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Summary

Background: Lynch syndrome is an autosomal dominant familial condition caused by a 

pathogenic variant (PV) in a DNA mismatch repair (MMR) gene, which then predisposes carriers 

to various cancers.

Aim: To review the pathogenesis, clinical presentation, differential diagnosis, and clinical 

strategies for detection and management of Lynch syndrome (LS).

Methods: A narrative review synthesizing knowledge from published literature, as well 

as current National Comprehensive Cancer Network guidelines for management of LS was 

conducted.

Results: LS tumors are characterized by unique pathogenesis, ultimately resulting in 

hypermutation, microsatellite instability, and high immunogenicity that has significant 

implications for cancer risk, clinical presentation, treatment, and surveillance. LS is one of most 

common hereditary causes of cancer, and about 1 in 279 individuals carries a PV in a LS gene 

that predisposes to associated cancers. Individuals with LS have increased risks for colorectal, 

endometrial, and other cancers, with significant variation in lifetime risk by LS-associated gene.

Conclusions: As genetic testing becomes more widespread, the number of individuals identified 

with Lynch syndrome is expected to increase in the population. Understanding the pathogenesis of 

LS informs current strategies for detection and clinical management, and also guides future areas 

for clinical innovation. Unraveling the mechanisms by which these tumors evolve may help to 

more precisely tailor management by the gene involved.

kcurtius@health.ucsd.edu .
Author contributions: All authors contributed to the conceptualisation of the review. All authors contributed to the writing and 
revisions of the manuscript. All authors contributed to the critical review and interpretation of the data, and the selection of the data to 
be included. All authors approved the final version of the manuscript.

HHS Public Access
Author manuscript
Aliment Pharmacol Ther. Author manuscript; available in PMC 2024 March 13.

Published in final edited form as:
Aliment Pharmacol Ther. 2022 April ; 55(8): 960–977. doi:10.1111/apt.16826.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Lynch syndrome (LS) is the hereditary predisposition to colorectal cancer (CRC), 

endometrial cancer (EC) and certain other cancers, with a population frequency of about 1 in 

2791. It is inherited through pathogenic variants (PVs) in one of four DNA mismatch repair 

(MMR) genes: MSH2, MLH1, MSH6, and PMS22. LS can also be due to a pathogenic 

variant in EPCAM, a gene immediately upstream of MSH2, which leads to MSH2 promoter 

methylation and silencing3. The presence of a PV in a Lynch syndrome-associated gene 

results in abnormal loss of expression of one or more DNA mismatch repair proteins. When 

loss of DNA mismatch repair proteins occurs, errors in DNA replication that commonly 

develop are less likely to be repaired. When DNA replication errors go unrepaired in 

genes important to carcinogenesis, such as tumor suppressor genes, the risk for cancer 

development increases, and results in the observed lifetime risks for multiple cancers 

associated with LS, particularly CRC and EC. Cancers develop at earlier ages in the setting 

of LS, and multiple synchronous or metachronous tumors may occur4. This review provides 

an update on the mechanisms for developing LS-associated tumors, cancer risks associated 

with LS, and strategies for identifying and managing individuals with LS. A glossary of key 

genetics terms and definitions used throughout this review is provided in Table 1.

The DNA MMR system

DNA MMR is the process by which cells recognize and repair errors in DNA replication 

that occur during S phase5. A key aspect of DNA MMR is to recognize when correct 

base pairing does not occur during replication, and repair these errors. In the face of 

irreparable DNA damage, the MMR system signals mechanisms that result in cell death6. 

In the normal state, the protein products of LS-related DNA MMR genes work together (as 

heterodimers) in a coordinated fashion to recognize and repair base pair mismatches (Figure 

1). Specifically, the MSH2 protein pairs with the MSH6 protein to form a heterodimer 

called MutSα. MutSα binds to single base-pair mismatches in the newly synthesized DNA 

strand, such as when guanine is incorrectly paired with thymine, or adenine is incorrectly 

paired with cytosine. MutSα then recruits a heterodimer of the proteins MLH1 and PMS2 

called MutLa that enlists the additional proteins needed to repair the mismatch. The MSH2 

protein can also heterodimerize with the MSH3 protein, forming MutSβ (Figure 1A), that 

recognizes different DNA mismatches, and works with MutLa to achieve DNA MMR.

When does defective MMR activity occur in a Lynch syndrome neoplasm?

The classic Knudson hypothesis speculated that neoplastic behavior caused by a germline 

PV in a familial cancer gene requires the loss of the “wild type” copy of the gene 

inherited from the unaffected parent to initiate neoplastic growth, the so-called “second 

hit”7. However, evidence from a mouse model suggests that excessive mutations begin to 

accumulate even before the second hit occurs8. The presence of one inactivated gene (with at 

least some PVs) results in a lower effective dose of the MMR protein, and a small degree of 

hypermutability in otherwise normal tissues. This situation is called “haploinsufficiency”. 

Then, when the true second hit takes place (with an inactivating mutation or loss of 

heterozygosity of the “wild type” gene), full blown MMR-deficiency takes place, which 

results in microsatellite instability (MSI). Then, for example, the TGFB1R2 gene, a tumor 
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suppressor gene, by virtue of a coding microsatellite sequence (ten adenines in a row), 

is particularly susceptible to mutations during replication that are more likely to go 

uncorrected in the setting of MMR-deficiency, and this gene is frequently mutated in tumors 

with MMR-deficiency and associated MSI.

MMR associated with LS can be identified in several ways within cancers such as CRC. A 

PV in a LS gene results in “abnormal absence” of the corresponding gene protein product 

within the tumor9. For example, a germline PV in MLH1 results in absent expression of 

the MLH1 protein when assessed with immunohistochemistry techniques. Typically, both 

proteins of a heterodimer pair (MLH1 and PMS2; MSH2 and MSH6) show abnormally 

absent protein expression, because the absence of one protein results in instability of the 

other, unpaired heterodimer protein, even if it is fully functional (Table 2). Mutations 

may occur anywhere, but are particularly common at microsatellite repeat loci. Some 

genes important for preventing cancer development are particularly susceptible to somatic 

mutations that result from suboptimal MMR activity10.

MSI was originally identified – almost by accident - as a feature present in about 15% 

of colorectal cancers in 199211–13; soon thereafter, MSI was identified as a feature of 

LS associated with MSH214,15 and MLH116,17. Detection of MSI is easily achieved 

using PCR of tumor DNA and recognizing the alterations in the homopolymeric DNA 

sequence compared to that individual’s non-neoplastic tissues (although the current assays 

do not require normal tissue to perform the diagnostic assays)10. Multiple panels of target 

microsatellite sequences, such as the Bethesda marker panel, have been identified and 

validated over the years5. More recently, evidence of MMR deficiency has been detected 

by identifying the “hypermutator” mutational signatures specific to MSI within tumors 

based on next generation sequencing, which is likely to be the preferred approach in the 

future18,19.

How do tumors develop in Lynch syndrome?

Based upon studies on sporadic CRCs, it was proposed in the late 1980s that CRCs evolve 

through the sequential accumulation of somatic mutations, beginning in the pre-cancerous 

and then tumor tissue, that activate oncogenes and inactivate tumor suppressor genes20,21. It 

has been subsequently documented that most colorectal neoplasms begin with mutations 

in the WNT signaling system, most often loss-of-function variants in the APC gene, 

leading to unregulated proliferation. In fact, APC is the only gene among the 15 most 

common somatic mutations in CRCs that occur in both hypermutated CRCs (i.e., with 

MSI) and non-hypermutated tumors (microsatellite stable – MSS), being found in 51% 

of the former and 81% of the latter CRCs22. Also, The Cancer Genome Atlas Network 

collaborative study counted the numbers of mutations per megabase (MB) of DNA in a 

collection of 276 CRCs, and found an inflection point between the hypermutated tumors 

(>10 mutations/MB, up to as many as 400 mutations/MB) and the non-hypermutated CRCs 

(all <8 mutations/MB, some with <1/MB). The hypermutated CRC group included all of 

the tumors with MSI, and the “ultramutated” tumors were associated with alterations in 

the DNA polymerase proofreading genes22. These significant genetic differences potentially 

explain the differences in clinical behavior between MSI and non-MSI tumors.
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More critical to this disease is to understand the implications of the observation that half of 

MSI CRCs have APC mutations and the other half do not22. For example, APC mutations 

are the most common initiator of advanced adenomas; thus if half of MSI tumors do not 

carry a clonal APC mutation, then alternative pathways for premalignant progression must 

be considered in order to develop effective preventive measures. Indeed, to disrupt WNT 

signaling for neoplastic proliferation, MSI-H tumors that lack APC mutations have been 

found to have other WNT activating mutations through either RNF43 (among most common 

CRC mutations), beta-catenin mutations, or PTPRK-RSPO3 fusions23–26.

