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International guidelines for the diagnosis of Lynch syndrome (LS) recommend molecular screening of colorectal cancers
(CRCs) to identify patients for germline mismatch repair (MMR) gene testing.
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| 1. Introduction

Lynch syndrome (LS) is the genetic predisposition to cancer in a variety of organs, in particular those of the
gastrointestinal and genitourinary systems, caused by a germline pathogenic variant affecting one of four mismatch repair
(MMR) genes: MLH1, MSH2, MSH6, or PMS2 . The most prevalent cancers within the Lynch spectrum are colorectal
cancer (CRC) and endometrial cancer (EC), with cumulative incidences up to 57.1% and 48.9% by age 75 years,
respectively, based on data from the Prospective Lynch Syndrome Database (PLSD) [&. Known LS gene carriers can
benefit from personalised cancer treatment, cancer surveillance, and cancer prophylaxis, including colorectal and
gynaecological surgery and daily aspirin intake LIEBI4IEIE] Hence, their identification is critical to optimise their clinical
management. Since the discovery of its genetic cause in the 1990s, the strategies to identify LS have evolved with the
advance of our knowledge of its phenotype and the diagnostic technologies available. However, LS is vastly
underdiagnosed, with estimates that it is as common as one in 279 of the general population (MLH1 = one in 1946, MSH2
= one in 2841, MSH6 = one in 758, and PMS2 = one in 714) [, and accounts for approximately 3% of CRCs and ECs [
[91, Nearly three decades since its genetic definition, which have seen the completion of the Human Genome Project and
the development of 2nd- and 3rd-generation sequencing technologies, a reappraisal of current LS screening strategies,
and consideration of how these may evolve, is timely. Furthermore, the emergence of immunotherapy based on PD-L1
blockade has brought new impetus to the field, with pembrolizumab being the first site-agnostic agent to be licenced for
cancer treatment. This has made identification of MMR-deficient tumours, whether sporadic or hereditary &, a growing
need in patient care.

| 2. Defining LS: A History

The first clinical description of LS was Aldred Scott Warthin's “Family G” in 1913. Thirty three of its 70 members had been
diagnosed with colonic, endometrial, or gastric cancer, suggesting an autosomal dominant inheritance of increased cancer
risk 19, Through the 1960s, 1970s and 1980s, Henry T. Lynch published a series of cancer families, including a follow-up
description of Family G 1, and gave LS its first widely accepted name: Hereditary Non-Polyposis Colorectal Cancer
(HNPCC). HNPCC was defined to identify families for linkage analysis, and to highlight the lack of polyposis in the
colorectum in contrast with the well-described CRC syndrome Familial Adenomatous Polyposis (FAP). It was further
subdivided into Lynch syndromes | and Il depending on the tumour spectrum in the family 221,

In 1993, the underlying genetic cause of LS was discovered. Analysis of polymorphic microsatellites (short tandem repeat
sequences) to detect loss of heterozygosity revealed that approximately 15% of CRCs have an exceptionally high
frequency of microsatellite insertion and deletion variants (indels), a phenotype designated high microsatellite instability
(MSI-H) or replication error positive. These MSI-H CRCs were diploid (unlike the majority of CRCs that show
chromosomal instability), were associated with HNPCC, had a better prognosis, and tended to be proximally located (right
sided) with poor cellular differentiation and increased immune cell infiltration [SI4II1SI16]  Concurrently, in vivo
experiments in yeast showed that loss-of-function mutations in MMR genes MLH1, MSH2 and PMS1 caused an MSI-H
phenotype 2. The causative link between MMR gene defects and LS was then established using the yeast MSH2 gene
to map human MSH2 to chr2 p16-p21 and identify a pathogenic variant segregating with MSI-H HNPCC [18I119]
Pathogenic variants were subsequently found in the other MMR genes throughout the 1990s, including MLH1 29 pms2
21 and MSH6 221 |1n 20009, it was shown that 3’ deletions in EPCAM also cause LS through methylation of the deletion
locus and silencing of the neighbouring MSH2 gene [23. Sporadic MSI-H CRCs were shown to be associated with



promoter methylation (and therefore silencing) of MLH1 2425, The term HNPCC has been replaced by “Lynch” syndrome
to recognise the risk for a broad spectrum of tumours beyond CRC, and to unify Lynch syndromes | and Il by their shared
genetic aetiology 281,

