSH2 tumours), could be reassuring for the expected efficacy of FSP-based vaccines (50). However, the effect of lower immune infiltration remains to be seen. The presence of pMMR adenomas rather than MMR-DCF as a benign precursor in path_PMS2 carriers could mean that FSPs are presented at a later stage, potentially resulting in a lower efficacy for this type of vaccine. This underlines the need for MMR gene–stratified studies of tumorigenesis in LS.



Immunotherapy

Upregulation of PD-L1 is presumed to be the main immune-evasion mechanism observed in LS-CRC (74, 75). PD-L1 expression has been found in excess in the immune cells at the invasive margin of the tumour bulk as well as the peri- and intra-tumoral macrophages, while its expression on tumour cells was relatively low (76). Multiple studies have now shown the effectiveness of immunotherapy that targets immune checkpoints in dMMR CRC (77–79). PMS2-deficient CRC is unique since it is associated with fewer immune features, such as less pronounced CD3+ T cell infiltration in the tumour milieu (48, 51). This finding indicates that these tumours might develop a lesser degree of immune activation, leading to more aggressive tumour behaviour. It is plausible that dPMS2 tumours use strategies typical of pMMR CRCs to avoid the immune system. However, whether these findings impact the effectiveness of immunotherapy of dPMS2-CRC is still debatable because immune profiling studies that focus on dPMS2-CRC remain scarce. This is an area that needs to be explored further as it could have significant impact on the clinical management of these patients.




Risk-modifying factors


Microbiome

The human intestine is colonised by various types of resident microorganisms, including bacteria, archaea, viruses and fungi, which make up the diverse human microbiota. The impact of dysbiosis in carcinogenesis in the LS population has just begun to be explored. One study has demonstrated a different stool microbiota composition between healthy carriers of LS and LS-CRC patients (80). Another study concluded that stool samples of LS patients with adenoma showed lower amounts of Clostridiaceae and increased amounts of Lachnospiraceae, Desulfovibrio sp. and Ruminococcaceae. Interestingly, this study also revealed that the underlying germline path_MMR variant also affected the microbial species observed. A decreased amount of Blautia sp. was observed in path_MLH1 and path_MSH2 carriers, while an enriched abundance of C. bartletti and Alistipes sp. was observed in samples from path_PMS2 carriers (81). From the results described above, it is evident that our understanding of the reciprocal association between gut dysbiosis and LS-CRC development is far from complete. Complex in vitro culturing models such as organoids and organ-on-a-chip will aid in answering these questions, including a delineation of cause versus consequence. It is also conceivable that different microorganisms play a role at different stages of tumour evolution, which is why it is also extremely relevant to take the different pathways of CRC development into account. For example, the microbiome could have an important influence on the development of pMMR adenomas, which are most likely the benign precursors for CRCs in path_PMS2 carriers, as described above. The gut microbiome therefore has potential to be a controllable factor in path_PMS2 carriers.



Lifestyle factors

Lifestyle factors such as smoking habits, physical activity and BMI have been associated with modification of CRC risk among path_MMR carriers (82, 83). Previous studies have firmly established the correlation between dietary intake of certain nutrients and increased risk of intestinal inflammation (84, 85). The GeoLynch study conducted in the Netherlands further confirmed that diets rich in processed meat, sugar and refined grains were thought to support the inflammatory process in the gut, which might eventually promote carcinogenesis in LS-CRC (86). In contrast, diets rich in fibre, vegetables, legumes and fish were associated with a reduced risk of sporadic CRC formation. Recently, a study on the preventive use of resistant starch in LS patients showed no impact on CRC risk but did find a significant reduction in extra-colonic cancer (87, 88). Since most patients were path_MLH1 (60%) or path_MSH2 carriers (37%), with only a few path_MSH6 (3%) and no path_PMS2 carriers, the effect of the use of resistant starch in these two last groups remains a question. Previously studied cohorts were also underpowered to look at MMR gene–specific effects of lifestyle factors. Whether improving the lifestyle of LS carriers would confer a later age of CRC onset, milder type of disease, or no CRC manifestation at all also still needs to be addressed.

