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Abstract

Universal mismatch repair deficiency (dMMR) testing of colorectal cancer (CRC) is pro-

moted as routine diagnostics to prescreen for Lynch syndrome. We evaluated the yield

and experience of age-related molecular investigation for heritable and nonheritable cau-

ses of dMMR in CRC below age 70 to identify Lynch Syndrome. In a prospective cohort

of 3602 newly diagnosed CRCs below age 70 from 19 hospitals, dMMR, MLH1 pro-

moter hypermethylation, germline MMR gene and somatic MMR gene testing was

assessed in daily practice. Yield was evaluated using data from the Dutch Pathology Reg-

istry (PALGA) and two regional genetic centers. Experiences of clinicians were evaluated

through questionnaires. Participating clinicians were overwhelmingly positive about the

clinical workflow. Pathologists routinely applied dMMR-testing in 84% CRCs and deter-

mined 10% was dMMR, largely due to somatic MLH1 hypermethylation (66%). Of those,

69% with dMMR CRC below age 70 without hypermethylation were referred for

genetic testing, of which 55% was due to Lynch syndrome (hereditary) and 43% to

somatic biallelic pathogenic MMR (nonhereditary). The prevalence of Lynch syndrome

was 18% in CRC < 40, 1.7% in CRC age 40-64 and 0.7% in CRC age 65-69. Age 65-69

represents most cases with dMMR, in which dMMR due to somatic causes (13%) is

20 times more prevalent than Lynch syndrome. In conclusion, up to age 65 routine diag-

nostics of (non-)heritable causes of dMMR CRCs effectively identifies Lynch syndrome

and reduces Lynch-like diagnoses. Above age 64, the effort to detect one Lynch syn-

drome patient in dMMR CRC is high and germline testing rarely needed.

Abbreviations: d, deficiency; CRC, colorectal cancer; Hypermethylation, MLH1 promoter hypermethylation; IHC, immunohistochemistry of the mismatch repair proteins; IQR, interquartile range,

that is, 25th percentile to 75th percentile; LS, Lynch syndrome; MMR, mismatch repair; MSI, Microsatellite instability; NGS, next-generation sequencing; PALGA, Nationwide network and

registry of histopathology and cytopathology in the Netherlands; U-MMR, universal mismatch repair deficiency testing workflow.
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1 | INTRODUCTION

Recognition of Lynch Syndrome is of great importance, as patients

and relatives may benefit from surveillance or risk-reducing surgery

to reduce cancer risks and improve survival.1-3 Lynch syndrome is

the most common cause of hereditary colorectal cancer (CRC) and

is also associated with increased risk of endometrial, ovarian, gas-

tric and other cancers.4,5 To enhance the detection of Lynch syn-

drome a prescreen by mismatch repair deficiency (dMMR) testing

of patients with CRC has more and more become routine diagnos-

tics. In addition, dMMR testing has a purpose for oncological treat-

ment as dMMR in CRC is associated with improved prognosis,

diminished Fluorouracil chemotherapy response and high sensitiv-

ity to immunotherapy with immune checkpoint inhibitors.6-8 Such

dMMR testing can either be done by microsatellite instability test-

ing (MSI) or immunohistochemistry of the mismatch repair pro-

teins (IHC).9

In patients with Lynch syndrome, the mean age at CRC diagno-

sis is 45 to 60 years.5 While in the general western population the

median age at CRC diagnosis is 70 year.10 The presence of herita-

ble and nonheritable causes of dMMR changes with the age of CRC

diagnosis, with more hereditary CRCs in the younger age

groups.1,11 As CRC is a very frequently occurring diagnosis and the

majority of patients with CRC is above age 60 to 70 years, it is rele-

vant to know up to what age routine diagnostics for heritable cau-

ses of dMMR is indicated. Current policies and guidelines show a

broad variation up to what age diagnostics for heritable causes of

dMMR is performed.9,12,13 For example, in the United Kingdom,

there are no age limits, and in the Netherlands, the age limit is set

at below age 70 at CRC diagnosis. Therefore, more clarity is needed

on age limits.