| 3. Current Clinical Guidance for LS Screening

In 2017, the UK National Institute of Health and Care Excellence (NICE) published their Diagnostic Guidance 27, stating
that all CRC patients, irrespective of age or other clinical features, should be screened for LS 4. The multistep screening
pipeline begins with molecular analysis of the CRC. MMR deficiency testing of the tumour, by MSI analysis or
immunohistochemistry (IHC) to show loss of MMR protein expression, is used to identify potential LS-associated CRCs.
The utility of MMR deficiency testing is based on the repeated observation that nearly all LS CRCs are MMR deficient [28!
[29180131] - following somatic loss of function of the second allele of the germline-affected MMR gene according to
Knudson’s two-hit hypothesis B2, Subsequently, MMR-deficient CRCs are tested for BRAF ¢.1799T>A (p.V600E) variants
and MLH1 promoter methylation to improve screening specificity, as both are associated with sporadic tumours (p <
0.001) [31[34135][36] - patients with MMR-deficient CRCs lacking BRAF ¢.1799T>A (p.V600E) variants and MLH1 promoter
methylation are selected for germline MMR gene testing 4. Similar screening guidelines have been published by the
American Society for Clinical Pathology 27, and the European Society for Medical Oncology 28],

These guidelines are based on decades of evidence that show molecular tumour analysis is a superior screening strategy
to select CRC patients for germline MMR gene testing compared to screening by familial or clinical criteria . For
example, pooled data from four large cohorts of unselected CRC patients (n = 3671), consulted between 1994 and 2010,
found that the Bethesda Guidelines, which screen by familial and clinical criteria followed by molecular tumour analysis B9
140 had 87.8% sensitivity and 97.5% specificity for LS gene carrier detection, whereas screening by universal molecular
tumour analysis had 100% sensitivity and 93.0% specificity [l. Cost-effectiveness analyses, which balance the cost of
patient screening and cascade testing of family members against the benefits of cancer surveillance and prophylaxis,
further support screening strategies based on molecular analysis of CRCs 44243 A study comparison has shown
general agreement of this cost-effectiveness between different countries 4, An assumption made by these cost-
effectiveness analyses is that the identification of LS probands and asymptomatic relatives who carry the LS variant will
reduce cancer burden and costs due to prevention, surveillance and early detection 43 Therefore, it is of critical
importance to the clinical utility of LS screening that healthcare infrastructure has the capacity to offer these interventions
to all identified LS gene carriers.

The implementation of LS screening in clinical practice has had mixed efficacy. A systematic review in 2017 identified five
studies assessing the clinical performance of LS screening of CRC patients. Three of the five studies used a universal
molecular screening approach, and two preselected patients based on clinical and familial criteria prior to molecular
analyses of the tumour. The frequency of LS diagnoses ranged from 0.0% (0/31) to 5.3% (3/57) 42, The largest study
employing universal screening had an LS detection rate of 2.2% (17/784) 48] which suggests that approximately 73% of
LS gene carriers were identified assuming 3% of the cohort were carriers. This shows current diagnostic guidance can be
effective in a clinical setting. However, in the US, between 2010 and 2012, only 28.2% (43,143/152,993) and 43.1%
(7422/17,218) of CRC patients aged below 70 and 50 years, respectively, were tested for tumour MMR deficiency 2],
despite concurrent estimates that only 1.2% of LS gene carriers were known to clinical services 28!, Similarly, estimates
from the UK suggest that, in 2016, routine screening for LS in CRC patients aged below 50 years was not performed in
29.5% (46/156) of UK hospitals 49 despite guidance promoting this from the UK Royal College of Pathologists Y. Given
these observations, here, we review the key barriers to implementation, as well as the limitations, of current LS screening
guidelines. Following this we discuss the advances in our technology and knowledge that may further improve LS
identification by addressing these barriers and limitations, or providing new screening opportunities.

