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Abstract

Background & Aims—Lynch syndrome patients have DNA mismatch repair deficiency and up
to 80% life-time risk of colorectal cancer. Screening of mutation carriers reduces colorectal cancer
incidence and mortality. Selection for constitutional mutation testing relies on family history
(Amsterdam and Bethesda Guidelines) and tumour derived biomarkers. Initial biomarker analysis
uses mismatch repair protein immunohistochemistry and microsatellite instability. Abnormalities
in either identify mismatch repair deficiency but do not differentiate sporadic epigenetic defects,
due to MLHI promoter region methylation (13% of CRCs) from Lynch Syndrome (4% of CRCs).
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A diagnostic biomarker capable of making this distinction would be valuable. This study
compared two biomarkers in tumours with mismatch repair deficiency; quantification of
methylation of the ML H1 promoter region using a novel assay and BRAF c.1799T>A, p.
(\Val600GIlu) mutation status in the identification of consti t uti onal mutations.

Methods—Tumour DNA was extracted (FFPE tissue) and pyrosequencing used to test for MLHI
promoter methylation and presence of the BRAFc.1799T>A, p.(Val600Glu) mutation 71 CRCs
from individuals with pathogenic MLHI mutations and 73 CRCs with sporadic MLH1 loss.
Specificity and sensitivity was compared.

Findings—Unmethylated MLHI promoter: sensitivity 94.4% (95% CI 86.2-98.4%), specificity
87.7% (95% CI 77.9-94.2%), Wild-type BRAF (codon 600): sensitivity 65.8% (95% CI 53.7—
76.5%), specificity 98.6% (95% Cl 92.4-100.0%) for the identification of those with pathogenic
ML H1 mutations.

Conclusions—Quantitative MLHI promoter region methylation using pyrosequencing is
superior to BRAF codon 600 mutation status in identifying constitutional mutations in mismatch
repair deficient tumours.

Keywords
Lynch Syndrome; MLHI methylation; BRAF, sensitivity; specificity

Introduction

Lynch syndrome (LS) is responsible for 3-4% of all colorectal cancer (CRC) and is the most
common cause of hereditary CRC (1, 2). It is caused by mutations in one of the DNA
mismatch repair (MMR) genes MLHI1, MSHZ, MSH6 and PMS2. Mutations result in MSI-
H (microsatellite instability high) cancers. Identification of families with LS is necessary to
initiate screening and to reduce CRC mortality (3-5).

Diagnosis of LS is complicated by the expense and time-consuming nature of constitutional
mutation analysis. Family history criteria and tumour-derived biomarkers are used to pre-
screen to select patients for germline testing. The Amsterdam Il criteria were designed to
select research families for linkage analysis. They are currently used, somewhat
inappropriately, for clinical purposes to select individuals at high risk of having a MMR
gene mutation. Patients who meet these criteria have at least 60% chance of a mutation (6).
These criteria are inherently specific but consequently have low sensitivity. Much work has
been done over the last decade to improve the identification of non-Amsterdam Lynch
families. The revised Bethesda guidelines described in 2004 (7) are sensitive but have low
specificity. They have been criticised for being overly complicated and are little used in
clinical practice (8). Tumour microsatellite instability (MSI) and mismatch repair protein
immunohistochemistry (MMR IHC) are currently used in conjunction with the revised
Bethesda guidelines (or other medium risk criteria). The sensitivity of MSI is 89% for
MLHI and MSHZbut less than 80% for MSH6 and PMSZ, with a specificity of 90% for all
genes (9). MSI testing is impractical for population-based screening due to the need for a
molecular genetics laboratory. MMR IHC may be preferable in patients meeting Bethesda
guidelines because of the low sensitivity of MSI for detecting MSH6 and PMSZ2 gene
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mutation carriers. MMR IHC has a sensitivity of 100% and a specificity 91.5% for the
detection of MLH1I carriers, a sensitivity 87.5% and specificity of 88.5% for the detection of
MSH2Z carriers (10). Pre-screening of all newly diagnosed CRCs (population-based) is used
in some specialist centres in the US and Europe (hone in the UK) in order to identify
families not meeting clinical criteria for Lynch syndrome. A multi-centre study of over
10,000 newly diagnosed CRC probands, found that MMR tumour testing was the most
effective strategy for the identification of mutation carriers (sensitivity 100%, specificity,
93.0%, diagnostic yield 2.2% compared to use of the Bethesda guidelines; sensitivity 87.8%
specificity, 97.5%, diagnostic yield, 2.0% P < 0.001) (11).

