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Abstract

Background & Aims—Patients with Lynch syndrome carry germline mutations in single alleles
of genes encoding the MMR proteins MLH1, MSH2, MSH6 and PMS2; when the second allele
becomes mutated, cancer can develop. Increased screening for Lynch syndrome has identified
patients with tumors that have deficiency in MMR, but no germline mutations in genes encoding
MMR proteins. We investigated whether tumors with deficient MMR had acquired somatic
mutations in patients without germline mutations in MMR genes using next-generation
sequencing.
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Methods—We analyzed blood and tumor samples from 32 patients with colorectal or
endometrial cancer who participated in Lynch syndrome screening studies in Ohio and were found
to have tumors with MMR deficiency (based on microsatellite instability and/or absence of MMR
proteins in immunohistochemical analysis, without hypermethylation of MLH1), but no germline
mutations in MMR genes. Tumor DNA was sequenced for MLH1, MSH2, MSH6, PMS2, EPCAM,
POLE and POLD1 with ColoSeq and mutation frequencies were established.

Results—Twenty-two of 32 patients (69%) were found to have two somatic (tumor) mutations in
MMR genes encoding proteins that were lost from tumor samples, based on
immunohistochemistry. Of the 10 tumors without somatic mutations in MMR genes, 3 had
somatic mutations with possible loss of heterozygosity that could lead to MMR deficiency, 6 were
found to be false-positive results (19%), and 1 had no mutations known to be associated with
MMR deficiency. All of the tumors found to have somatic MMR mutations were of the
hypermutated phenotype (>12 mutations/Mb); 6 had mutation frequencies >200 per Mb, and 5 of
these had somatic mutations in POLE, which encodes a DNA polymerase.

Conclusions—Some patients are found to have tumors with MMR deficiency during screening
for Lynch syndrome, yet have no identifiable germline mutations in MMR genes. We found that
almost 70% of these patients acquire somatic mutations in MMR genes, leading to a hypermutated
phenotype of tumor cells. Patients with colon or endometrial cancers with MMR deficiency not
explained by germline mutations might undergo analysis for tumor mutations in MMR genes, to
guide future surveillance guidelines.

Keywords
colon cancer; MSI; genomic instability; dAMMR

INTRODUCTION

Lynch syndrome is the most common inherited cause of colorectal and endometrial cancers,
accounting for approximately 3% of these cases.}* Lynch syndrome is caused by germline
mutations in the mismatch repair (MMR) genes; MLH1, MSH2 (and EPCAM), MSH6 and
PMS2 followed by a second hit to the other allele at some point during the patient’s lifespan
leading to cancer development. The MMR system functions to correct mistakes in DNA
replication and once impaired, cells accumulate an abundance of mutations, which is
believed to lead to malignant transformation and eventually tumor formation with a
hypermutated phenotype.® This is manifested by microsatellite instability (MSI) and absence
of one or more of the four MMR proteins on immunohistochemical staining.

Universal tumor screening for Lynch syndrome among all newly diagnosed colorectal
cancers has been recommended by the CDC workgroup, Evaluation of Genomic
Applications in Practice and Prevention, using either the MSI or immunohistochemical
staining for the four mismatch repair proteins.® As a result, 71% of NCI designated
Comprehensive Cancer Centers, 36% of Community Hospital Comprehensive Cancer
Programs and 15% of Community Hospital Cancer Programs are now performing reflexive
screening for Lynch syndrome with 38% of all surveyed hospitals testing all colorectal
cancer cases.’

