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Patients in whom mismatch repair (MMR)-deficient cancer develops in the absence of pathogenic
variants of germline MMR genes or somatic hypermethylation of the MLH1 gene promoter are classified
as having suspected Lynch syndrome (SLS). Germline whole-genome sequencing (WGS) and targeted
and genome-wide tumor sequencing were applied to identify the underlying cause of tumor MMR
deficiency in SLS. Germline WGS was performed on samples from 14 cancer-affected patients with SLS,
including two sets of first-degree relatives. MMR genes were assessed for germline pathogenic variants,
including complex structural rearrangements and noncoding variants. Tumor tissue was assessed for
somatic MMR gene mutations using targeted, whole-exome sequencing or WGS. Germline WGS identified
pathogenic MMR variants in 3 of the 14 cases (21.4%), including a 9.5-megabase inversion disrupting
MSH2 in a mother and daughter. Excluding these 3 MMR carriers, tumor sequencing identified at least
two somatic MMR gene mutations in 8 of 11 tumors tested (72.7%). In a second motheredaughter pair,
a somatic cause of tumor MMR deficiency was supported by the presence of double somatic MSH2
mutations in their respective tumors. More than 70% of SLS cases had double somatic MMR mutations in
the absence of germline pathogenic variants in the MMR or other DNA repairerelated genes on WGS,
and, therefore, were confidently assigned a noninherited cause of tumor MMR deficiency. (J Mol Diagn
2021, 23: 358e371; https://doi.org/10.1016/j.jmoldx.2020.12.003)
Lynch syndrome (LS) is an autosomal-dominantly inherited
disorder caused by germline variants affecting the DNA
mismatcherepair (MMR) genes MLH1, MSH2, MSH6, and
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Sequencing for Lynch Syndrome
characteristic of LS-related tumors is DNA-MMR deficiency,
evidenced by microsatellite instability (MSI),3 and a loss of
MMR protein expression. However, MMR deficiency is not
unique to LS and can occur when both alleles of an MMR
gene are deactivated by somatic changes [eg, MLH1 pro-
moter methylation, loss of heterozygosity (LOH), or muta-
tion]. It is important to distinguish MMR-deficient cancers
that arise from LS and those that arise sporadically, because
patients with LS and their relatives can benefit from intensive
clinical management and surveillance.

Individuals with MMR-deficient tumors with no evidence
of MLH1 promoter methylation and in whom no MMR
germline pathogenic variants have been identified are defined
as having suspected LS (SLS). This group may represent over
50% of the MMR-deficient CRCs and endometrial cancers in
population-based studies4 and poses significant clinical
challenges due to the intensive screening of family members,
that is, not based on carrier status. Potential explanations of
SLS include: i) artefactual loss of MMR protein expression
or incorrect interpretation of immunohistochemistry (IHC)
staining,5,6 ii) the presence of MMR germline pathogenic
variants that have not been identified or that are outside of the
current testing scope,7,8 iii) germline pathogenic variants in
non-MMR genes, which include MUTYH9 and POLE/
POLD1,10 and iv) unidentified pathologic processes leading
to MMR deficiency.7 Studies have shown that somatic
inactivation of both MMR gene alleles (double or biallelic
somatic mutation) is observed in up to 70% of SLS-related
cancers.11e14 Therefore, diagnostic approaches that can
resolve the underlying etiology of SLS are needed for
optimal risk assessment and management.

The utility of germline whole-genome sequencing (WGS)
and targeted tumor sequencing in the determination of
germline and somatic causes of MMR deficiency was
assessed in 14 SLS cases from the Australasian Colorectal
Cancer Family Registry15,16 and the Australian National
Endometrial Cancer Study.17 Additionally, WGS of tumor
samples from two motheredaughter pairs with SLS was
used to estimate tumor-related features such as MSI, tumor
mutation burden (TMB), and somatic mutational signatures,
contributing to the diagnosis of an inherited or sporadic
etiology in their families.

Materials and Methods

Study Participants

For this study, SLS was defined as meeting the following
criteria: i) the presence of one ormoreMMR-deficient tumors,
determined by loss of expression of one or more MMR pro-
teins on IHC [eg, patterns of loss of MLH1/PMS2 or MSH2/
MSH6 or MSH6 only), ii) absence of evidence of MLH1
promoter methylation in tumors that showed loss of expres-
sion of the MLH1 and PMS2 proteins, and iii) absence of
pathogenic variants detected on germline Sanger sequencing
or multiplex ligation-dependent probe amplification of the
The Journal of Molecular Diagnostics - jmdjournal.org
MMR gene(s) indicated as defective by the pattern of protein
loss on IHC.