There are two independent molecular pathways which lead to MSI-H (MMR deficient) CRC
(12). MSI-H cancers occur not only in LS but also as a result of epigenetic silencing of the
ML H1 gene through hypermethylation of its promoter. This occurs in around 13% of
sporadic CRC (12). These cancers are also associated with the BRAF c.1799T>A,
p.Val600GIlu mutation (13) and are not familial. LS cancers are characterised by MSI-H, a
normal (unmethylated) MLH1 gene promoter region, and wild-type BRAF (i.e. ¢.1799T,
p.Val600). MMR IHC is able to effectively identify patients for MSHZ2, MSH6 testing.
Sporadic defects in these genes are rare so protein loss is highly indicative of a constitutional
abnormality. However, MSI and MMR IHC are not specific enough to identify MLHI
constitutional mutation carriers because of this large group of sporadic cancers with MLH1
deficiency. A method of differentiating between these groups of cancers is required.

BRAF mutation testing has been suggested. The methodology is well established and is
currently in use in some centres. However BRAFtesting has low specificity. MLH1
promoter region methylation testing is attractive as a better pre-screen test. Methylation is
thought to be the first step in pathogenesis of cancers with sporadic loss of MLH1 and is
thought to be rare in Lynch cancers (14). Lack of methylation should, therefore, be more
specific for the identification of constitutional mutation carriers. Constitutional MLH1
methylation has been reported as a rare cause of mutation negative Lynch Syndrome (four
cases reported) (15-19). This may confound the use of methylation as a pre-screen, but the
incidence of this is likely to be extremely low. Tumour MLHI promoter region methylation
has not previously been tested in a large group of patients. Whilst a number of methods for
ML HI methylation analysis have been developed, most are technically difficult (particularly
in FFPE tissue) and expensive.

Guidelines for constitutional mutation testing for cancer susceptibility genes suggest a
threshold of 10% risk (20). Using Bayes theorem, specificity and sensitivity of any pre-
screen test can be applied to individuals with differing risk determined by their family
history of cancer. Individuals who fulfil Amsterdam Il criteria have a pre-test probability of
harbouring a mutation of 60% (6). Individuals who fulfil the revised Bethesda guidelines
and have loss of MLHL1 in their tumour have a pre-test probability of at least 10.5% (21-23).
Patients from the general population who have MLH1 loss (tumour) have a pre-test
probability of 4.0% (23-26). We have previously shown that MSI testing alone is not an
appropriate pre-screening tool in Amsterdam criteria (I and 1) positive families. Even if
their tumour is microsatellite stable, the risk of having a mutation remains greater than 10%
(27). Given that a recent Health Technology Assessment study has recommended that all
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colorectal cancers in patients aged 60 years of age or younger should be pre-screened for
tumour mismatch repair deficiency (MMRd) (28), strategies need to be developed to deal
with the large number of MMRd tumours most of which will be the result of MLH1
promoter methylation in the tumour and not be caused by constitutional mutations.

The aim of this study was to: 1) develop a simple, cheap, reproducible method for
quantitative MLH1 promoter region methylation analysis in FFPE (formalin fixed, paraffin
embedded) tissue, 2) compare this with BRAF ¢.1799T>A p.Val600Glu mutation testing in
patients whose CRCs demonstrate loss of MLH1 protein expression and 3) assess additional
benefit of adding a methylation assay to BRAF testing in order to select patients for
constitutional MLHI mutation testing.

Ethical approval was obtained from South Manchester (UK) Research Ethics Committee.

To compare tumour MLHI promoter methylation testing and BRAFc.1799T>A
p.Val600GIlu somatic mutation testing for selecting patients for constitutional MLH1
mutation analysis, two groups of patients with MLH1 deficient tumours were identified,;
those patients with pathogenic constitutional MLAHZ mutations and patients with MLH1
promoter hypermethylated CRCs with MLH1 loss.