Diagnostics for heritable causes of dMMR is complex and

expensive. Generally, dMMR can be diagnosed either by loss of

MMR protein expression or microsatellite instability and is pre-

sent in 10% to 15% of all CRCs.14 In case of dMMR in CRC this

can be explained by one of three causes that needs further

molecular investigation: (a) a heritable pathogenic germline

variant in a MMR gene (MLH1, MSH2, MSH6 and PMS2 or epige-

netic silencing of MSH2 through EPCAM deletions) rendering the

diagnosis Lynch syndrome, (b) nonheritable somatic MLH1 pro-

moter hypermethylation (subsequently called hypermethylation)

or (c) nonheritable biallelic somatic pathogenic MMR gene

variants.4,14-16

In a prospective cohort of newly diagnosed CRC patients across

19 hospitals, we evaluated up to what age diagnostics for heritable

causes of dMMR is efficient to identify Lynch syndrome and how this

diagnostic workflow is experienced by clinicians.

2 | METHODS

2.1 | Study population and procedures

In this prospective multicenter cohort study, the diagnostic process to

assess somatic and germline causes of dMMR was evaluated in the

clinical practice of 19 hospitals (two universities and 17 regional hos-

pitals) and 13 associated pathology laboratories. This diagnostic

process—the so-called universal MMR workflow (U-MMR)—consists

of either IHC or MSI testing of CRC followed by MLH1-promoter

hypermethylation testing in case of a negative MLH1 staining or MSI

in all CRC patients below age 70 (CRC < 70). Although not preferred,

BRAF mutation analysis may serve as a surrogate marker for

hypermethylation. This is followed by referral for genetic counseling

of those with dMMR without hypermethylation, any CRC below age

40 (CRC < 40) or a strongly positive family history of cancer or poly-

posis. After germline MMR gene testing and in the absence of a

germline pathogenic variant, somatic sequencing of MMR genes in

tumor DNA is performed.16 More details on the implementation of

the U-MMR workflow are provided in the supplemental methods.

All patients with a newly diagnosed, primary CRC < 70 diagnosed

by any of the participating pathology laboratories between January

2016 and July 2017 were included in the study (Figure S1). The

patients were identified through a search of the nationwide network

and registry of histopathology and cytopathology in the Netherlands

(PALGA).17 Patients with neuroendocrine tumors, squamous cell rectal

cancer, or cancers of origin outside the colon were excluded. The

pathology reports, including results of MMR testing, were retrieved

for each of the identified patients. Patients referred for genetic

counseling were identified in the two genetic centers in the region

(Radboud university medical center, Nijmegen and Maastricht Univer-

sity Medical Center, Maastricht). For patients referred by July 2017,

results of genetic testing were retrieved up to August 2018.

What's new?

DNA mismatch repair deficiency (dMMR) is often found in

colorectal cancer (CRC), and can be caused by hereditary

Lynch syndrome (LS). In this study, the authors found that, in

CRC patients younger than age 65, LS is common enough

that both dMMR and germline testing are warranted. In

patients older than age 64, however, non-heritable causes of

dMMR are 20-fold more common than LS. It is thus reason-

able to restrict germline testing to dMMR-CRC patients who

are below age 65.
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The experience of pathologists (n = 23/81), surgeons and gastro-

enterologists (n = 71/226) and clinical geneticists (n = 36) were evalu-

ated by questionnaires (Figure S1).

2.2 | Statistical analysis

Analyses were performed with R software.18 Data were summarized

using descriptive statistics. Outcomes were assessed by age and

patients were stratified in three main age groups: patients diagnosed

with CRC below age 40 (CRC < 40), CRC between age 40 and

65 (CRC40-64) and CRC between age 65 and 70 years (CRC65-69).

Comparisons between patient groups were made using Mann-

Whitney U test for nonparametric variables, and Fisher Exact test for

proportions. Bonferroni correction was applied when assessing differ-

ences between patient subgroups. Values of P < .05 (two-tailed) were

considered significant.