In a study of adenomatous polyps from individuals with Lynch syndrome, it has been 

reported that most begin as microsatellite stable (MSS) lesions, but develop MSI when the 

polyp grows to >8–10 in diameter27. Moreover, a study from Japan reported that 79% of 

all adenomas and 100% of CRCs in LS showed MSI24. A mutational analysis revealed 

frequent frameshift alterations and that MMR-deficiency precedes adenoma formation24. 

Additionally, a group from Germany has found that most colons from patients with Lynch 

syndrome that manifest CRCs also have foci of defective MMR (dMMR) activity in normal-

appearing colonic mucosa, including loss of MMR protein expression, the presence of MSI, 

and mutations at certain target driver genes28. The mucosa in these dMMR crypts does 

not appear to be dysplastic microscopically, which one finds in “aberrant crypt foci”29. 

Observations of both late development of MMR in adenomas that have had initial loss 

of APC, as well as early MMR deficiency in normal-appearing mucosa, has led to the 

hypothesis that neoplastic lesions in Lynch syndrome may emerge through more than one 

genetic pathway. A 2018 systematic literature review of previous molecular studies found 

that less than a quarter (23.3%) of LS adenomas were MMR-proficient. 30 This indicates 

that the most common of the potential genetic pathways of Lynch carcinogenesis is likely 

one that begins with MMR-deficiency in normal cells before APC loss and development of 

adenomas.

Models for CRC carcinogenesis in Lynch syndrome

Conceptual models for CRC carcinogenesis have been developed taking into account current 

basic science that has characterized potential pathogenesis pathways, as well as clinical 

observations regarding variation in the occurrence of adenomas and CRC across Lynch 

syndrome subtypes (Figure 2). Interestingly, clinical observations suggest that patients with 

Lynch syndrome who have PVs in MSH2, MLH1 or MSH6 all develop adenomas at about 

the same rate over 20 years of surveillance31. However, patients with Lynch syndrome 

associated with MSH2 are more likely to develop advanced adenomas than individuals 

with MLH1 or MSH6, and CRCs are more likely to develop in MSH2 or MLH1 PV 

carriers than those with a PV in MSH631 (Table 3). Furthermore, patients with Lynch 

syndrome associated with PMS2 have relatively few advanced adenomas or CRCs when 

under colonoscopic surveillance32. Therefore, risk-based surveillance strategies should be 

gene-specific and models for CRC carcinogenesis must be broad enough to capture the 

clinical variations that have been observed based upon the genetic PV involved.

Accordingly, the Heidelberg group led by Kloor33 and the Cardiff group led by Frayling34 

have proposed the following model with 3 potential pathways (Figure 3). As described 
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above, the least frequently observed scenario is a ‘classical’ initiation of adenomas via an 

APC inactivating mutation causing WNT pathway activation in Lynch syndrome, which 

then lose DNA MMR activity as they grow, and evolve through a pathway through 

polypoid lesions. These polyps may be detected and removed colonoscopically, delaying 

the development of CRC in these patients.

It has been proposed that in the setting of MSH2 Lynch syndrome, the adenomas may 

evolve through the classic pathway or from flat dMMR crypts (perhaps through an activating 

mutation in β-catenin rather than an inactivating mutation in APC) and the subsequent 

accumulation of somatic mutations leads to the emergence of a polypoid lesion that can 

be removed through surveillance, as occurs also in the setting of MSH6 and PMS2 Lynch 

syndrome (Figure 3a, 3b)35. However, in the case of MLH1 Lynch syndrome, it is proposed 

that these lesions are more likely to evolve as a flat lesion from dMMR crypts, which 

then accumulate multi-hit mutations (e.g., CTNNB1, TP53, KRAS) in normal-appearing 

colonic mucosa, making it more difficult to detect and remove the premalignant lesion and 

prevent CRC (Figure 3c). This remains somewhat speculative and more molecular studies 

of normal colonic epithelium in LS are needed, but this reasonable hypothesis would help 

explain some of the clinical heterogeneity based upon which gene is involved, and provides 

a conceptual framework for precision prevention in the future.

Conceptual models of Lynch-associated CRC carcinogenesis have been formally extended 

into mathematical models that seek to explicitly consider these molecular changes in 

order to infer the potential dynamics underlying biological data and clinical observations. 

For example, Komarova and colleagues previously quantified genomic instability in LS 

by solving ordinary differential equations (ODEs) for a Moran process that includes 

inactivating APC mutations as the mechanism governing dysplastic crypt initiation36. 

This type of model can take parameters such as the number of crypts in a colon and 

mutation rates as input and predict useful quantities such as expected number of APC-
mutated crypts by age 40, which is not possible from clinical data alone. Expanding on 

these assumptions, Haupt and colleagues recently developed a dynamical system model 

that allows for the multiple pathways of cancer formation in LS as outlined above, and 

exploits a useful Kronecker structure for solutions to ODEs37. Given certain parameter 

inputs such as the number of point mutations per cell division, an example output for 

this model is the expected proportion of crypts in a typical MLH1 carrier for which 

MMR deficiency was the initial event during carcinogenesis before additional mutations 

such as KRAS activation accrue. Other recent efforts include crypt-based simulations for 

modeling monoclonal conversion rates of MMR deficiency and driver mutations37, as well 

as modeling the expected protective effects of aspirin by modification of cell fitness or 

crypt fission rates that could be used to inform clinical trial design38. Mathematical models 

allow estimation of evolutionary dynamics that cannot currently be directly measured in 
vivo, and further advancements will be enabled upon availability of more comprehensive, 

prospective data that will inform unknown parameters such as probability of spontaneous 

crypt death given mutation type. Importantly, this requires temporal data from patients 

without detected adenomas or cancers along with accompanying colonoscopy quality data 

(e.g., adenoma detection rates) for each time point. Overall, novel models may help us 
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understand progression rates of particular pathways to be used in risk prediction and future 

cost-benefit analyses.

Lynch syndrome prevalence

In the US, Australia, and Canada, the prevalence of Lynch syndrome caused by germline 

PVs in one of the four main MMR genes was estimated to be 1 in 279 people1. 

Heterogeneity was also found in the population prevalence for carrying a specific MMR 

gene mutation (1 in 1,946 for MLH1, 1 in 2,841 for MSH2, 1 in 758 for MSH6, 1 in 

714 for PMS21). In Iceland, the prevalence was slightly greater (1/226) partly due to the 

higher prevalence of lower-penetrance founder mutations in MSH6 and PMS2 “imputed” in 

this population39. Notably, genetic models used for prevalence estimates of LS must rely 

on comparison of observed cancer incidence among confirmed PV carriers to the expected 

incidence based on the general population; LS prevalence has not been directly measured 

as yet with population sampling. Population-level screening for LS in healthy individuals 

is not performed in practice, and consequently it is estimated that only ~1% of the true 

population with Lynch syndrome in the US are diagnosed during their lifetimes, signifying 

drastic under-diagnosis40.