| 4. Barriers to Implementing LS Screening Guidance

A US survey of 509 clinicians belonging to the American College of Gastroenterology found that the most common
reasons given for a lack of MMR deficiency testing of CRCs to screen for LS were: prohibitive cost (33.3%), unfamiliarity
interpreting results (29.2%), unavailable genetic counselling (24.9%), and unavailable germline genetic testing (20.0%)
B4, Similarly, cost, practical limitations, resources, and genetic counsellor availability were the key limitations identified in
UK hospitals 49 and among Canadian genetic counsellors and pathologists 2. These surveys show that the follow up of
patients with a CRC suggestive of LS has barriers that are equally important to address as the barriers to universal
molecular analysis of CRCs. This is also evident in clinical studies assessing the efficacy of LS screening in practice. For
example, in a study of 1612 CRCs tested for MMR deficiency during the period 2004-2013, only 29.9% (82/274) of
patients with a MMR-deficient tumour were subsequently consulted at a familial cancer clinic, leading to a low yield of LS



diagnoses at 0.6% (10/1612) B3l Uptake of LS screening within different demographics, particularly the clinically
underserved, may face additional barriers, including access to clinics, cultural beliefs around healthcare, and language
barriers 24, Indeed, an analysis of CRC patient outcomes from 2012 to 2016 in four US centres showed that, whilst there
was no difference in tumour MMR deficiency testing uptake or results, African American and Hispanic patients were
significantly less likely to be referred for genetic counselling and testing 3. Specialist hospitals setup to address such
specific needs have been shown to provide high-quality LS screening to >90% of patients irrespective of their background
(341 However, a concerted effort to overcome both general and demographic-specific barriers will be needed for fair and
widespread LS screening to be achieved. The suggestion of dedicated LS screening programs has had strong support
from healthcare professionals B8, Careful program and policy design, an interdisciplinary approach, and sustained
funding have been highlighted as the key requirements of a successful LS screening program 52,

Stakeholder education will be an important consideration when deploying LS screening programs. A 2016 survey of UK
National Health Service General Practitioners found that 29.2% (294/1007) were not aware of LS (including by its
alternative names such as HNPCC), and only 46.7% of those who had heard of LS were aware of the reduction in CRC
risk associated with daily aspirin intake 4. Another survey found that 41% (82/201) of US medical students did not know
of LS. Of the students who had heard of LS, only 46% knew its genetic aetiology, only 23% knew of screening criteria to
identify LS, and only 32% and 17% knew of recommendations for CRC and EC surveillance, respectively B8, A lack of
knowledge of the LS phenotype and clinical management was also observed in a 2014 survey of Australian healthcare
providers from a variety of disciplines likely to encounter an LS patient: 7.7% (11/144) were unfamiliar with hereditary
cancer syndromes in general, and 13.4% thought guidelines for LS screening were unavailable 52, In this same study, the
most frequently (55.6%; 79/142) identified barrier to referring suspected LS gene carriers for further testing was a lack of
interest from the patient 2, This suggests that even with an optimised and informed healthcare service, the uptake of LS
screening may still be limited. Therefore, patients are also a key target of stakeholder education. In a randomised
controlled trial of universal MMR deficiency testing of CRCs to screen for LS, compared to physician- or self-referral, a
survey of the 145 participants’ perspectives showed that more than 90% agreed that universal LS screening should be
offered to CRC patients, and that they understood the reason for screening. Furthermore, when given a list of potential
benefits of LS screening (for example, better understanding of hereditary CRC risk), 50.3% endorsed all eight benefits
and 84.8% endorsed at least six benefits. Very low levels of anxiety due to screening were observed B9, This is in
contrast to the low patient interest observed by some healthcare practitioners 22, The discrepancies of these studies may,
in part, be explained by the composition of the patient population and the information provided to them: Clinical trial
participants will have been provided high-quality information curated by healthcare professionals with an interest in LS
screening, and likely represent a more engaged patient population. This suggests that patient education is likely to have a
major impact on perceptions and uptake of screening.

Barriers of finance, logistics, and education may be addressed by government investment in genetics healthcare. Not only
do such investments build clinical infrastructure and sequencing capacity, from which dedicated LS screening pipelines
will benefit, they also popularise genetics. The 100,000 Genomes Project (100kGP) has had a significant impact on
genetics services in the UK. Initial challenges faced by the 100kGP included pipelines for DNA extraction, establishing
quick turnaround times from DNA sample receipt to analysis, and data storage and access. Whilst the utility of whole-
genome sequencing to direct patient care is not agreed by all clinicians, the 100kGP has demonstrated the feasibility of
turnaround times <18 days, and has established data management systems that include secure links to patients’ clinical
records and several national datasets 82, Large-scale initiatives also provide an opportunity to explore associated ethical,
legal, and social issues, such as the impact on different peoples (particularly the clinically underserved), accountability
within the clinical pathway, and the patients’ privacy, data security, and role as stakeholders €2, all of which will be
informative for LS screening programs.
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