Gastroenterology. Author manuscript; available in PMC 2015 December 01.
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One of the major challenges when performing universal screening are cases where tumors
have absent MMR proteins on immunohistochemistry and/or MSI but no evidence of
germline mutations. Acquired hypermethylation of the MLHZ1 gene has long been known to
be responsible for about 80% of cases where MLH1/PMS2 is missing so this is generally
ruled out prior to germline testing of MLH1. Of cases with MSH2/MSH6 missing on
immunohistochemistry for whom no germline MSH2 or MSH6 mutation had been identified,
germline mutations in EPCAM and an inversion of MSH2 (exons 1-7) were found to explain
20-25% and 5%, respectively.8:? However, this still leaves many cases without a germline
mutation unexplained. These patients have been described as having Lynch-like syndrome,
and this was seen in 2.5% of all patients on the prospective Spanish EPICOLON and in
3.9% of all patients on the Columbus Lynch syndrome study:2 (unpublished data). Potential
explanations for these cases include germline mutations not detected by current screening
methods, bi-allelic tumor DNA mutations in MMR genes, somatic mosaicism for a MMR
gene mutation, or false positive screening test results. The results leave a dilemma for
genetic counseling and often these patients and their relatives are advised to follow rigorous
Lynch syndrome screening protocols until further information can be obtained.1 In more
recent years, it has become evident that some of these patients may have tumors with bi-
allelic somatic DNA mutations and might therefore not need rigorous Lynch syndrome
cancer screening.12:13 Testing for MMR mutations in tumor DNA has not been performed
commonly in the past because tumor DNA is often of poor quality with DNA fragmentation
and can furthermore be mixed with DNA from adjacent normal cells. Next-generation
sequencing has revolutionized gene sequencing and has made it more feasible to test tumor
DNA for mutations.

The objective of this study was to look for somatic mutations in tumor DNA of patients
from the Columbus Lynch syndrome study, and the more recent ongoing Ohio Colorectal
Cancer Prevention Initiative (OCCPI), that had MMR deficient and/or MSI tumors with no
apparent germline mutations and no MLH1 promoter hypermethylation.

MATERIALS AND METHODS

Patients

Patients from the previously published Columbus Lynch syndrome study!-3 and the ongoing
state-wide prospective Lynch syndrome screening study in Ohio (OCCPI)14 were included.
Both studies included patients with newly diagnosed colorectal and endometrial cancer,
regardless of age at diagnosis or family history. The research protocol and consent form
were approved by the institutional review board at each participating hospital, and all
patients provided written informed consent. Patients with MSI-H tumors and/or abnormal
immunohistochemistry without detectable germline mutations, were selected based on being
suspicious for having Lynch syndrome and having tumor DNA available for testing. MMR
gene mutation analysis was performed on their tumor.12 Patient charts were accessed and
family history, patient and tumor characteristics were documented.

Gastroenterology. Author manuscript; available in PMC 2015 December 01.
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MSI, Immunohistochemistry and MLH1 hypermethylation testing

For patients on the Columbus Lynch syndrome study, DNA was extracted from paraffin-
embedded tumor tissue and blood and immunohistochemistry, MSI testing, MLH1
hypermethylation testing, and germline genetic testing (sequencing and multiplex ligation
probe assay) for the four MMR genes was performed as previously described.1=* For
patients on the OCCPI study, H&E stained slides of the tumors were reviewed by a
pathologist, and areas of tumor containing over 30% viable tumor cells were marked for
macrodissection, to enrich tumor DNA. Tissue sections were scraped off from unstained
glass slides using QiaAmp DNA micro kit (Qiagen) following manufacturer's instructions
after overnight digestion with 20 pL of Proteinase K. Microsatellite testing was performed
using 5 mononucleotide markers (BAT-25, BAT-26, NR-21, NR-24 and MONO-27) testing
both tumor tissue and unaffected tissue with the Promega fluorescent multiplex PCR-kit
(Promega, Madison, Wisconsin, USA). Results were considered MSI-high when an allelic
shift was present in the tumor compared to the unaffected tissue in 2 or more markers tested
and MSI-low when instability was shown by only one marker. Tumor tissue was stained for
MLH1 (Novacastra, NCL-L-MLH-1), MSH2 (Calbiochem, NA27), MSH6 (Epitomics,
AC-0047) and PMS2 (BD Pharmingen, 556415) proteins with immunohistochemistry if
performed at OSU but some tumors had immunohistochemistry performed at outside
hospitals. The 5’ part of the promoter region of MLH1 was assessed for methylation. DNA
was modified with sodium bisulfite and the bisulfite treated DNA was amplified by
Pyrosequencing.