CRCs from patients with known pathogenic constitutional AL HI mutations were identified
from the Familial Colorectal Cancer Registry (Central Manchester University Hospitals
NHS Foundation Trust, UK n=22). Additional cases were provided by 7#/e Jeremy Jass
Memorial Pathology Tissue Bank of the Australasian Colorectal Cancer Family Registry
(ACCFR: U01 CA097735)(29). MMR IHC to identify CRCs with loss of MLH1 protein
expression was performed (by the ACCFR) (30). Screening for constitutional mutations in
MLH1, MSHZ2, MSH6 and PMS2was performed for all probands recruited from high-risk
clinic and for population-based probands who had a CRC with evidence of MSI or loss of
MMR protein expression by IHC. Mutation testing was performed as previously described
(31, 32). 49 ACCFR CRC cases with loss of MLH1 protein expression from patients with
known pathogenic MLHI mutations (n=49) were included.

Semi-quantitative MMR Immunohistochemistry (IHC), as previously described (10), was
conducted on 86 consecutive right sided CRCs (sporadic MSI-H tumours occur more
frequently in the right colon (12)) from patients aged over 50 years who did not fulfil
Amsterdam or Bethesda criteria identified at Manchester Royal Infirmary. Patients known to
have LS, FAP or inflammatory bowel disease were excluded. Those with MLH1 loss were
considered to be sporadic MLH1 loss cancers (n=33). MMR deficiency was confirmed by
MSI analysis (MS/I Analysis Version 1.2 (Promega, USA)). Additional MLH1 loss cases
were provided by ACCFR(29). CRC cases with MLH1 loss were classified as sporadic
(n=40) based on the presence of the BRAF mutation and/or methylation of the MLHI gene
promoter and did not harbour a pathogenic mutation in the MLHI gene. Detection of BRAF
mutation was determined on CRC tissue DNA using an allele-specific PCR assay as
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previously described (33). Methylation of the MLHI gene promoter region was assayed
using MethyLight gPCR on sodium bisulphite converted tissue DNA where samples with a
percent of methylated reference (PMR) greater than or equal to 10 were classified as positive
for MLHI methylation (13, 14).

Cancer specimens

Manchester samples: H&E slides were reviewed by an experienced Consultant
Gastrointestinal Pathologist (RM) and areas which contained at least 70% cancer cells were
selected. 10um thick slices were taken from the corresponding FFPE block for DNA
extraction. ACCFR samples: approximately six 4um thick FFPE slices mounted on
microscope slides were obtained per cancer. Each slice was reported to contain at least 70%
tumour tissue. The tissue was manually removed from the slides and placed into 1.5ml
Eppendorf tubes for DNA extraction.

MLH21 methylation analysis

ML H1 promoter methylation was quantified using a novel pyrosequencing assay developed
to UK Good Laboratory Practice standard. This assay relies on sodium bisulphite
conversion. The EpiTect plus FFPE Bisulphite kit® (Qiagen, UK)was used as per
manufacturer’s instructions, with an additional overnight tissue lysis step, to extract and
bisulphite modify genomic tumour DNA from approximately 10um thick sections of FFPE
tissue. An area of the MLHI promoter from —248 to —178, known to be functionally
significant (34) was amplified (see Figure 1). Each sample was tested in triplicate. A
CpGenome Universal Methylated DNA control (Millipore™, cat no. S7821) was used.

The amplicons were sequenced using the Pyrosequencer (PSQ 96MA). Sequencing primer:
GAATTAATAGGAAGAG. Pyrograms were analysed independently by two blinded
scientists. Greater than 10% methylation at each cytosine (35), in at least two of the three
triplicates was considered significant. Figure 2 show a typical pyrogram of methylated
MLHI tumour DNA. Genotype: C"GGACAGCMGATTTTTAACMGC™MG (methylated).

BRAF c.1799T>A p.Val600Glu mutation analysis

The region of BRAF codon 600 (exon 15) was sequenced using the Pyrosequencer (PSQ
96MA) and associated software (Qiagen, UK). Tumour DNA was extracted from the FFPE
tissue using the Qragen EZ1 robot in conjuction with the Tissue Extraction kit (Qiagen, UK)
as per the manufacturer’s guidelines. Codon 600 was amplified using a non-nested 25pl
polymerase chain reaction. Each sample was tested in triplicate. The amplicons were
sequenced using the Pyrosequencer (PSQ 96MA) and associated software. Sequencing
primer 5’-TGATTTTGGTCTAGCTACA-3’. Pyrograms were genotyped by two independent
blinded scientists.