Variable penetrance for cancer in Lynch syndrome by gene involved

Cancers of the colorectum, uterus, ovary, urinary tract, stomach, pancreas, bile duct, small 

intestine, brain (usually glioblastoma), and skin (sebaceous carcinomas) more commonly 

occur in individuals with LS compared to the general population, though each of the 

MMR mutation types confers a different future risk of cancer for the patient41. As part 

of the Prospective Lynch Syndrome Database (PLSD), 6350 pathogenic MMR gene carriers, 

including 3480 females and 2870 males with mean age = 46.8 years (range 25–74) at study 

inclusion, were followed up to age 75 and incident cancers were recorded to calculate 

cumulative age- and sex-specific penetrance42 (Figure 2). For women, cumulative incidence 

of any cancer by age 75 was 81.0% for MLH1, 84.3% for MSH2, and 61.8% for MSH6. For 

men, cumulative incidence of any cancer by age 75 was 71.4% for MLH1, 75.2% for MSH2, 

and 41.7% for MSH6. For both sexes combined, carriers of a PV in PMS2 had a cumulative 

cancer incidence of 34.1% by age 75. In women with LS, EC risk was substantial; by 

age 75, the cumulative incidence was estimated to be 37.0% for MLH1, 48.9% for MSH2, 

41.1% for MSH6, and 12.8% for PMS2. Over the total 15,646 patient-years of follow-up, 

580 of the 1808 (32.1%) incident cancers diagnosed in this patient cohort were CRCs. For 

women, cumulative incidence of CRC by age 75 was 48.3% for MLH1, 46.6% for MSH2, 

and 20.3% for MSH6. For men, cumulative incidence of CRC by age 75 was 57.1% for 

MLH1, 51.4% for MSH2, and 18.2% for MSH6. For both sexes combined, carriers of 

a pathogenic variant of PMS2 had a cumulative CRC incidence of 10.4% by age 75 42. 

Importantly, these were patients undergoing surveillance and thus most CRC were caught at 

an early stage, resulting in high 5-year survival rates (95%).

Variable penetrance for precursor colorectal lesions in Lynch syndrome

Beyond CRC risk during surveillance, differential risk for CRC precursors – adenomas and 

advanced adenomas - has also been calculated using colonoscopy follow-up data since study 

entry by MMR gene mutation type31. In a prospective cohort of 2747 patients with LS, the 
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10-year cumulative incidence (under surveillance) of any adenoma was 32.2% in MLH1 
carriers, 44.2% in MSH2 carriers, and 38.4% in MSH6 carriers. For advanced adenomas, the 

10-year cumulative incidence was 7.7% in MLH1 and 9.4% in MSH6 carriers, which was 

significantly lower than the 17.8% detected in MSH2 carriers31. Although the prospective 

CRC risk was nearly identical in MLH1 and MSH2 in this study (~11% by year 10), more 

somatic APC mutations in the CRCs and higher risk of advanced adenoma was found in 

MSH2 versus MLH1 PV carriers. Notably, MLH1 PV carriers were more likely to have 

more β-catenin (CTNNB1) mutations in their CRCs, indicating a subtle difference in the 

pathways of tumor development between MLH1 and MSH2 carriers. Interestingly, MLH1 
carriers had a lower cumulative risk of advanced adenoma than risk of CRC on surveillance, 

as opposed to MSH2 carriers who had a higher cumulative risk for advanced adenomas than 

CRC (Table 3).

As mentioned previously, one hypothesis proposed is that in patients with PVs in MSH2 (as 

well as MSH6 and PMS2), the accumulation of somatic mutations more frequently follows 

a classical model that begins with mutations in APC leading to the formation of a polypoid 

adenoma, while MLH1 carriers may develop CRCs through an alternative pathway from flat 

dMMR crypts without a detectable adenoma precursor34.

VARIATIONS IN PHENOTYPE

Muir-Torre Syndrome

Beyond developing conventional colorectal adenomas, it has long been noted that some 

patients with Lynch syndrome are also prone to develop specific cutaneous lesions including 

sebaceous adenomas, sebaceous carcinomas and keratoacanthomas, constituting the Muir-

Torre syndrome (MTS) variant of LS. These lesions occur anywhere on the body, and the 

sebaceous lesions are particularly common on the face. About 28% of families and 9% of 

individuals in Lynch syndrome families have MTS43. The skin lesions have MSI, but this is 

also true of sporadic sebaceous neoplasms, so looking for dMMR activity is not sufficient 

for making the diagnosis of LS44. MTS is more commonly associated with germline variants 

in MSH2 and MLH1 than with the other DNA MMR genes, and more than half of patients 

with MTS present with a cutaneous lesion prior to the diagnosis of an internal malignancy43. 

In clinical practice, some dermatologists routinely assess MMR activity within sebaceous 

neoplasms, and refer patients with evidence of MMR to gastroenterologists for cancer 

surveillance and other genetics professionals for follow up. In these cases, it is critical to 

establish whether or not the patient has LS by confirmatory genetic evaluation and testing 

that includes assessment for PVs in LS-associated genes.

Biallelic MMR gene mutations: constitutional mismatch repair deficiency (CMMRD)

Rarely, PVs in the same DNA MMR gene are inherited from both parents, and the child 

is born with no MMR activity, which is called constitutional mismatch repair deficiency 

(CMMRD) syndrome45. These patients develop a variety of cancers in childhood, including 

adenomas and cancers of the small bowel and colon, brain tumors, lymphomas, leukemia, 

urinary tract cancers, endometrial cancers and other malignancies. CMMRD is most 

commonly associated with biallelic PVs in PMS2 and MSH6, perhaps reflecting the relative 
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population prevalence of these genes and the possibility that biallelic inactivating mutations 

in MSH2 and MLH1 are more likely to be embryonically lethal. Because of the genes most 

commonly involved have lower penetrance and later onset of tumors compared to other LS 

patients, it is not unusual for the child to present with one or more neoplastic lesions without 

a family history of cancer. CMMRD is more common in populations with higher incidences 

of consanguineous marriages.

CONFOUNDERS OF LYNCH SYNDROME

Acquired methylation of MLH1

About 15% of unselected CRCs have MSI5, but only 3% of all CRCs occur in individuals 

with Lynch syndrome. In about 12% of all CRCs5, the MSI is due to the acquired 

methylation-induced silencing of the MLH1 gene, which is a reflection of the genome-

wide methylation of promoters (in the tumor cells), called the “CpG island methylator 

phenotype”, or CIMP46. The loss of MLH1 protein expression also leads to the loss 

of PMS2 protein expression, for the reasons described above. The acquired form of 

genome-wide methylation occurs more frequently in older patients and in women, and 

the appearance of MSI in the setting of CIMP changes the genetic drivers of the CRC, 

so these tumors behave more like other CRCs with MSI rather than those with CIMP and 

MSS47. CIMP and the presence of biallelic methylation of MLH1 is typically (but not 

universally) accompanied by the V600E mutation in the BRAF oncogene to drive tumor 

progression, which appears to be mechanistically facilitated by the aging-like acquisition of 

promoter DNA hypermethylated genes48,49,50. There is evidence that the CRCs with CIMP 

and somatic BRAF mutations begin as serrated polyps; consequently, this is referred to as 

the “serrated pathway” of colorectal carcinogenesis51. The proposed pathway is that serrated 

polyps develop in the setting of CIMP, and if biallelic methylation of MLH1 occurs, MSI 

develops and the tumor growth is accelerated.

“Constitutional methylation” of MLH1

There are “constitutional” forms of methylation of MLH1 in which the gene is silenced in 

all cells of the body. The mechanism underlying this is unknown. This disorder clinically 

behaves like LS, but there are no germline PVs in any DNA MMR gene. There is 

methylation of MLH1 in DNA taken from all three embryonic germ layers (typically hair 

follicles, blood and cheek swabs)52, indicating that the constitutional hypermethylation 

occurred very early in embryogenesis. There is also a rare variant in the MLH1 promoter 

that can create a familial form of constitutional methylation of MLH153. All of these will 

mimic LS in the proband, but only those with the rare promoter variant will present with a 

family history of cancer.

Lynch-Like syndrome (LLS)

When screening CRCs for MSI or abnormal IHC to detect LS, some proportion of the 

tumors show abnormalities using either modality, but there is no PV found after germline 

genetic evaluation. Twenty years ago, when this was encountered, it was often assumed that 

there was actually a germline PV present, but that it was undetectable for technical reasons. 