Germline and somatic mutation analysis

Three micrograms of tumor DNA and 3 micrograms of germline DNA isolated from
peripheral blood lymphocytes were shipped to University of Washington for analysis.
Tumor and blood DNA testing was performed using the ColoSeq next-generation
sequencing method that has been previously described®. Briefly, ColoSeq is a clinical
diagnostic assay for hereditary colon cancer that detects single nucleotide, indel and
deletion/duplication mutations in 19 genes including MLH1, MSH2, MSH6, PMS2, EPCAM,
POLE and POLDA. (http://tests.labmed.washington.edu/COLOSEQ). The assay uses paired-
end sequencing on the Illumina HiSeq 2500 instrument to sequence all exons, introns, and
flanking sequences at >300% average coverage. Mosaic mutations are detectable by this
methodology when present in as little as 2% of the DNA.16 Single nucleotide variant and
indel calling was performed through the GATK Universal Genotyper using default
parameters and using VarScan v2.3.2.17 Deletion/duplication analysis was performed using
CONTRA v2.0.318 with customized scripts to allow accurate detection of events at exon-
level resolution. PINDEL version 0.2.41° was used to identify tandem duplications and
indels greater than 10bp in length. Structural variants are identified using CREST v1.0 and
BreakDancer v1. Loss of heterozygosity (LOH) was determined by analysis of the variant
allele fraction (VAF). LOH was called when: 1) the VAF for a mutation was >80% higher
(~2 times) than the average somatic mutation VAF in the tumor, and 2) corroborated by
analysis of shifts in expected VAF among germline polymorphisms within the same gene
region. Possible LOH was defined as VAF between 40-80% higher than the average
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somatic mutation VAF. Tumor BRAF mutations were determined using a targeted next
generation deep sequencing approach which has been previously described.20

Total mutation counts were estimated by looking at the total number of mutations found by
the ColoSeq platform in exons and introns and comparing the frequency in tumor DNA
versus blood germline DNA. If germline DNA was not available, mutations were filtered if
they had an allelic fraction > 0.06 and no hits in the following databases: 1000 genomes,
exome variant server, doSNP.

Phenotypic microsatellite instability was assessed directly from ColoSeq next-generation
sequencing data using mSINGS (MSI by NGS).2! This method evaluated up to 146
mononucleotide microsatellite loci that are captured by ColoSeq in both blood and tumor
samples. For each microsatellite locus, the distribution of size lengths were compared to a
population of normal controls. Loci were considered unstable if the number of repeats is
statistically greater than in the control population. A fraction of >0.20 (20% unstable loci)
was considered MSI-high by mSINGS based on validation with 324 tumor specimens, in
which 108 cases had MSI-PCR data available as a gold standard.

Ten somatic MMR gene mutations found by ColoSeq were randomly selected and
confirmed by Sanger sequencing. Genomic DNA (20 ng) was amplified by PCR using
AmpliTag Gold DNA Polymerase (Applied Biosystems). PCR products were sequenced
using ABI Prism BigDye Terminator Cycle Sequencing Kit version 3.1 and the Applied
Biosystems 3730 DNA Analyzer (PE Applied Biosystems). All primers and PCR conditions
are available upon request.

Screening for large rearrangements

Unexplained tumors with MSH2 absent on immunohistochemistry were also screened for
inversion of exons 1-7 of the MSH2 gene with methods previously described by Rhees et
al.?

Mutation Interpretation

A 5-tiered scheme for classifying MMR mutations was recently published?? and was used to
classify the MMR mutations found (class 5=pathogenic; class 4=likely pathogenic; class
3=uncertain; class 2=likely not pathogenic; class 1=not pathogenic). If mutations were not
classified by INSIGHT, their impact on protein sequence was described. Cases were
considered solved if: 1) Two pathogenic or likely pathogenic mutations were identified
(mutations identified as class 4 or 5 or predicted to result in protein truncation); or 2) One
pathogenic or likely pathogenic mutation was identified with associated LOH. Cases were
considered possibly solved if only one pathogenic or likely pathogenic mutation was
identified with possible LOH. Cases were considered not explained if only one pathogenic
or likely pathogenic mutation was identified without LOH, if only class 1-2 variants were
detected, or if no mutations were identified in the MMR genes.
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Statistical Methods

Descriptive statistics (median with quartiles (Q) for age and mean with standard deviation
for continuous variables and frequency for categorical variables) were provided to describe
the patient population. Student’s t-test was used to compare continuous variables. The SPSS
statistical software, version 21 was used.