Statistical Methods

The performance characteristics of unmethylated MLAH1 promoter region and wild-type
BRAF ¢.1799T>A p.Val600Glu and for the identification of cancers from the individuals
with a constitutional MLHI mutation were analysed using Diagnostic test two by two tables
(StatsDirect Ltd, Cheshire UK). Each test was analysed separately and in conjunction by

J Med Genet. Author manuscript; available in PMC 2016 December 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Newton et al.

Results

Page 6

applying the ‘either positive’ and ‘both positive’ rules. A Bayesian calculation was used to
calculate the post-test risk of harbouring a constitutional ML A1 mutation in groups of
patients with differing a prioririsk. This was calculated from all relevant published studies.
In this setting the post-test risk of an individual harbouring an MMLHZ mutation can be
calculated taking into account the pre-test (priori) risk which is determined by their family
history, and also their test result.

71 CRCs from pathogenic constitutional MLAHZ mutation carriers, and 73 sporadic cancers
with MLH1 protein loss were analysed. Somatic MLHZ1 promoter region methylation was
found in 4/71 (5.6%) tumours from constitutional MLHI mutation carriers and 64/73
(87.7%) sporadic cancers with MLH1 loss. Somatic BRAF mutation was found in 1/71
(1.4%) tumours from constitutional ML AHI mutation carriers and 48/73 (65.8%) sporadic
cancers with MLH1 loss (See table 1). 33/73 sporadic MLH1 loss cancers were known to be
wild-type (wt) for constitutional MLHI gene mutations. Of these 28/33 (84.8%) had somatic
ML HI methylation and 18/33 (54.5%) had somatic BRAF mutation. Of the 40 that had not
been tested for constitutional mutations, 36/40 (90.0%) had somatic ML HI methylation and
30/40 (75.0%) had somatic BRAF mutation.

The mean percentage of methylation (of the four CpGs examined in triplicate for each
sample) of the methylated tumours was 75.8%, and the median 81.5% (range 19.3-100%).
There was no difference in the level of methylation between the ML HI methylated tumours
from the sporadic group and those tumours that demonstrated ML HI methylation from
constitutional MLHI mutation carriers.

We have demonstrated that a normal (unmethylated) MLHI promoter region has a higher
specificity (87.67% [95% CI 77.88-94.2%]) than wt BRAF (65.75% [95% CI 53.72—
76.47%]) and similar sensitivity (normal MLHZ1 promoter region 94.37% [95% CI 86.2—
98.44%], wt BRAF (98.59% [92.4-99.96%]) for the identification of MLHI mutation
carriers.

When used in combination, a wt BRAF OR normal MLH1 promoter region result has the
highest sensitivity for the identification of MLAHZ mutation carriers (100% [95% CI 94.94%
to 100%]), but has the lowest specificity (63.01% [50.91% to 74.03%]). wt BRAF AND
normal MLHI has the lowest sensitivity (92.96% [95% CI 84.33% to 97.67%]) but the
highest specificity (90.41% [81.24% to 96.06%]).

Applying MLHI methylation and/or BRAF mutation analysis to tumour DNA from patients
who have a dAMMR cancer and fulfil Amsterdam 11 criteria does not significantly improve
diagnostic prediction of MLHI mutation. Although the identification of wt BRAF and/or
normal MLHZ1 promoter region strongly suggests that a constitutional MMLHZ mutation is
present, mutant BRAF and/or MLH1 hypermethylation does not bring the (post-test) risk of
a mutation to below 10%.

Applying MLH1 methylation and/or BRAF mutation analysis to tumour DNA from patients
who fulfil the revised Bethesda guidelines and have loss of MLH1 is informative. An
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unmethylated MLHI promoter region suggests a risk of having a constitutional MLH1
mutation of 31.4% while the identification of wild-type BRAF suggests a post-test risk of
19.0%. The finding of MLH1 methylation gives a risk of 1.2%. The finding of mutant BRAF
gives a risk of 1.6%.