3 | RESULTS

3.1 | Universal MMR deficiency testing

During the study period, 3602 eligible CRC patients were diag-

nosed at median age 62 (IQR 57-66; Table 1). dMMR testing was

performed in 84% (3036/3602; Figure S2). The uptake of dMMR

testing increased from 69% (568/827) in the first 3 months to a

consistent uptake of 89% (2468/2775) in the remaining period. In

the vast majority, dMMR was assessed with IHC 94% (2841/3036).

dMMR was detected in 22% (11/51) CRC < 40, 7% (134/1940) in

CRC40-64 and 14% (146/1045) in CRC65-69 (P < .001). The per-

centage of dMMR was lowest between age 50 to 54 and 55 to

59 with 5% (13/275 and 28/550, respectively) and increased to

14% (146/1045) between age 65 to 69 (Figures 1 and 3). Of all

CRC < 70, 34% (1045/3036) were diagnosed at age 65 to 69 and

50% (146/291) of dMMR CRC was detected in this age group.

Therefore, this was taken as a separate group.

3.2 | Hypermethylation testing

Hypermethylation results were available for 88% (221/251) of the

MLH1-negative cases and occurred in 66% (175/264) of dMMR

cases. The percentage of dMMR CRC explained by hypermethylation

increased with age from 0% (0/9) in dMMR CRC < 40 to 84%

(109/130) in dMMR CRC65-69 (P < .0001; Figure 3).

The percentage of CRCs with dMMR without hypermethylation,

which represent putative Lynch syndrome patients, decreased with

age from 22% (95% CI: 12%-35%) in CRC < 40 to 2% (95% CI: 2%-

3%) in CRC65-69 (P < .0001) and the percentage of CRCs with

hypermethylation increased from 0% (95% CI: 0%-8%) to 12% (95%

CI: 10%-14%; P < .0001; Figure 4).

3.3 | Germline and somatic MMR genetic testing

Of the CRC patients with dMMR without hypermethylation, 78%

(7/9) with CRC < 40, 51% (30/59) with CRC40-64 and 48% (10/21)

with CRC65-69 was tested for pathogenic MMR gene variants after

genetic counseling (Figure S2). The referral rate was higher for
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hypermethylation [Color figure can be viewed at wileyonlinelibrary.com]
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patients diagnosed more than 1 year before the end of the study 71%

(29/41) compared to those within 1 year of the end of the study 44%

(21/48). The median time between CRC diagnosis and referral for

genetic counseling was 56 days (IQR 26-78 days, range 5-442 days)

for patients diagnosed in the first period.

In 55% (26/47) patients tested for MMR gene variants, a path-

ogenic MMR germline variant was detected, of which 31% (8/26) in

MLH1, 27% (7/26) in PMS2, 19% (5/26) in MSH2, 8% (2/26) in

EPCAM and 15% (4/26) in MSH6 (Table S1). Only 77% (20/26) ful-

filled revised Bethesda guidelines for referral for clinical genetic

testing. Two of these 26 patients were diagnosed with Constitu-

tional Mismatch Repair Deficiency (CMMRD; CRC at age 22 and

24) as they had inherited a pathogenic variant from both parents

(Table S1). Of patients with dMMR CRC without hypermethylation,

86% (6/7) with CRC < 40, 57% (17/29) with CRC 40-64 and 30%

(3/10) with CRC 65-69 had a pathogenic MMR germline variant

(Figures 2 and 3).

In 95% (20/21) patients tested negative for a pathogenic germline

variant two somatic pathogenic MMR aberrations (Table S2) were

detected in the tumor. One patient remained ‘Lynch-like’ with only one

somatic pathogenic variant detected in PMS2, but the analysis was

incomplete due to the presence of the PMS2CL pseudogene (Figure S2).

Patients with a pathogenic germline variant had a median age of

55 (IQR 40-62) at diagnosis which is significantly younger than those

with dMMR CRC due to hypermethylation (age 66 [IQR 63-68],

P < .001; Table 1; Figure S3). Those with biallelic somatic aberrations

(age 60 [IQR 49-67]) were also younger than those with

hypermethylation (P = .012).