Large deletions, balanced inversions, promoter alterations, and other variants outside of the 
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genetic coding region were not always assayed; year by year, more of these variants have 

been detected and recognized as causes of LS. However, deep sequencing of tumor tissue 

has revealed the surprising fact that some patients with dMMR tumors had no germline 

PVs, but actually had acquired double somatic mutations in one MMR gene in the tumor 

cells54,55. Lynch-like syndrome (LLS) has been found for all four of the Lynch syndrome 

genes55. Interestingly, the age of CRC in LLS is younger than that in the general population 

but older than that in LS, and many appear to have family history of LS-associated cancers: 

11% fulfill the Amsterdam criteria for LS56, and 65% meet the Bethesda guidelines55,57. So, 

there would appear to be more to learn about this entity; presumably some proportion may 

still have “hidden” germline PVs. Also, it is not clear whether there can be an underlying 

abnormality that permits the tumor to accumulate somatic mutations (in the MMR genes) at 

an accelerated rate, or whether the presence of double somatic mutations is due to chance. 

Notably, if bi-allelic somatic mutations within a tumor can be confirmed in a patient with 

CRC, they may be treated and followed using guidelines for follow up of patients with 

sporadic CRC, provided that the family history does not fit a Lynch syndrome like pattern.

Familial CRC – Type X

The discovery of the pathogenetic basis of LS in the 1990s was associated with enthusiasm 

that dMMR activity was the cause of most familial non-polyposis CRC. However, many 

familial clusters of CRC are unrelated to LS, do not show MSI or abnormal IHC for the 

MMR genes, and represent something different. Lindor et al recognized this in 2005 and 

referred to these familial clusters of CRC as “Familial CRC-Type X”58. By definition, 

the families met the Amsterdam I criteria for a familial cluster of CRC59, but the tumors 

lacked the features of defective DNA MMR. There was initial hope that one or a small 

number of genes might be responsible for this clinical phenotype. However, there have 

been multiple reports of a large number of unrelated genetic defects that are responsible for 

“Syndrome X”. The genetic basis of these unrelated syndromes ranges from regulation of 

gene expression, DNA repair processes, developmental genes and regulation of protein and 

RNA metabolism60. The number of genes is large enough (and the cases sporadic enough) to 

complicate the development of a genetic testing platform for families with a non-LS cluster 

of cancer cases (see Table 4).

CLINICAL ASPECTS OF LYNCH SYNDROME

Behavior of CRC in patients with Lynch syndrome

CRCs with MSI differ biologically from non-MSI CRCs (e.g., fewer chromosomal gains 

and losses) and fortunately for patients with LS who develop MSI-high (MSI-H) CRCs, this 

translates to better clinical outcomes. For example in a study of 607 CRCs (17% MSI-H) 

diagnosed under the age of 50, a statistically significant decrease in overall mortality was 

found for those patients with MSI tumors versus those patients with microsatellite stable 

tumors (hazard ratio = 0.42, 95% CI 0.27–0.6)61. The reason for improved survival is likely 

due in part to high immunogenicity as a product of the mutator phenotype characterizing 

MSI tumors. Due to germline mutation in a MMR gene, patients with LS accumulate large 

numbers of frameshift mutations leading to creation of an abundance of neoantigens that 

can elicit an immune response and eventually lead to elimination of precancerous mutated 
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cells during carcinogenesis. However, creation of frameshift mutations in other genes 

can also permit immune evasion (specifically, HLA Class I defects and β2-microglobulin 

mutations) but this is seen in the primary tumor mass rather than in circulation; thus 

tumors are less likely metastasize early and most often only invade locally. In particular for 

immune evasion, loss of β2-microglobulin was found in 28% of LS CRCs (but not seen LS 

adenomas), and upregulation of PD-L1 on tumor cells was found in 76% of LS CRCs62.

As a consequence of an increased burden of tumor-infiltrating lymphocytes, patients with 

LS CRCs generally respond well to immune-checkpoint therapies. In an early trial of 

86 patients treated with anti-PD-1 therapy, 21% achieved complete response and 52% 

exhibited significant tumor regression63. In contrast, patients with LS-associated CRCs do 

not respond well to some chemotherapeutic regimens since cytotoxic chemotherapy depends 

upon functioning MMR mechanisms to signal apoptosis in tumor cells64,65.

Detection of familial cancer syndromes and Lynch syndrome

A genetic evaluation for LS may be indicated based on the presence of a known PV in a 

LS gene in a family member, family history of LS-associated cancers, a personal history 

of a LS-associated cancer, or by screening CRCs for MMR-deficiency66. As a guiding 

principle, genetic testing should only be pursued if it would change clinical management for 

an individual or their family members, if a PV were to be identified.

Evaluation based on known Lynch syndrome associated PV in family

Because risks for LS-associated cancers are inherited in an autosomal dominant manner, 

all first-degree relatives of an individual with a known PV have a 50% chance of carrying 

the same variant, and should have genetic testing performed. Generally, testing for first-

degree relatives is performed after age 18 years, given that specialized surveillance is not 

recommended prior to this age. In some cases, a second degree relative (e.g. grandparent, 

aunt, or uncle) might be known to have a PV in a family where the intervening first 

degree relative is unable or unwilling to have genetic evaluation. In such cases, given the 

potential 25% chance of carrying the familial variant, genetic testing for the familial PV is 

recommended66.

Evaluation based on family and personal history of Lynch associated cancers

Strategies for evaluation of LS have been in evolution for over 20 years (Table 5), with 

movement over time towards criteria that increase the sensitivity for identification of 

individuals with LS. Initially, genetic testing was reserved for patients who met criteria 

based mainly on the number and age of family members with LS-associated cancers, as with 

the 1999 Amsterdam II criteria. These evolved to be less stringently based on the number 

and age of relatives, and to also include tumor characteristics such as the presence of MSI, 

as with the 2004 Bethesda criteria. With studies showing increased sensitivity and yield 

with universal tumor testing to screen for MMR deficiency in CRCs and ECs, compared to 

family history only based criteria for detecting LS, many have recommended this approach 

for selection of individuals for genetic evaluation67,68.
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Risk prediction models utilizing information on personal and family history of LS-

associated cancers have also been developed, validated, and recommended as another 

approach to identifying individuals for genetic evaluation69,70. For example, the PREMM5 

model, readily available online, has been shown to have a sensitivity of 89% for 

identification of individuals with a PV in a LS-associated gene at a cutoff selected to achieve 

a 2.5% or higher probability of finding a PV. The 2021 NCCN (National Comprehensive 

Cancer Network) Clinical Practice Guidelines in Oncology guidelines (NCCN Guidelines®) 

recommend genetic evaluation for individuals meeting one or more diverse criteria based on: 

1) a known PV in the family; 2) personal history of a tumor with dMMR activity; 3) testing 

for and finding dMMR activity in a LS-associated cancer; 4) the number, relationship, 

and age of diagnosis of relatives with LS-associated cancers; and 5) increased prediction 

model-based risk for having LS (Table 5). These criteria are complex and represent the full 

spectrum of strategies that have been developed and applied for identifying individuals with 

LS over the last 20 years.

A future simplified paradigm for genetic evaluation for Lynch syndrome and other cancer 
risk genes

Given complexity of current criteria, decreasing costs of clinically available germline 

multigene panel testing (MGPT), and emergence of prediction models for LS, there is 

increasing interest in simplifying our approach to selecting individuals for evaluation for 

cancer risk genes associated with LS and other syndromes. We envision a future state that 

could continue to recommend gene-specific testing for individuals with a known familial 

PV, and also have a simplified approach to testing based on personal or family history of 

cancer consisting of: 1) MGPT for individuals with any personal history of CRC or other 

LS-associated cancer, without pre-selection based on family history or tumor testing, and 2) 

MGPT for individuals with increased prediction model-based risk for LS and other cancer 

risk genes. Here, we define MGPT as testing that includes evaluation for PVs in genes 

associated with LS (MLH1, MSH2, EPCAM, MSH6, and PMS2), as well as other cancer 

risk genes. Typical panels test 20 or more genes, include genes that have been associated 

with increased risk for CRC, and may include genes associated with risk for other cancer 

types or syndromes (e.g. BRCA1).