Applying MLHI promoter region methylation analysis to tumour DNA from patients from
the general population who have a tumour with MLH1 loss is informative. The finding of
normal MLHI promoter region suggests a risk of a constitutional ML HI mutation of 14.0%
compared with the finding of methylated MLHZ1 promoter region, which suggests a risk of
0.4%. However, applying BRAF mutation analysis to tumour DNA from patients from the
general population who have MLH1 loss is uninformative. Wt BRAF only indicates a risk of
7.7%, so constitutional testing would not necessarily be indicated. Applying both BRAFand
MLHI analysis is only informative if both are wt/normal.

The ACCFR had performed somatic MLH1 promoter methylation and BRAF analysis on a
proportion of their sporadic MLH1 loss CRCs. MLHI methylation result was consistent in
21/22 cases and BRAF result was consistent in 39/39 cases with the pyrosequencing assays
performed in this study.

Discussion

This study is the first large-scale assessment of specificity and sensitivity of pre-testing
MLH1 CRC loss for the presence of a constitutional MLHI mutation. We have
demonstrated the utility of pyrosequencing-based testing of CRC tumour DNA for MLH1
promoter methylation in a large cohort of CRCs. A novel MLH1 promoter region
methylation assay has been developed to GLP standards and its clinical utility demonstrated
in the assessment of patients meeting Bethesda guidelines and in population based pre-
screening for Lynch Syndrome. A single assay is time and cost-effective and may encourage
the introduction of pre-screening into routine clinical practice. Unmethylated MLHI has a
sensitivity of 94.4% and a specificity of 87.7% for the identification of MLAH1 mutation
carriers from a group of cancers with MLH1 loss mismatch repair deficiency. As such
methylation is more effective than BRAF testing.

MMR protein immunohistochemistry should be used as the first-line LS pre-screening test in
patients meeting Bethesda guidelines and cancers with typical Lynch syndrome features
histologically. If MSH2, MSH6 or PMS2 proteins are absent this indicates high risk of LS
and the individual should be tested for constitutional mutations in the relevant gene. If
MLH1 protein is absent, tumour DNA should be subjected to MLHI promoter methylation
testing. If methylation is absent, this indicates high risk (>10%) of LS and constitutional

ML HI mutation analysis should be conducted.

It was previously unknown whether BRAF mutation or MLH1 promoter region methylation
or both, is best able to distinguish between sporadic MLH1 loss CRCs and cancers from
patients with constitutional ML HI mutations. Previous studies have examined small
numbers of patients and thus there is no guide for clinical practice (36-38).
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Sporadic MMR deficient cancers with loss of MLH1 (or MSI-high) are associated with

ML HI gene silencing through the epigenetic effect of promoter region methylation. In this
study MLHI promoter region methylation was found in 64/73 (87.7%) sporadic MMR
deficient colorectal cancers. 33/73 (45.0%) of the sporadic MMR deficient CRCs are known
to be negative for constitutional MLAHI mutations. 28/33 (84.8%) were found to have MLH1
promoter methylation. Methylation was consistent across all four cytosine residues in the
functional area of the promoter region as described by Deng et al (34). Pyrosequencing
allows accurate quantification of methylation. 9/73 (12.3%) sporadic MMR deficient CRCs
were found to have normal MLH1 promoter region. Two were found to have BRAF
mutation. Of the seven that were wild-type BRAF and normal MLH1 promoter region, four
had been tested for constitutional MLAHIZ mutations by the ACCFR and were found to be
negative. The remaining three had been classified as sporadic MMR deficient due to the
patient’s age (over 50 years) and lack of family history. The aetiology of these cancers
without promoter region hypermethylation is unclear but possible factors include loss of
protein expression, somatic mutation of MLH1 and loss of heterozygosity (39). It is feasible
that the MLHI promoter displayed mosaic or heterogeneous patterns of methylation for the
CpGs dinucleotides captured in the pyrosequencing amplicon but enough of the surrounding
CpGs dinucleotides were methylated to result in loss of MLH1 protein expression.
Alternatively, the three untested patients may be carriers of constitutional MLHI mutations.

It has been thought that MLHI promoter methylation is found exclusively in sporadic MMR
deficient CRCs (24, 34, 40-42). The current study is the largest dataset of MLAH1 mutation
carriers tested for MLHI promoter region methylation. MLHI promoter methylation was
found in 4/71 (5.6%) mutation carriers (see Table 4). Of these 1/22 (4.5%) was a Manchester
patient (from an Amsterdam family), and 3/49 (6.1%) were from the Australasian Colon
Cancer Family Registry (two from Amsterdam families) A first degree relative of the
Manchester patient (with the same constitutional MLHZ mutation) has an unmethylated
somatic MLHI.