Extrapolations indicate a detection rate of pathogenic MMR

germline variants of 17.8% (95% CI 9.2-30.9%) in CRC < 40, 1.7%

(95% CI 1.2-2.3) in CRC40-64 and 0.7% (95% CI 0.3-1.3) in

CRC65-69 (Figure 4). To detect one Lynch syndrome patient the num-

ber needed to test is 5.6 (95% CI 3.2-10.8) in CRC < 40, 59 (95% CI

43-82) in CRC40-64 and 148 (95% CI 74-306) in CRC65-69, and after

dMMR in CRC
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Hereditary cases in dMMR CRC without hypermethylation
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prescreen for solely dMMR CRC this is 1.2 (95% CI 1.0-2.0), 4.1 (95%

CI 3.1-5.5) and 21 (95% CI 11-43), respectively.

3.4 | Experiences of clinicians

Of the 23 pathologists, all performed universal IHC or MSI testing in

CRC < 70. Only 5% (1/21) of them considered universal dMMR test-

ing difficult to organize.

Of the 71 surgeons and gastroenterologists, 89% (54/61) considered

the guideline on universal MMR testing clear and practicable, and 70%

(37/53) considered the advices of the genetic services to be good and

useful. The majority of the physicians (78%; 43/55) used the tool kit that

was developed to facilitate the referral process, including a website with

short videos for patients (cancergenetics.eu), mobile-app and a printed

guideline pocket card. Clinicians most often mentioned the following five

reasons for not referring CRC patients with an indication based on the

U-MMR workflow: (a) refused by patients (mentioned by 98%; 52/53),

(b) missed referrals due to delay in availability of hypermethylation

results (mentioned by 87%; 47/55), (c) no clinical consequences as there

are no relatives (mentioned by 65%; 34/52), (d) delay until after CRC

treatment (mentioned by 56%; 31/55) and (e) psychological burden

(mentioned by 33%; 18/55). Gastroenterologists and surgeons suggested

the following facilitating factors to further increase the referral rate:

(a) patient empowerment by sharing results and conclusion of the dMMR

test directly with the patient, (b) a dedicated Lynch syndrome expert in

all clinical teams and (c) including the results of the dMMR-test in the

multidisciplinary team discussion.

The 36 clinical geneticists reported that U-MMR testing made

counseling more efficient as for 42% to 64% of patients with U-MMR

results one appointment was sufficient compared to two appoint-

ments for 14% to 36% of patients without a U-MMR result.

4 | DISCUSSION

In this large prospective cohort of consecutive CRC patients diagnosed

below age 70, we demonstrate that routine testing for MMR deficiency

combined with MLH1 promoter methylation testing is an efficient and

well accepted manner to select patients for MMR gene mutation analysis

in patients diagnosed up to age 65. The prevalence of Lynch syndrome is

18% in CRC below 40 and 1.7% in CRC between age 40 and 65 and, in

both age groups, 5% of all CRCs is MMR deficiency due to somatic cau-

ses. In CRC patients between age 65 and 70, the prevalence of Lynch

syndrome is only 0.7%, whereas 13% of all CRCs is MMR deficient due

to a somatic cause, mainlyMLH1 promoter methylation.