RESULTS

Patient characteristics

A total of 32 patients with either colorectal or endometrial cancer (see Table 1 for patient
characteristics) were screened for somatic mutations using ColoSeq, 22 from the Columbus
Lynch syndrome study (21% of unexplained colorectal cancer cases and 38% of
unexplained endometrial cancer cases) and 10 from the OCCPI (100% of unexplained cases
on the study; see Supplemental figures 4 and 5 for screening outcomes). All of these patients
had previously tested negative for MMR germline mutations by Sanger sequencing (except
for case #1574), MLPA (including EPCAM), and MLH1 hypermethylation negative if
MLHZ1 was missing on immunohistochemistry. Tumors had concordant results on
immunohistochemistry and MSI testing in all cases except for 5 with abnormal
immunohistochemistry and microsatellite stability, 2 cases with abnormal
immunohistochemistry and low MSI and 1 case with normal immunohistochemistry and
high MSI.

Gene sequencing

Out of the 32 patients, 22 (69%) were found to have two somatic mutations explaining their
findings on MSI/immunohistochemistry testing, 3 (9%) patients were found to have changes
possibly explaining MSI/immunohistochemistry testing (see Table 2 for DNA sequencing
findings) and 6 (19%) patients were found to have had initial false positive screening tests
(see below). Case #COL-33 was only found to have one mutation in MSH2 without
associated LOH and remained unexplained. In 12 cases (10 MSH2, 1 MSH6, 1 PMS2), two
different heterozygous mutations were found in the same gene. In 9 cases (7 MLH1, 1
MSH2, 1 MSH6), a single mutation was found in association with LOH. All 7 cases of
somatic MLH1 mutations were accompanied by LOH, while 2 different heterozygous
mutations were found in 9 out of 12 cases involving somatic MSH2 mutations. Less than one
third of the mutations were classified by InSiGHT.22 Of the pathogenic mutations not
classified by InSiGHT, most were frameshift mutations, mutations anticipated to impact
splicing, large deletions and nonsense mutations. Case #1574 was known to have a germline
mutation in PMS2 but was submitted for ColoSeq because it had an unusual
immunohistochemistry staining pattern with both MSH6 and PMS2 absent on
immunohistochemistry (in cases of PMS2 germline mutations, immunohistochemistry would
usually only show PMS2 missing). ColoSeq revealed 2 somatic mutations in MSH6 in this
case along with the germline mutation (also seen in the tumor) and a secondary somatic
mutation in PMS2, explaining the staining. Blood samples were tested for germline
mutations by ColoSeq in all cases except #1059 (insufficient DNA) and no pathogenic
germline mutations were found except in case #1574 where Coloseq confirmed the already
known mutation in PMS2. Ten mutations found by ColoSeq were chosen randomly and all
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of them were confirmed by using PCR and Sanger sequencing (see Figure 1 and Table 2).
The MSH2 exon 1-7 inversion was investigated in eight tumor samples with MSH2/MSH6
absent on immunohistochemistry. A faint specific band was seen in patient samples with the
FAMV-B3MV primers (which detect the 3’ breakpoint) which was not consistent with the
band seen in the positive control sample. All eight samples were therefore negative for the
inversion (see Figure 2). Only one out of 32 tumors had a BRAF V60OE mutation (case #54)
which was shown to have had false negative MLH1 hypermethylation testing on repeat
testing (see below).