This low MLHI promoter methylation frequency in mutation carriers is supported by a
recent literature review and meta-analysis (43) which found eight positively methylated
tumours in MLHI mutation carriers taken from 12 studies (5.56%). It has been suggested
that sporadic inactivation of the second normal MLH1I allele by hypermethylation may be
the ‘second hit’ event in mutation carriers (44). Whilst somatic MLHI promoter region
methylation is an infrequent event in constitutional AMLAHZ mutation carriers, this data
demonstrates that it is not rare and supports the hypothesis that it may function as the second
hit event. These findings also suggest that the discovery of MLHI hypermethylation does
not exclude the diagnosis of LS. Whilst the sensitivity of MLHI hypermethylation testing is
adequate for low/moderate risk individuals, it is not for high risk patients (3/4 MLH1
mutation carriers that had MLH1 promoter methylation were from Amsterdam families).

BRAF gene mutations are found in 5-15% of all CRCs (45, 46). They are more frequent in
cancers from Jass’s subtypes 1 (MSI-H, chromosome stable, CIMP high, methylated MLH1
promoter region; 13% of all CRCs) and 2 (MSI-low or stable, chromosome stable, CIMP-
high, partial MLH1 methylation; 8% of all CRCs) (12). Both are thought to originate in
serrated lesions. BRAF mutation is thought to be an unequivocal marker of the serrated
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neoplasia pathway. The discovery of a BRAF mutation is thought to rule out LS (47). In the
current study, BRAF mutation was found in 48/73 (66%) sporadic MLH1 loss CRCs. This is
consistent with previous studies (42, 48). A BRAF mutation was detected in 1/71 (1.4%)
CRCs from MLH1 mutation carriers. BRAF mutations have previously been reported as a
rare finding in patients with LS (49, 50), and are thought to represent a mixed lineage of
cancer predisposition. Walsh et a/have reported two families with evidence of LS and
probable additional constitutional factors causing serrated neoplasia (47). Senter et al
investigated 99 probands with Lynch spectrum cancers that demonstrated loss of PMS2 on
IHC. Constitutional PMS2 mutations were detected in 62%, and three (one exon 10 deletion,
two ¢.736_741del6ins11) of these were found to have tumour BRAF mutation (31). It is
likely that BRAF mutation is a rare finding in LS, and that its occurrence represents the
influence of other molecular pathways, as suggested by Walsh (47).

It has been suggested that in MMR deficient cancers, BRAF mutation is a surrogate marker
for MLH1 promoter methylation. However, there is now evidence that BRAF mutation
occurs in only 50-75% of sporadic MLH1 loss cancers. In a series of 270 CRCs, Wang et al
found BRAF mutations in 42/123 (34%) MMR deficient cases. BRAF was closely
associated with MLH1 methylation (30/36 [83.3%] MLHI hypermethylated cases also had a
BRAF mutation) (48). In a large population-based study, Woods et al examined 68 MSI-H
CRCs for BRAFand MLHI methylation in order to pre-screen for constitutional mutation
testing. BRAF mutation was closely but not exclusively associated with MLHI methylation.
31/40 (78%) of the hypermethylated tumours had BRAF mutations. In the current study
46/73 (63.0%) sporadic MLH1 loss cancers had both BRAF mutation and MLH1
methylation, but 18/73 (24.7%) had only MLHI methylation. This is consistent with
previous studies (42, 48).