With increasing age, the proportion of dMMR increases and the bal-

ance between hereditary and nonhereditary causes of dMMR continues to

shift toward nonhereditary. Evaluation of dMMRCRC in patients diagnosed

above age 65 to 69 to detect Lynch Syndrome has a substantial impact on

the amount ofMMR deficiency and especiallyMLH1 promoter methylation

analyses that need to be performed with limited yield. Our study showed

that patients between age 65 and 70 years represent 36%ofCRC < 70 and

50% of CRC < 70 with dMMR, and that they represent about half of all

CRC patients and the majority of patients with dMMR that need genetic

testing.1,11,19 Another recent study estimated a prevalence of Lynch syn-

drome of 0.7% in CRC > 60 and 0.3% in CRC > 70,19 which is similar to the

overall population prevalence of 0.3% to 0.7%.20-22 This indicates that for

patients with CRC over age 65-69 years the risk of Lynch syndrome is not

increased compared to that of the general population. To reduce costs and

anxiety for hereditary diseases in those not at increased hereditary risk, an

age above 65 can be a good reason not to evaluate the underlying cause of

dMMR.23 However, the analyses of dMMR itself should remain in place

because the dMMR status may be informative for oncological care. Taken

together, we consider dMMR in CRC found by routine resting above age

65 not a good biomarker for Lynch syndrome, and plea to consider not to
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test for the underlying cause of dMMR in patients unless dMMR is tested

because of a family history directing toward Lynch syndrome.24

It has been shown that pathogenic MLH1 germline variants and

MLH1-promoter methylation may co-occur in less than 2% to 7% of

MLH1 germline cases.25-27 With the universal Mismatch repair workflow,

these cases may be missed. However, given the low co-occurrence rate,

the higher hypermethylation rates and the lower prevalence of germline

variants with increasing age and the advice still to refer cases with a

strong family history, this will hardly affect the estimated Lynch syn-

drome prevalence in our study.

Lynch syndrome and two pathogenic somatic MMR aberrations in

tumor DNA explained each about 15% of dMMR cases. Tumor DNA

MMR gene testing in the absence of any pathogenic germline MMR vari-

ant doubles the explained cases. In our study, a high proportion of

somatic aberrations was detected (20 of 21) compared to previous stud-

ies with rates of 50% and 69%, which is due to the improved sequencing

techniques and the additional loss of heterozygosity analyses.16,28 Such

somatic testing is introduced in our lab in 2011, but not yet part of rec-

ommendations for routine diagnostics.16 It significantly reduces the

number of patients and relatives considered Lynch-like and prevents

unnecessary surveillance colonoscopies in patients and relatives who

would otherwise be advised a Lynch-like surveillance protocol.29 Other

studies have suggested that upfront NGS assessment of tumor muta-

tions, including MMR genes, in all CRCs would be preferable as it sim-

plifies the workflow, provides more detailed tumor mutation information

which may be used to select systemic therapy, and improves detection

of LS.30 Although, cost-effectiveness analyses should yet be performed

for both workflows, cost-effectives of upfront tumor NGS is debatable

as only 1% of CRC is LS-associated and the therapeutic implications of

predictive somatic mutations are limited in early-stage disease.

In 1999, the Bethesda guidelines were introduced to select CRC

patients for dMMR testing.31 In the current study, only 78% of the Lynch

syndrome cases in CRC < 65 would have been detected by the revised

Bethesda guidelines.32 This confirms that universal dMMR testing in

CRC < 65 improves the detection of Lynch syndrome families. Addition-

ally, universal dMMR testing is feasible as routine dMMR testing was per-

formed in the majority of CRCs (84%). In our study based on day-to-day

practice, pathologists were shown to be very effective in tracing the 3%

dMMR-tumors without MLH1-promoter methylation in newly diagnosed

CRC patients. Gastroenterologists and surgeons substantially improved

their referral rates for genetic counseling as compared to the workflow

based on age, family history and restricted MMR testing in early-onset

cancer ormultiple cancer caseswhichwas previously reported in the same

study region (69% vs 33%, P = .004).33 This is mainly attributable to the

increasing attention for Lynch syndrome in pathology reports, and may be

partly due to increased clinical awareness of Lynch syndrome over time.34

To conclude, routine testing of mismatch repair deficiency in CRC as

biomarker for Lynch syndrome and evaluating somatic and germline

(nonheritable and heritable) causes of mismatch repair deficiency is feasi-

ble in daily practice and appreciated by clinicians. It increases genetic

testing in those CRC patients at high risk for Lynch syndrome and yields

more Lynch syndrome families than the revised Bethesda criteria. Rou-

tine analysis of the cause underlying dMMR, including MLH1 promoter

methylation analysis and germline genetic testing, may be restricted to

patients with dMMR CRC < 65 or with a strong family history.
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