A simplified strategy of offering germline MGPT to evaluate for LS-associated and other 

cancer risk genes, without preselection based on family history or tumor characteristics 

has been best studied for individuals with a personal history of CRC. Available evidence 

suggests that MGPT testing has comparable, or even higher yield for identifying individuals 

with a personal history of CRC and LS compared to tumor and family history-based 

selection for screening70–72. Further, MGPT identifies PVs in cancer susceptibility genes 

beyond those associated with LS. For example, in a population-based study in Ohio of 

3,310 individuals with CRC, MGPT with a panel including at least 25 cancer susceptibility 

genes was offered to those with MMR deficiency in their tumors, age <50 at diagnosis, 

multiple primary tumors, or a first-degree relative with CRC or EC71. Among the 1,462 

individuals who had testing based on these criteria, 16% had a PV in a cancer risk gene; 

142 had a PV in a LS-associated gene, and 101 in a non-LS associated gene. Other 

studies have been consistent in demonstrating among individuals with CRC that MGPT 
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has comparable or even higher yield for detection of LS compared to tumor-based testing, 

and that an additional 3–13% of individuals with a personal history of CRC tested with 

this approach will have a PV in a non-LS associated cancer risk gene71–74. Of note, all 

studies to date are subject to potential selection bias that could have resulted in higher 

yield for cancer risk gene detection, as these studies either enrolled patients with CRC 

at tertiary referral centers or included some preselection criteria based on age, number of 

LS-associated tumors, or family history. Additional limitations and challenges to the use 

of MGPT for detection of LS and other cancer risk genes among individuals with CRC 

include: 1) ensuring correct management of the 29–64% who may have variants of uncertain 

significance (VUS) detected by MGPT; 2) including cancer risk genes for which the clinical 

management is uncertain on many multigene panels; 3) the need for more data on yield for 

PVs and VUSs across populations with diverse race and ethnicity; 4) clarifying whether, for 

patients with CRC, germline MGPT has any implications beyond tumor-based testing such 

as for treatment planning; and 5) identifying the best approaches to ensure high rates of 

familial cascade testing when a PV is identified.

Selection of patients for evaluation for LS and other cancer risk syndromes based on family 

history also has potential to be simplified and made more feasible through risk prediction 

calculators. For example, nearly half of patients included in one study evaluating the simple 

online PREMM5 risk calculator had no personal history of LS, yet accounted for 20% of 

the individuals with LS-associated PVs identified in the study75 (risk calculator available at: 

https://premm.dfci.harvard.edu/). More research is needed to determine the potential clinical 

yield and utility of online risk calculators such as PREMM5 among individuals with a family 

but not a personal history of LS-associated cancer at the time of evaluation.

Overall, we anticipate that current and anticipated future discoveries on the yield and clinical 

utility of genetic evaluation of patients for LS and other cancer risk genes are likely to herald 

a new era in which the criteria for genetic evaluation become more simplified and more 

easily implemented in usual practice (Table 5).

Current management recommendations for Lynch syndrome

Recommendations for early detection and prevention of cancers in LS have been issued by 

a range of groups, and are in constant evolution. For example, in the United States, NCCN 

Guidelines® for management of patients with LS are updated annually based on evolving 

evidence and expert opinion66. Recommendations are generally based on observational 

studies that describe yield and outcomes of various surveillance strategies, assessment of 

cumulative risk for specific cancers, and observations regarding the average or median age 

of presentation with cancer (Table 6). Based on increasing evidence supporting differences 

in cancer site-specific risks based on the gene that is mutated, NCCN Guidelines have 

moved towards providing specific risk and management guidelines for each gene, and 

encouraging referral of patients with LS based on their specific PV (e.g. MLH1-LS vs 

PMS2-LS). The goal of this effort is to raise awareness among patients and clinicians that 

cancer risks and management should be informed by the specific gene that is mutated.

2021 NCCN Guidelines for surveillance by cancer risk site are specified in Table 7. Several 

similarities and differences are of note across the LS genes. Based on current and emerging 
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evidence supporting higher CRC risk among individuals with MLH1-LS and MSH2-LS 

compared to MSH6-LS and PMS2-LS, the recommended ages to initiate colonoscopy and 

frequency of surveillance differ. Colonoscopy surveillance is recommended every 1–2 years, 

with initiation at age 20–25 years (or 2–5 years earlier to the earliest CRC in the family if 

diagnosed under age 25) for MLH1 and MSH2 LS, and initiation at age 30–35 years (or 2–5 

years prior to earliest CRC in family if diagnosed under age 30) for MSH6 and PMS2 LS.

Notably, since the 2021 NCCN Guidelines were issued, Kastrinos et al. evaluated the 

effectiveness and cost-effectiveness of a range of gene-specific surveillance strategies 

among individuals with LS. Specifically, the authors calibrated a Markov state-transition 

model to cancer incidence data (natural history42) and adenoma progression risk31 to then 

simulate trial data outcomes for hypothetical patients from age 25 to age of death given 20 

different surveillance strategies. Their modeling analyses suggested the optimal strategies 

for initiating and repeating colonoscopy are age 25 years repeated every year for MLH1 
Lynch syndrome, age 25 repeated every two years for MSH2 Lynch syndrome, age 35 years 

repeated every three years for MSH6 Lynch syndrome, and age 40 years repeated every 3 

years for PMS2 Lynch syndrome76. As such, evidence to support PV-specific colonoscopy 

surveillance strategies is still emerging and recommendations are expected to continue to 

evolve over time.

Based on the aforementioned guideline and modeling study, the initiation age, frequency, 

and approach to surveillance needs to be individualized. Considerations favoring earlier 

initiation or more frequent colonic surveillance include patient preferences77, as well as the 

youngest age of cancer diagnosis in the family as a guide, though evidence supporting this 

strategy requires further examination. Individuals who might benefit from a shorter versus 

longer interval between colonoscopies include those with one or more of the following 

risk factors: history of CRC, male sex, having a MLH1/MSH2 pathogenic variant, age 

>40 years, and personal history of adenoma. Notably, there have not been clinical trials 

directly comparing 1 vs 2 year intervals for surveillance, stratified by LS PV carrier status. 

Routine use of chromendoscopy has not been recommended by NCCN Guidelines, and data 

from a meta-analysis of three studies did not show superior adenoma detection with use of 

dye-assisted chromoendoscopy versus white light examination alone among individuals with 

LS78. We recommend surveillance colonoscopy in patients with LS follow best practices for 

ensuring a high quality exam, including having an excellent bowel preparation, an evaluation 

complete to the cecum, detection and complete removal of all polyps, and performance by a 

colonoscopist with a high adenoma detection rate and skill in the detection of flat and subtle 

lesions.

Across all groups, NCCN Guidelines for endometrial surveillance are similar, with 

emphasis placed on educating patients to monitor for abnormal uterine bleeding, including 

postmenopausal uterine bleeding, with a note that PMS2 Lynch syndrome is associated 

with only modestly increased risk for endometrial cancer, compared to MLH1-, MSH2-, 
EPCAM-, and MSH6-LS. For ovarian cancer surveillance, NCCN Guidelines note 

insufficient evidence to make a firm recommendation for risk-reducing bilateral salpingo-

oopherectomy (BSO) for MSH6- and PMS2-LS. Further, NCCN Guidelines specifically 

point out that PMS2 PV carriers appear to be at no greater than average risk for 
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ovarian cancer, potentially supporting deferral of surveillance and election against BSO. 

For individuals with MLH1- or MSH2-LS, NCCN Guidelines recommend individualized 

consideration for BSO based on childbearing plans, menopause status, and family history.

A lack of evidence for the best strategies for surveillance for urothelial, gastric, and small 

bowel cancers has been noted. For urothelial cancers, NCCN Guidelines note that there 

is no clear evidence to support surveillance, and points out that options that could be 

considered include annual surveillance with urinalysis to identify microscopic blood starting 

at age 30 to 35. Note that MSH2 PV carriers, particularly males, appear to be at higher 

risk for urothelial cancers than other individuals with LS. NCCN Guidelines have also 

recommended consideration for surveillance upper endoscopy every 3–5 years beginning at 

age 40 in those with risk factors for gastric cancer, including: male sex, older age, MLH1 
or MSH2 PVs, a first-degree relative with gastric cancer, being born in a country with 

significant background incidence rates of gastric cancer (as is case for many countries in 

Asia), chronic autoimmune gastritis, gastric intestinal metaplasia, or gastric adenoma. Note 

that data are particularly limited on whether the risk for gastric cancer is indeed elevated in 

individuals with MSH6- and PMS2-LS. At the time of upper endoscopy, enteroscopy to the 

ligament of Treitz may be considered, as duodenal cancers have been identified at time of 

upper endoscopic surveillance79.