A recent HTA report has established that it would be cost-effective for the NHS to introduce
systematic testing for Lynch Syndrome of all colorectal cancers up to age 70 (28). This
report addressed the issue of excluding sporadic MLH1 cases from requiring unnecessary
referral to clinical genetics services. The cost effectiveness analysis allows for the increased
costs of performing additional tests and the inherent reduction in sensitivity when more tests
are performed serially in an attempt to increase specificity. Our data suggest that only 65%
of cases without constitutional mutations will be identified by using BRAF alone. This is
increased to 90% by adding a MLHI methylation test. There are around 16800 new cases of
colorectal cancer up to age 70 each year in the UK (51). Around 2200 (13%) of these will be
sporadic MLH1 cases. The increased specificity of additional MLH1 methylation testing
(90%) rather than BRAF alone (65%) would reduce the number of cases requiring genetic
counselling and testing from around 780 to 220, a reduction of 550 cases each year. In our
laboratory ML HI mutation testing costs around £483, MLHI methylation testing costs
around £138 and BRAFtesting around £69. On average in the UK, a new person
appointment with a genetic counselor or physician costs around £500 and a follow up
appointment around £350. Adding MLH1 methylation testing into systematic testing would
cost around £300,000 per year. The cost saving each year would be around £700,000
(E£450,000 for counseling and £250,000 for constitutional MLHZ analysis).
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There are some limitations to the current study. A proportion of the sporadic samples did not
undergo constitutional testing for MLHI. Even full sequencing and a dosage test of MLHI
may miss mutations such as deep intronic splicing mutations and sensitivity may therefore
be reduced. Clendenning et al have reported the discovery of an intronic MSH2 mutation,
478bp upstream from exon 2 causing LS (52). As such some of the ‘sporadic” MLHI loss
CRCs may have had an undetected constitutional mutation. However, the rate of non-
methylated MLHI and wt BRAF in the 40 (4/40, 10%) sporadic tumours with mutation
testing was not different to that in the 33 (3/33, 9.1%) untested sporadic cases. In addition,
the untested sporadic patients may harbour constitutional methylation.

Constitutional MLHI promoter region methylation has been described as a rare (33 reported
cases) finding in CRC (16-18, 53-57). It is thought that this epimutation is usually erased in
the gametes but inheritance has been demonstrated in four cases (15-17, 19). A recent study
from the German HNPCC consortium investigated 32 mutation negative suspected Lynch
cases with MSI-H and MLH1 loss CRC. They report one case of heritable partial MLH1
promoter methylation, which is induced by a large genomic duplication including the
complete MLH1 gene and the promoter (15). This suggests that even in mutation negative
Lynch cases, the finding of constitutional methylation is low. Constitutional MLH1
methylation is likely a rare cause for CRC tumour DNA MLH1 promoter region
methylation, and a rare cause for LS, although the true incidence is unknown. In 10-15% of
suspected Lynch cases, no disease causing mechanism can be detected. In these cases it may
be prudent to test for constitutional MLHI promoter methylation.

Schofield et al reported a population based screening programme utilising IHC, MSI and
BRAFtesting in CRCs in patients aged below 60. In the cohort of 270, 70 were MSI-H. 82
had loss of MMR protein expression. BRAF testing was conducted on 76 tumours. 25
mutant BRAFtumours were excluded from further testing. 45 ‘Red Flag” cases were
identified (MSI-H and loss of MSH2 or MSH6, OR MSH-H and loss of MLH1/PMS2 and
WtBRAF). 31 were tested for constitutional mutations. 15 mutation carriers (7 MLHZ, 2
MSH2Z, 3 PMS2and 3 MSH6) were identified. The incidence of constitutional mutation in
their ‘Red Flag’ cases is 48%. Our study has demonstrated that IHC followed by MLH1
methylation testing is likely to have a higher “hit’ rate due to the higher specificity of MLH1
methylation compared to BRAF (88% versus 66% in our study). Utilising IHC as the initial
test avoids additional expense of MSI and allows the appropriate gene to be targeted for
constitutional testing.

Identification of families with LS is vital to enable reduction in morbidity and mortality with
screening. The use of population-based pre-screening has been hampered by a lack of
evidence for the specificity and sensitivity of MLHI promoter region methylation analysis
for the detection of mutation carriers. It is hoped that this current study provides that
evidence.

Conclusion

ML H1 promoter region methylation analysis is simple, reproducible and cheap. It can be
used in conjunction with mismatch repair IHC in the pre-screening of low and moderate risk
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patients for Lynch Syndrome mutation testing. This will be a vital addition to BRAF testing
when population assessment of MMR deficiency is introduced. Amsterdam criteria CRCs
should be tested for constitutional mutation regardless of CRC pre-screening status.
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MLH1 promoter region primary PCR conditions (25! reactions)

Forward primer:
Reverse primer:

Thermal cycling conditions:

5 -GTATTTTTGTTTTTATTIGGTTGG-3'
3'-GGTTAGTTTAAAGAGTTGAGATAT-5'