While results are somewhat conflicting, most studies find no differences in risk profiles including BMI, co-morbidity and lifestyle factors between sporadic and LS-EC (89). For example, higher BMI seems to increase EC risk in both groups. In contrast, some hormonal factors appear to have a risk-lowering effect, although here again there was no difference between sporadic and LS-EC (90). This suggests that these factors might not have MMR gene–specific effects, but future research should shed more light on this.




Digenic inheritance of pathogenic variants in other genes

The reduced penetrance of a pathogenic variant might be caused by either genetic or non-genetic factors, collectively influencing disease manifestation. Presence of disease-modifying variants or the occurrence of different somatic variants might explain the varying penetrance of the germline variant, since less common germline variants in the human genome may modify the expression of major genes. Digenic inheritance is the phenomenon in which presence of genetic variants (inherited or arising de novo) impacts both the penetrance of the gene of interest and the observed phenotype. It further emphasises the complex genotype–phenotype interactions (91). Digenic inheritance is considered a major contributor to the variable phenotypes observed in hereditary disorders, which might modify predisposition to illness or cause heterogeneity in disease manifestation among family members. Digenic inheritance has also been described in Lynch syndrome (92). The facts that path_PMS2 carriers do not develop cancer as frequently as other path_MMR carriers and members of the same family affected by the same path_PMS2 variant also demonstrate a wide range of age for cancer-onset offer potential evidence of digenic inheritance among this group of carriers. Indeed, a very recent case-report described two teenage siblings with multiple adenomas and CRC with a maternally inherited path_PMS2 variant and a paternally inherited path_POLD1 variant (93). Interestingly, molecular studies of the tumours revealed an ultra-mutated tumour phenotype with mutational signatures of both PMS2 and POLD1, suggesting that these factors interacted to cause the relatively severe clinical phenotype in these cases.

Efforts to discover other potential genetic modifiers or epigenetic events that could contribute to LS manifestations, especially among path_PMS2 carriers, have to be pursued as they have evident consequences for clinical management.



Influence of HLA genotype

As described above, development of CRC is influenced by activation of the immune system. The presence of immunogenic FSPs has the potential to activate the immune system and thereby prevent early dMMR lesions from progressing to CRC. A key factor in the presentation of FSPs to immune surveillance is the HLA complex. This has led to the hypothesis that HLA genotype could be an explanation for the observed differences in phenotype, i.e. differences in cancer risks and age of onset. No data on this is currently available, but a new initiative has been established to further investigate this (INDICATE, http://indicate-lynch.org/) (94). Analysing such data in a MMR gene–stratified manner seems critical given the differences in preferential carcinogenic pathways. Hypothetically, the presence of pMMR adenomas as the benign precursor of CRC in path_PMS2 carriers could mean that the HLA genotype is not as strong a predictor for cancer risk in these carriers because of the absence of FSPs in early lesions, which could be targeted by early immune surveillance.




Conclusion

In the past decade it has become apparent that clinical and biological characteristics of LS patients are highly dependent on the specific MMR gene affected. PMS2-LS clearly represents the milder end of the phenotypic spectrum and has its own unique pathophysiology. Surveillance guidelines now recommend a starting age of 35 years for colonoscopy for path_PMS2 carriers and take a (very) conservative approach towards gynaecological surveillance and, more specifically, prophylactic surgery. While the cancer risks are relatively low, as dPMS2 most likely occurs later in tumour development, these tumours share characteristics with dMMR CRC as well as sporadic pMMR CRC. This could result in clinically important differences with regard to (chemo)prevention and therapy. The improvement of fundamental research techniques and increased detection of path_PMS2 carriers will lead to a more thorough understanding of this specific subset of LS patients and aid in clinical decision-making in the future.
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