At last update, NCCN Guidelines concluded insufficient evidence to support increased 

breast cancer surveillance beyond screening criteria available for average risk or based on 

personal/family history of breast cancer.

For pancreatic cancer, surveillance was recommended if the observed spectrum of LS-

associated cancers within a given family included pancreatic cancer for MLH1-, MSH2-, 
and MSH6-LS, with specific note that data supporting increased pancreatic cancer risk 

among MSH6 carriers are limited. Additionally, NCCN observed that PMS2 carriers have 

not been shown to have increased risk for pancreatic cancer. If pancreatic cancer surveillance 

is implemented, NCCN Guidelines recommend initiation at age 50 years or 10 years 

younger than the earliest exocrine pancreatic cancer diagnosis in the family for individuals 

with exocrine pancreatic cancer in one or more first-or second-degree relatives from the 

same side of the family that carries the identified LS PV. The recommended approach 

includes annual endoscopic ultrasound (EUS) and/or contrast-enhanced MRI/MRCP. Biopsy 

of concerning lesions or even more intense surveillance should be guided by imaging 

findings; most small cystic lesions, will not require biopsy or resection.

Regarding surveillance for sebaceous adenocarcinomas, sebaceous adenomas, and 

keratoacanthomas, consideration for a skin exam every 1 to 2 years was recommended for 

MLH1-, MSH2-, and MSH6-LS, with specific note that elevated risks for these lesions have 

not been documented for PMS2-LS.

NCCN Guidelines for early detection of prostate cancer have suggested that men with LS 

consider shared decision-making about screening starting at age 40.

Beyond cancer-site specific surveillance strategies, current 2021 NCCN Guidelines 

recommend that all individuals with LS consider using daily aspirin to reduce future CRC 
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risk, with evidence stemming from a randomized trial and a large observational study. The 

CAPP2 study randomized 861 individuals with MLH1, MSH2, and MSH6 LS 1:1 to placebo 

vs 600 mg aspirin daily for at least 2 years80,81. At a mean 10 years of follow up, a 

relative 35% reduction in risk for incident CRC among individuals assigned to aspirin vs 

placebo was noted on intention to treat analysis (hazard ratio 0.65, 95% confidence interval: 

0.43–0.97, p=0.035). Adverse events in both groups were similar, and no effect on risk for 

extracolonic cancers was observed. These data are complemented by an observational study 

of 1858 individuals with LS that reported a 57% relative reduced risk for incident CRC 

(hazard ratio 0.43, 95% confidence interval: 0.25 to 0.75, p=0.003) among subjects who 

reported taking aspirin at least twice a week for a month or longer, with even greater relative 

reduction in risk among those who took aspirin regularly for five years or more82. The 

optimal dose for chemoprevention in usual clinical practice is uncertain, as many physicians 

and patients may be uncomfortable with committing a patient to 600 mg of aspirin daily, 

and NCCN Guidelines have suggested that dose selection can be guided by patient-specific 

factors (age, concurrent medications) that may impact risk. Studies evaluating the efficacy 

of lower doses of aspirin are on-going at this time. Further, it should be noted that aspirin 

is pregnancy category D (positive evidence of human fetal risk), such that young women 

with LS should be cautioned to avoid use if sexually active and not using contraception or 

if pregnant. In our clinical practice (CRB, SG) we recommend all patients with LS consider 

aspirin, starting at a dose of 325 mg per day. Dose is adjusted lower if the patient reports 

side effects, and we routinely screen for and treat H. pylori prior to initiating aspirin therapy 

to reduce risk for peptic ulcer disease on aspirin therapy.

Conclusions

As genetic testing for LS becomes more widespread, the recognized prevalence of this 

condition is expected to increase in the general population in future years, and effective 

management is an increasingly important clinical need. Patients with LS are at higher risk 

than the general population of developing MMR deficiency in cells throughout the body 

which then predisposes carriers to various cancers at early ages. Several future research 

needs exist. Longitudinal prospective studies that characterize molecular changes in normal 

tissue of patients with LS before they progress to cancer are critical to increase our 

mechanistic understanding of cancer initiation pathways. Prevalence of CRC precursors in 

patients without CRC, and their corresponding rates of malignant transformation need to be 

elucidated to allow for better risk prognostication. Improved cancer risk prediction models 

that integrate molecular variables beyond MMR gene type are needed, including models 

that might inform management. For example, clinical trials for optimal dosing of aspirin 

as a chemopreventative agent are still ongoing (CAPP3) but operationalizing information 

on immune activity and driver mutations (e.g., CTNNB1), along with clinical features such 

as adenoma detection and removal, in individual patients may enable tailoring surveillance 

intensity over time in an increasingly patient-specific manner. Future studies of prospective 

surveillance outcomes in LS need to carefully report quality of exams (e.g., adenoma 

detection rates) in order to best assess both the effectiveness of surveillance and the validity 

of stages in proposed models of carcinogenesis (e.g., evidence for or against the necessity of 

adenoma precursors in patients with MLH1 mutation for cancer progression). Importantly, 
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such complete data on surveillance serves as model inputs in studies of cost-effectiveness of 

differing potential strategies and thus must be reliable. For example, the model of Kastrinos 

et al. accounts for state-transitions through granular categories (e.g., ‘advanced adenoma’ 

which encompasses all sizes and types of adenomas) fit to the surveillance data. Overall, 

there are further modeling improvements to be made such as including more detailed 

evolutionary pathways by gene type, including timescales of growth of adenomas. From a 

clinical perspective, more data are needed on the optimal strategies to implement for cancer 

surveillance.

As knowledge increases of intricate differences in cancer risk between the four specific 

MMR genes, clinical management strategies for diagnosis and subsequent surveillance of 

patients with LS will continue to evolve accordingly to improve cancer prevention and early 

detection.
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Figure 1: 
The DNA mismatch repair (MMR) system. A) The MutS MMR proteins recognize 

DNA errors (mispairs and loop-outs) made during S phase. They are only stable as 

heterodimers (MSH2 + MSH6 [MutSα] or MSH2 + MSH3 [MutSβ]). B) MutL (MutLa 

here) heterodimers bind to the MutS proteins and act as recruitment proteins for the 

DNA repair process. C) Enzymes such as exonuclease 1 (EXO1), DNA polymerase, and 

proliferating cell nuclear antigen (PCNA) serving as a sliding clamp, perform long patch 

excision to remove the error, and then enable resynthesis and ligation. D) The daughter 

strand is resynthesized, which results in correction of the DNA error. Figure created using 

BioRender.com.
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Figure 2: 
Cumulative colorectal cancer (CRC) incidence by age, shown for males (blue) and females 

(red) in separate panels for each specified MMR gene mutation, as determined using the 

Prospective Lynch Syndrome Database (PLSD). Data for carriers of PMS2 PVs were 

combined for males and females (purple) due to limited total follow-up years within the 

data42
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Figure 3: 
Three potential pathways for CRC evolution in LS 33,34. Based on molecular and clinical 

evidence (see text for details), multiple pathways for CRC carcinogenesis in LS have been 

suggested that vary in placement of the timing of mismatch repair (MMR) deficiency and 

the growth of polyp precursors.

A) Adenomas can first develop via traditional mutations such as APC inactivation followed 

by MMR loss and accumulations of additional driver mutations leading to CRC. The 

theoretical basis of this is that APC inactivation leads to the formation of an elevated lesion 

(benign polyp) that can be detected and removed by colonoscopy. This pathway is proposed 

to be common in LS associated with germline PVs in MSH6 and PMS2, but is the rarest 

scenario found in molecular studies of Lynch associated-adenomas.

B) Inactivating mutations in the MMR gene can occur as the first step producing MMR-

deficient (dMMR) crypts, followed by inactivating mutations in APC, leading to an elevated 

lesion in the colon. Subsequent accumulation of mutations lead to CRCs, and this pathway is 

proposed to be most common in LS-MSH2.