False positive screening results

Six cases were not explained by somatic mutations and did not have a hypermutated
phenotype. All of them had discordant findings on immunohistochemistry and microsatellite
testing. These cases had repeat immunohistochemistry and MSI testing done and in case
#54, MLH1 hypermethylation testing was repeated. All these cases were found to have had
false positive screening results (case #54 was MLH1 hypermethylated, case #63123 was
microsatellite stable on repeat MSI-PCR and also microsatellite stable by mSINGS testing
on ColoSeq (see supplementary table 3), case #COL-28, #COL-29, #COL-31 and #COL-32
all had intact MMR stains on immunohistochemistry repeat).

Age at diagnosis, tumor pathology and Amsterdam/Bethesda criteria

Eighteen patients had colorectal cancer and 14 patients had endometrial cancer. The median
age of cancer diagnosis of the entire cohort was 59.5 years (Q1 47; Q3 65) and in the solved
cases with two somatic mutations it was 57.0 years (Q1 47, Q3 64.5). The tumors with two
somatic MMR mutations exhibited characteristics similar to what is seen in patients with
MLH1 hypermethylated or Lynch syndrome associated tumors, i.e. colon cancers tended to
be right-sided (14 out of 18) and mucinous (7 out of 18) and endometrial cancers to have
endometrioid histologies (11 out of 14) (see Table 1). Contrary to Lynch syndrome-
associated cancers, metachronous or synchronous cancers were not seen in our cohort.

Of the 22 patients with screening results explained by tumor MMR mutations only two (9%)
met Amsterdam |1 criteria and six (27%) met revised Bethesda criteria (see Table 1).
Interestingly, case #COL-33 was the only patient meeting both criteria whose cancer was
not explained by a germline mutation or somatic tumor mutations. This patient is certainly
an outlier in our series and could have an undetected germline MSH2 mutation.

Tumor mutation burden

Tumor mutation burden ranged from 0-773 mutations per megabase (Mb) per tumor (see
Figure 3). Mutation burden was higher in tumors explained/possibly explained by somatic
tumor MMR mutations than tumors that had false positive screening results (mean 152+/
-199 mutations/Mb vs 10+/-11 mutations/Mb, p=0.095). All tumors with two somatic
MMR mutations displayed a hypermutated (>12 mutations per Mb) or an ultramutated
(>400 mutations per Mb) phenotype. Tumor mutation frequencies were the highest in
tumors that also contained somatic mutations in POLE.

Gastroenterology. Author manuscript; available in PMC 2015 December 01.
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POLE mutations

Somatic mutations in the POLE DNA polymerase were found in 5 tumors. All of them
displayed high microsatellite instability, abnormal immunohistochemistry staining and
mutations in mismatch repair genes were found on analysis. Three of the tumors were
endometrial cancers while 2 were colon cancers. In 3 cases (case #1228, #968, #58429) the
mutation involved the exonuclease domain of POLE and these cases were all ultramutated
(>400 mutations per Mb, see Figure 3).

DISCUSSION

In one of the largest population-based screening studies for Lynch syndrome in colorectall
and endometrial cancer3, 3.9% of all screened patients had MMR deficient tumors that were
not explained by germline mutations, leaving the treating physician and the patient unsure of
the implications of an abnormal screening test. This study confirms that most of these cases
can be explained by two somatic tumor mutations. The abnormal screening tests were
explained by tumor MMR gene mutations in 69% of cases and another 9% were possibly
explained by tumor MMR mutations found by next-generation sequencing. One case was
not explained (single MSH2 mutation) but given the abnormal immunohistochemistry, MSI
and the strong family history (meeting both Amsterdam and Bethesda criteria) this patient
could have an undetected MSH2 germline mutation. The remainder of the cases (19%) had
discordant findings on immunohistochemistry and microsatellite testing and were found to
have had false positive screening results. Next generation sequencing has made it more
feasible to screen tumor DNA for somatic mutations in patients who have abnormal Lynch
syndrome screening. The results help guide patients as they will not require intensive life-
long screening if they do not have Lynch syndrome.