95°C for 5 minutes then 25 cycles of 95 °C for 30 seconds,
55 °C for 30 seconds, 72 °C for 60 seconds and 72°C for 5
minutes

MLH1 promoter region secondary PCR conditions (251 reactions)

Forward primer:
Reverse primer:

Thermal cycling conditions:

S“GTATTTTTGTTTTTATTGGTTGG-3'
3-TTGATAATTAATTTGTTGAATTTATGGTTAG-Btn-5’

95°C for 5 minutes then 35 cycles of 95 °C for 30 seconds,
55 °C for 30 seconds, 72 °C for 60 seconds and 72°C for 5
minutes

BRAF non-nested PCR conditions (2541 reactions)

Forward primer
Reverse primer

Thermal cycling conditions

5'-AGGTGATTTTGGTCTAGCTACAG-3'
3-TTTTACCTAGGTCTGTTGACAAG-Btn-5'

95 °c for 15 minutes the 38 cycles of , 95 °c for 20 seconds,
52 °c for 30, 72 °c for 20 seconds, and lastly 72 °c for 5
mins.

Figure 1.

ML H1 promoter region and BRAF polymerase chain reaction (PCR) conditions
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Pyrogram of methylated MLHI promoter region of tumour DNA
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Table 1
BRAF ¢.1799T>A p.Val600GIu mutation and MLHI promoter region methylation in MLAHI mutation carriers
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and sporadic MLH1 loss cancers

Tumour Status Mutant BRAF | wt BRAF Mutant BRAF | wt BRAF AND
AND MLH1 AND normal | AND normal MLH1
methylation MLH1 MLH1 methylation

MLHI mutation carriers tumoursn=71 | 0 66 (92.9%) 1(1.4%) 4 (5.6%)

MMR deficient sporadic tumours n =73 | 46 (63.0%) 7 (9.6%) 2 (2.7%) 18 (24.7%)
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Diagnostic Test (2 by 2 tables) analysis for the identification of MLAHI mutation carriers

Sensitivity (95% CI)

Specificity (95% CI)

Normal MLH1 promoter region

94.37% (86.20-98.44%)

87.67% (77.88-94.2%)

wt BRAF p.V600E

98.59% (92.4-99.96%)

65.75% (53.72-76.47%)

wt BRAF ¢.1799T>A p.Val600GIlu OR Normal MLH1 promoter region

100% (94.94% to 100%)

63.01% (50.91% to 74.03%)

wt BRAF ¢.1799T>A p.Val600GIlu AND Normal MLH1 promoter region

92.96% (84.33% to 97.67%)

90.41% (81.24% to 96.06%)
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Pre- and Post-test probabilities of being an MLHI mutation carrier for three a prioririsk groups

Table 3

*ACII *BG & "lgmMR | General population &
tumour *1dMMR tumour

Pre-test probability 60% (6) | 10.5% (21-23) 4.0% (23-26)
Post-test normal MLH1 promoter region | Truepositive | 85.5% 31.4% 14.0%

False negative | 12.6% 1.2% 0.4%
Post-test wt BRAF Truepositive | 74.9% 19.0% 7.7%

False negative | 17.5% 1.6% 0.6%
Post-test wt BRAF OR normal MLH1 Truepositive | 71.6 18.5 7.7

False negative | 13.1 1.31 0.6
Post-test wt BRAF AND normal MLH1 | Truepositive | 86.9 335 15.5%

False negative | 22.9 2.3 0.8%

AC = Amsterdam criteria and BC = Bethesda guidelines

*
'ZdMMR tumour = MLH1 loss on immunohistochemistry or MSI-H
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Table 4

MLHI promoter region methylation in MLHI mutation heterozygotes

Page 21

Sample Level of Clinical details Family History MLH1 Mutation

number methylation

11005300 | 29-38% Carcinoma in situ in adenoma, aged 40 | Amsterdam ¢.405insA

11007868 | 19-60% CRC aged 44 Amsterdam €.1852_1854delAAG p.Lys618del
11007938 | 70-80% CRC aged 53 *:DR with endometrial cancer | MLH1 ¢.1668-1G>A r.spl? p.?
11007944 | 67-82% CRC aged 39 Amsterdam MLH1 del x6

*
First degree relative
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