C) MMR-deficient crypts may accumulate driver mutations such as activation of CTNNB1 
and serve as the precursor to a flat CRC, without necessarily initiating precursor elevated 

adenomas, confounding the beneficial effects of surveillance colonoscopy, as may occur in 

LS-MLH1. This figure was adapted from “Colon Cancer Progression” by BioRender.com 

(2022)
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Table 1.

Key genetics terms and definitions.

Lynch syndrome The hereditary predisposition to multiple cancers caused by having a pathogenic variant in one of 4 DNA 
mismatch repair genes (MLH1, MSH2, MSH6, PMS2) or EPCAM. Formerly known as Hereditary Nonpolyposis 
Colorectal Cancer (HNPCC)

Germline mutation A mutation in a gene on one of the inherited chromosomes. Some germline mutations predispose to cancer.

Somatic mutation A mutation in a gene that was not inherited and developed after conception.

Germline pathogenic 
variant (PV)

A mutation in a germline gene that causes predisposition to disease such as cancer.

DNA Mismatch Repair 
(MMR)

The process by which cells in the body recognize and repair errors in DNA replication. A key aspect of DNA 
mismatch repair that is managed by LS-associated genes is to recognize when correct base pairing (adenine with 
thymine, and guanine with cytosine) does not occur during DNA replication, and repair these errors. Failure of 
DNA mismatch repair leads to inactivation of tumor suppressor genes and promotes carcinogenesis.

Hypermutated Tumor A tumor that carriers a high burden of mutations. LS often causes hypermutated tumors, but not all hypermutated 
tumors are attributable to LS. Patients with a hypermutated tumor should be evaluated for LS.

Microsatellite 
Instability (MSI)

A tumor that carriers a high burden of errors in repetitive sections of DNA sequence known as microsatellites. LS 
often causes tumors with microsatellite instability, but not all microsatellite unstable tumors are attributable to LS. 
Patients with a microsatellite unstable tumor should be evaluated for LS.

Haploinsufficiency The state of having one inactivated or deleted one copy of a gene where the remaining copy is insufficient for 
carrying out the gene's function for a normal phenotype. Classically, it had been thought that expression from just 
one allele of a gene was sufficient for normal function, but there are instances (such as for the PV gene in patients 
with LS) where the presence of just one normal allele together with the deletion or mutation of the other allele can 
alter normal cell functioning, and this is called 'haploinsufficiency.'

Loss of Heterozygosity The irreversible loss of one parental allele (allelic loss). When starting with one lost allele (either due to germline 
or acquired somatic mutation), losing the remaining allele is a case of “loss of heterozygosity”. In LS, LOH of the 
MMR PV gene within a tumor or polyp is associated with predisposition to more rapid growth and carcinogenesis.
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Table 2:

Abnormal immunohistochemistry (IHC) for DNA MMR proteins in human tissue. + denotes the protein is 

normally expressed in the nucleus.

Germline PV MSH2 protein MSH6 protein MLH1 protein PMS2 protein

MSH2/EPCAM negative negative + +

MLH1 + + negative negative

MSH6 + negative + +

PMS2 + + + negative
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Table 3:
10-year cumulative incidence of adenoma, advanced adenoma, and colorectal cancer 
during surveillance since index colonoscopy.

Data for cohort from Engel et al31 consisting of 2747 patients with Lynch syndrome (LS) who had at least 2 

surveillance colonoscopies as part of LS registries in Germany, the Netherlands, and Finland. See ref 31 for 

full survival analysis and Kaplan-Meier curves from baseline (index colonoscopy) through 20 years of patient 

follow-up. CI: confidence interval.

LS gene mutation: 10-year adenoma risk 10-year advanced adenoma risk 10-year colorectal cancer risk

MLH1 32.2% (95% CI: 29.2%–35.2%) 7.7% (95% CI: 6.0%–9.4%) 11.3% (95% CI: 9.4%–13.2%)

MSH2 44.2% (95% CI: 40.0%–48.4%) 17.8% (95% CI: 14.6%–21.0%) 11.4% (95% CI: 8.9%–14.0%)

MSH6 38.4% (95% CI: 30.8%–45.9%) 9.4% (95% CI: 5.4%–13.4%) 4.7% (95% CI: 1.8%–7.7%)
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Table 4:

Genes proposed to cause Familial CRC- Type X, their corresponding proteins, function, and evidence provided 

for each2.

Gene Protein Function Evidence

GALNT12 GalNAC transferase type 12 Adds GalNAc (a simple sugar) to proteins 
(O-linked)

7/272 CRC patients; Low penetrance

RSP20 Ribosomal protein S20 Ribosomal biosynthesis 4/118 probands, 2 Type X families

BRF1 RNA pol II subunit Initiates 5S RNA synthesis 11/503 Early-onset; 3 Type X families

FAF1 Fas-associated factor 1 Tumor suppressor gene 2 Spanish Type X

SEMA4A Semaphorine A Multiple functions Multiple families

POLD1/POLE DNA polymerase proofreading Proof-reads DNA polymerase Ultramutated tumors (not MSI)

HNRNPA0+WIF1 Interactions of 2 proteins Cell signaling Multiple cancers, 1 family

Aliment Pharmacol Ther. Author manuscript; available in PMC 2024 March 13.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Curtius et al. Page 28

Table 5:
Selection strategies for genetic evaluation for Lynch syndrome (LS).

NCCN, National Comprehensive Cancer Network66.

1999 Amsterdam II 
Criteria56

Family with ≥3 members affected by CRC or another LS-associated cancer* and meeting the following criteria:
• 1 relative should be a 1st degree relative of the other two
• ≥2 successive generations affected

• ≥1 LS-associated cancer diagnosed* under age 50
• Familial adenomatous polyposis excluded
• Tumors verified by pathological evaluation

2004 Revised 
Bethesda Criteria57

• CRC diagnosed in a person younger than age 50

• Synchronous, metachronous, colorectal, or LS associated tumor**
• CRC with microsatellite high type histology (i.e., presence of tumor-infiltrating lymphocytes, Crohn's-like 
lymphocytic reaction, mucinous/signet-ring differentiation, medullary growth pattern) in a patient younger than 60 
years
• CRC in a patient with a family history of a LS-associated cancer diagnosed earlier than age 50 years. If more than 
one relative was diagnosed with a Lynch syndrome-associated cancer, then the age criterion is not needed.

2021 National 
Comprehensive 
Cancer Network® 

(NCCN®) 66 

• Known LS pathogenic variant in the family
• Personal history of a tumor with mismatch repair deficiency determined by polymerase chain reaction, next 
generation sequencing, or immunohistochemistry diagnosed at any age. NCCN recommends tumor screening for 
mismatch repair deficiency for all CRCs and endometrial cancers regardless of age, and consideration of tumor 
screening for mismatch repair deficiency for sebaceous neoplasms as well as the following adenocarcinomas: small 
bowel, gastric, pancreas, biliary tract, brain, bladder, urothelial, and adrenocortical.
• An individual with colorectal or endometrial cancer and any of the following:
 • Diagnosed < age 50 years

 • A synchronous or metachronous LS-related cancer*** regardless of age
 • 1 1st or 2nd-degree relative with an LS-related cancer diagnosed < age 50 y
 • ≥2 1st or 2nd-degree relatives with an LS-related cancer regardless of age
• Family history of any of the following:
 • ≥1 1st-degree relative with a colorectal or endometrial cancer diagnosed <50 y
 • ≥1 1st-degree relative with a colorectal or endometrial cancer and a synchronous or metachronous LS- related 
cancer regardless of age
 • ≥2 1st-degree or 2nd-degree relatives with LS-related cancers, including ≥1 diagnosed <50 y
 • ≥3 1st-degree or 2nd-degree relatives with LS-related cancers regardless of age
• Increased model-predicted risk for Lynch syndrome
 • An individual with a ≥5% risk of having an MMR gene pathogenic variant based on predictive models (i.e., 
PREMM5, MMRpro, MMRpredict)
 • Individuals with a personal history of colorectal and/or endometrial cancer with a PREMM5 score of ≥2.5% 
should be considered for multi-gene panel testing.
 • For individuals without a personal history of colorectal and/or endometrial cancer, some data have suggested 
using a PREMM5 score threshold of ≥2.5% rather than ≥5% to select individuals for MMR genetic testing. Based on 
these data, it is reasonable for testing to be done based on the ≥2.5% score result and clinical judgment. Of note, with 
the lower threshold, there is an increase in sensitivity, but a decrease in specificity.