This study is the first one to investigate mutations in all four MMR genes in tumor DNA in
colorectal and endometrial cancer and to look at mutation burden in the context of MMR
mutations in tumor DNA. Two recent studies reported somatic tumor mutations in 52%13
and 22%12 of all unexplained MMR deficient tumors. Mensenkamp et al. screened 25 MSI-
positive tumors (with either MLH1 or MSH2 protein missing on immunohistochemistry) for
somatic mutations and LOH by Sanger sequencing and ion semiconductor sequencing. A
total of 13 tumors were found to have two plausible pathogenic somatic mutations and/or
LOH.13.23 Sourrouille et al. utilized Sanger sequencing and detected somatic mutations in 4
out of 18 unexplained MMR-deficient tumors, one case of which had a mosaic mutation
occurring in some but not all somatic cells.12 Few groups have studied the second hit to the
MMR gene in patients with germline mutations and none of them used next generation
sequencing for analysis.24-26 In our study, it is important to note that in the cases with two
somatic MMR gene mutations, we cannot definitively prove that the mutations were in two
different alleles (trans) and not on the same allele (cis). However, the evidence points to
these mutations being in trans thus explaining the corresponding protein loss on
immunohistochemistry, leading to MSI and a hypermutated phenotype. The tumors with one
somatic MMR gene mutation associated with LOH clearly have damaging events to both
alleles of the MMR gene. Somatic mosaicism cannot be completely ruled out but is unlikely
as ColoSeq can detect mutations in as little as 2% of DNA.18 In the three cases that are
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possibly explained in our study, it was difficult to determine whether the mutations were
associated with LOH. In all three cases, the tumors accumulated frequent mutations (range
38-126 per Mb) supporting the notion that the MMR gene mutations were pathogenic.

Interestingly, in all 7 cases of somatic MLH1 mutations, the mutations were associated with
LOH. Some cases with LOH were associated with copy loss and in others there was not
clear gene copy loss, despite clear LOH. Copy-neutral LOH is common in tumors, due to
acquired uniparental disomy and is a likely mechanism for cases with LOH in which copy
loss was not apparent. This mechanism deserves further study. In most cases with MSH2
mutations however, two heterozygous mutations affecting the same gene were seen. Our
study results suggest that MLH1 may be more prone to LOH27 than MSH2.

The InSiGHT group recently undertook an enormous effort to classify the pathogenicity of
MMR mutations and this has changed the classification of several known mutations.22 Some
of the tumor mutations found in this study are consistent with hotspot mutations seen in
Lynch syndrome such as the MSH2 splice site mutation (¢.943+3A>T) in patient #956,
frequently found to occur de novo in the germline.28 However, the majority of mutations
found are not classified in INSIGHT. It is possible that tumor mutations happen in areas
different from the inherited germline mutations which are conserved and passed on from
generation to generation. Even so, most of the mutations found were frameshift mutations,
large deletions or mutations leading to stop codons.

Of the eight cases with discordant findings on immunohistochemistry and MSI testing, 6
were explained by false positive screening results and 2 were found to have two somatic
tumor mutations. This underscores the importance of repeating immunohistochemistry and
MSI testing in cases with discordant screening results to rule out false positive tests. In the 2
discordant cases with somatic mutations, the tumor was either MSI-low or MSS and
immunohistochemistry had absent MSH6 with somatic mutations found in MSH6. MSH6 is
known to be associated with MSS or MSI-low status more often than the other three MMR
genes.