Possible Future State

• Known LS pathogenic variant in family
• Personal history of CRC or other LS associated cancer, without pre-selection based on family history or tumor 
testing
• Increased family history model-predicted risk for Lynch syndrome and other cancer risk genes

*
LS associated cancers for Amsterdam II were defined as cancers of the endometrium, small bowel, ureter, or renal pelvis;

**
LS associated cancers under revised Bethesda criteria were defined as colorectal, endometrial, stomach, ovarian, pancreas, ureter, renal pelvis, 

biliary tract, brain (usually glioblastoma), sebaceous gland adenomas and keratoacanthoma, small bowel;

***
NCCN defined LS associated cancers as colorectal, endometrial, gastric, ovarian, pancreas, urothelial, brain (usually glioblastoma), biliary tract, 

and small intestinal cancers, as well as sebaceous adenomas, sebaceous carcinomas, and keratoacanthomas
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Table 7:

Summary of 2021 National Comprehensive Cancer Network Recommendations for cancer surveillance for 

individuals with Lynch syndrome by pathogenic variant 66.

MLH1 MSH2 and EPCAM MSH6 PMS2

Cancer Risk 
Site

Colorectal
• Colonoscopy every 1–2 y, initiated at age 20–25 y, or 
2–5 y prior to earliest CRC in family if diagnosed before 
age 25

• Colonoscopy every 1–2 y, initiated at age 30–35 y, or 2–5 y 
prior to earliest CRC in family if diagnosed before age 30

Endometrial

• Patient education to monitor for abnormal uterine bleeding or postmenopausal bleeding, 
which can allow for early detection of endometrial cancer. NCCN recommends evaluation of 
these symptoms should include endometrial biopsy.
• Total hysterectomy can be considered as risk reducing option to reduce incidence, with 
timing individualized based on childbearing plans, comorbidities, and family history.
• NCCN notes that screening via endometrial biopsy does not have proven benefit, but that 
this strategy is highly sensitive and specific as a diagnostic procedure, and that screening 
with endometrial biopsy every 1–2 y, starting at age 30–35 y can be considered.
• Transvaginal ultrasound may be considered for postmenopausal women at clinician 
discretion, but sensitivity may be limited. Ultrasound is not recommended as a screening 
tool in premenopausal women.

• NCCN notes that PMS2 
Lynch syndrome appears 
to be associated with only 
modestly increased risk 
of endometrial cancer in 
contrast to MLH1, MSH2, 
and MSH6 Lynch syndrome.
• Considerations for 
surveillance are otherwise 
the same as for MLH1, 
MSH2, and MSH6 Lynch 
syndrome

Ovarian

• Individualized consideration for bilateral salpingo-
oopherectomy (BSO) based on childbearing plans, 
menopause status, comorbidities, and family history to 
reduce ovarian cancer incidence
• Patient education to monitor for persistent pelvic/
abdominal pain, bloating, increased abdominal girth, early 
satiety, or urinary frequency/urgency
• NCCN currently states data do not support routine 
screening, and that transvaginal ultrasound has not been 
shown to be sufficiently sensitive or specific to support 
a routine recommendation, but may be considered at 
clinician's discretion. A similar conclusion was reached 
for serum CA-125-based screening.

• NCCN has noted 
insufficient evidence to make 
a specific recommendation 
for risk-reducing BSO in 
MSH6 Lynch syndrome, and 
guidance for those considering 
prophylactic surgery or 
screening is otherwise the 
same as for MLH1 and MSH2 
Lynch syndrome

• NCCN has noted 
insufficient evidence to make 
a specific recommendation 
for risk-reducing BSO for 
PMS2 Lynch syndrome, 
and that PMS2 pathogenic 
variant carriers appear to be 
at no greater than average 
risk for ovarian cancer 
and therefore may consider 
deferring surveillance and 
may reasonably elect against 
oophorectomy
• For PMS2 pathogenic 
variant carriers who consider 
surveillance or surgery, 
recommendations are the 
same as for MLH1 and 
MSH2 Lynch syndrome

Urothelial 
Cancer 
(Renal 
pelvis, 
ureter, 
and/or 
bladder)

• No clear evidence to 
support surveillance
• Surveillance options 
may include annual 
urinalysis starting at age 
30–35 y, but NCCN 
stated there is insufficient 
evidence to recommend 
a particular surveillance 
strategy

• NCCN has recommended 
the same strategy as for 
MLH1 Lynch syndrome, 
but has noted that 
those with MSH2 Lynch 
syndrome (especially 
males) appear to be at 
higher risk for urothelial 
cancer

• No clear evidence to support surveillance
• Surveillance options may include annual urinalysis starting at 
age 30–35 y, but NCCN stated there is insufficient evidence to 
recommend a particular surveillance strategy

Gastric and 
small bowel 
cancer

• NCCN states no clear data exist to support surveillance for gastric, duodenal, and more distal small bowel cancer 
for LS. Individuals with a family history of these tumors may have increased risk but the benefit of surveillance is 
unknown.
• Consider baseline EGD with random biopsy of the proximal and distal stomach to evaluate for H. Pylori, autoimmune 
gastritis, and intestinal metaplasia beginning at age 40 y and surveillance EGD every 3–5 y in those with risk factors for 
gastric cancer such as: male sex; MLH1 or MSH2 pathogenic variants; first degree relative; Asian ethnicity; residing in or 
immigrant from country with high background gastric cancer incidence; autoimmune gastritis; gastric intestinal metaplasia; 
gastric adenoma
• Consider testing for H. pylori, and treat if detected.

Pancreas

• For individuals with exocrine pancreatic cancer in ≥1 
first- or second-degree relatives from the same side of 
the family as the identified pathogenic/likely pathogenic 
germline variant, consider pancreatic cancer screening 
beginning at age 50 years (or 10 years younger than the 
earliest exocrine pancreatic cancer diagnosis in the family, 

• NCCN has specifically noted 
there are limited data on 
pancreatic cancer risk for 
MSH6 Lynch syndrome
• Recommendations are 
otherwise the same as for 

• Current NCCN guidelines 
conclude that PMS2 carriers 
have not been shown to be at 
increased risk for pancreatic 
cancer, and that patients with 
family history of pancreatic 
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MLH1 MSH2 and EPCAM MSH6 PMS2

whichever is earlier) with annual contrast-enhanced MRI/

MRCP and/or EUS at a center of expertisea
MLH1 and MSH2 Lynch 
syndrome

cancer should be managed 
based on careful assessment 
and clinical judgement

Prostate

• The version 1.2021 NCCN Guidelines for Prostate Cancer Early Detection recommend it is reasonable for men with 
Lynch syndrome to consider beginning shared decision-making about screening at age 40 and to consider screening at 
annual intervals. Referenced with permission from the NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) 
for Prostate Cancer Early Detection V1.2021 © National Comprehensive Cancer Network, Inc. 2021. All rights reserved. 
Accessed March 22, 2021. To view the most recent and complete version of the guideline, go online to NCCN.org

Breast 
(female)

• NCCN concluded there is insufficient evidence to support increased screening above average-risk breast cancer screening 
recommendations or those based on personal/family history of breast cancer

Brain • Patient education regarding signs and symptoms of neurologic cancer and the importance of prompt reporting of abnormal 
symptoms to their physicians

Skin
• Consider skin exam every 1–2 years to evaluate for sebaceous adenocarcinomas, sebaceous 
adenomas, and keratoacanthomas; age to initiate surveillance is uncertain and can be 
individualized

• NCCN noted that elevated 
risk of sebaceous tumors 
and keratoacanthoma has 
not been documented for 
PMS2 Lynch syndrome, and 
that surveillance can be 
considered using the same 
strategies as for MLH1, 
MSH2, and MSH6 Lynch 
syndrome

NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) are updated annually; see nccn.org for most current NCCN 
recommendations.

a
The NCCN recommends that such screening only take place after an in-depth discussion about the potential limitations to screening, including 

cost, the high incidence of benign or indeterminate pancreatic abnormalities, and uncertainties about the potential benefits of pancreatic cancer 
screening
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