We attempted to determine the mutation burden in the tumors as a higher mutation burden is
known to occur in MSI tumors as compared to microsatellite stable tumors. Our study shows
that tumors with pathogenic somatic MMR mutations displayed a hypermutated phenotype
which supports the hypothesis that these somatic MMR mutations result in loss of DNA
mismatch repair pathway function. The frequency of mutations was highest if they co-
existed with mutations in the DNA polymerase POLE. POLE mutations were first
implicated as a potential cause of MSI in colorectal cancer cell lines without identifiable
MMR mutations?® and were recently found in the germline of patients with a history of
multiple adenomas; colorectal tumors from these patients were microsatellite stable and
hypermutated.3C In the Cancer Genome Atlas Project, a certain subset of hypermutated
colon cancers had POLE aberrations that co-existed with mutations in the MMR genes but
these tumors tended to be microsatellite stable.? Our study shows that MMR mutations and
POLE mutations can co-exist and cause MSI and a hyper/ultramutated phenotype, but it is
not clear whether POLE mutations are the initiating event which subsequently causes MMR
gene mutations or vice versa. This deserves further study.
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Patients with tumors deficient in mismatch repair protein without somatic hypermethylation
or MMR germline mutations have been referred to as having Lynch-like syndrome and have
attracted considerable attention in the last year.10-23.31 Recent publications including this
study suggest that many of these can be explained by two somatic tumor mutations.12:13 It is
not clear why tumors develop via this pathway and whether they present at a similar age and
have a similar course as other cancers with deficient MMR systems. Mesenkamp et al.
showed that the age at diagnosis of patients with two somatic MMR mutated tumors was not
significantly higher than that of Lynch syndrome-associated tumors, while MLH1 promoter
methylated tumors were diagnosed at a significantly higher age.12 In the Spanish
EPICOLON study, the mean age of onset for colorectal cancer was similar in Lynch
syndrome patients (48.5 +/-14.1 years) and Lynch-like syndrome patients (53.7+/-16.8
years).10 Our study also suggests that patients with two somatic MMR mutations may be
younger, with a median age of 57.0 years at diagnosis, but as we were not able to test every
unexplained case, selection bias may have affected the median age. The ongoing OCCPI
study will shed further light on this as we plan on testing all unexplained cases with
abnormal screening for somatic tumor mutations. Only 9% of patients with somatic MMR
mutated tumors fulfilled Amsterdam criteria and 27% fulfilled Bethesda criteria.

In conclusion, we believe that tumor DNA sequencing should be undertaken in unsolved
cases of abnormal Lynch syndrome screening without identifiable germline mutations as it
can explain two-thirds of these cases and help guide genetic counseling and reduce patient
anxiety. Most of the remaining unexplained cases had false positive screening tests so it is
important to repeat screening tests to confirm prior results especially in cases where the MSI
and immunohistochemical results are discordant. It is important to establish a method to
resolve these cases in the setting of increased implementation of universal screening for
Lynch syndrome. Based on this study, it appears that intensive cancer screening surveillance
would be unnecessary in 69% of cases with abnormal screening without an identifiable
germline mutation as they can be explained by somatic mutations. Assuming the most likely
scenario that the somatic mutations developed in the tumor and there is not somatic
mosaicism for a MMR gene mutation, these patients and their at-risk relatives can be
clinically followed the same way as anyone with a personal or family history of colorectal
cancer. Future research should address the mechanisms and clinical implications of
endometrial and colorectal cancer patients who acquire somatic mutations in MMR genes
and develop tumors via the hypermutated pathway rather than the chromosomal instability
pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Confirmation of two mutations by Sanger sequencing on tumor DNA. Upper chromatogram

from patient #688 (MLH1 c.2019delT (heterozygous)) and lower chromatogram from
patient #841 (MLH1 c.613dup (hemi/homo)). Samples were sequenced with forward
primers (available on request).
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F3-FAMV M 12F-13R FAMV-B3MV

+ Pt -

+ Pt + Pt

Figure 2.
PCR testing for MSH2 inversion with positive control (+), patient sample #688 (Pt) and

negative control (=) with a 1-kb marker (M). Primers F3 and FAMV amplify a wild-type
chromosome 2, FAMV and B3MV detect the 3’ breakpoint for the MSH2 inversion, primers
and methods were previously described by Rhees et al.12 The 12F (exon 12 forward) and
13R (exon 13 reverse) primers were designed as controls to verify DNA integrity.
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Figure 3.
Total mutation burden per megabase in tumor DNA detected by ColoSeq in exons and

introns. White columns represent MSS tumors, black columns MSI tumors and diagonal
columns represent tumors with POLE mutations. *Tumors with two somatic MMR
mutations explaining screening test findings. #Tumors with MMR mutations possibly
explaining screening test findings.
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