To enrich this WGS study for potential LS cases that
might have been missed on conventional germline screening
approaches, 13 participants were selected from 18 identified
as having SLS from a clinic-based recruitment arm of the
Australasian Colorectal Cancer Family Registry15,16 study
and 1 SLS participant from the Australian National Endo-
metrial Cancer Study17 based on having blood- and tumor-
derived DNA material available for testing and who
demonstrated one or more features associated with LS,
namely: i) having a diagnosis of early-onset (age <50 years)
cancer, ii) development of multiple tumors, iii) having a
first-degree relative with an LS-spectrum tumor, and/or iv)
meeting the Amsterdam I or II or Revised Bethesda clinical
criteria. A family history of cancer meeting the Amsterdam I
and II18 clinical criteria or Revised Bethesda guidelines19

was derived as previously described.
Two LS individuals with previously identified pathogenic

MMR gene variants underwent WGS as positive controls:
control sample 1 carried a pathogenic intronic MSH2 variant
(c.212-478T>G) within a highly repetitive region that has
been shown to disrupt splicing8; control sample 2 carried a
1928-bp deletion of MSH2 exon 6 (chr2:47640695-
47642623) (Supplemental Figure S1A). Written informed
consent for blood and tumor sample collection for research
purposes was obtained from all participants.

MMR Molecular Testing

All tumors from the study participants were MMR deficient
as determined on IHC staining for the MLH1, MSH2, MSH6,
and PMS2 proteins as previously described.20,21 A subset of
tumors were tested for MSI using a 10-marker panel as
previously described.21 Tumor methylation of the MLH1
gene promoter was performed using MethyLight assays as
previously described.17,20,22 Testing for the BRAF p.V600E
somatic mutation was performed on samples of CRCs and
adenomas using fluorescence allele-specific amplification
with products being resolved via capillary separation.23

Germline testing for MLH1, MSH2, MSH6, and PMS2 gene
variants was performed using Sanger sequencing and multi-
plex ligation-dependent probe amplification, including testing
for 30 deletions in EPCAM as previously described.17,20

Germline and Tumor Sequencing

Germline WGS was performed on peripheral bloodederived
DNA from the 14 individuals with SLS and 2 MSH2 patho-
genic variantepositive controls in this study using the TruSeq
DNA library-preparation guide (Illumina, San Diego, CA),
yielding a mean insert size of 300 to 400 bp. The libraries were
sequenced by Macrogen (Seoul, South Korea) on a HiSeq
2000 sequencer (Illumina) to a mean coverage of 30�.

To confirm the germline MSH2 exon 1 to 7 inversion,
primers were designed for an inversion-specific PCR that
359
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Table 1 Primers Used in Inversion-Specific PCR

Primer type Primer sequence

Inversion primers
Forward 50-GGGGCCATAATCCAGTCCTT-30

Reverse 50-ATGTGTGCCTGCATATGTGT-30

TDG primers
Forward 50-CAAAACAACCAGTGGAACCCA-30

Reverse 50-ACCTCATGAAGCTGACACCA-30

TDG, thymine DNA glycosylase.

Pope et al
spanned the specific break points, amplifying a 238-bp
product if the inversion was present. A control amplicon
was designed for exon 3 of the TDG gene such that a 344-bp
product was amplified irrespective of whether the MSH2
inversion was present. Table 1 contains the primers that
were used. The inversion PCR amplified a product with the
following sequence:

50-TGTGGAGCTGGGGCCATAATCCAGTCCTTATG
TGATTACTGTGAAGTTATCCTTTTCCCCCAACATCT
ACTTATGAATAAAGAGTTTATTAAGTGGTTAACTG
CAAGGCAAGATTGCTCACAGTACTCTCAATGACAC
TCCAGGCTCAATGGCCTAG[break point]AGGACata-
tatgtgtatatatacaCAtatatacgtatatatatacacacacacatatatatacacatat
gcaggcacacat-30 (uppercase, sequence 9.5-megabase (Mb)
upstream of MSH2 intron 7; lowercase, MSH2 intron 7
sequence; bold, inserted sequences that were not present in
the reference sequence; underline, primers used to detect
inversion).

The PCR-amplified bands from SLS case 12 (SLS12),
who carried the MSH2 exons 1 to 7 inversion, were
sequenced along with those from a positive control (which
came from the Cardiff Molecular Genetics Laboratory in the
United Kingdom) using the primers designed by Rhees
et al.24 The sequencing trace in Supplemental Figure S2
confirmed that the inversion carried by SLS12 was the
same as that in the positive control.

All SLS-related tumors were screened for somatic muta-
tions in the MLH1, MSH2, MSH6, PMS2, MLH3, MSH3,
PMS1, EXO1, EPCAM, and SETD2 genes using a custom-
designed AmpliSeq (Thermo Fisher Scientific, Waltham,
MA) targeted resequencing assay as follows. Formalin-fixed,
paraffin-embedded (FFPE) tissue was macrodissected to
enrich for tumor cells. DNA extraction was performed using
QIAamp DNA FFPE tissue kit and standard protocols
(Qiagen, Hilden, Germany). FFPE-derived DNA was deter-
mined to have degradation sufficient for proceeding with li-
brary preparation without further fragmentation. End repair
and adapter ligation were performed with an NEBNext Ultra
II kit (New England BioLabs, Ipswich, MA) according to the
manufacturer’s protocols. Individually barcoded libraries
were pooled in equimolar amounts, and 1.1 nmol/L of
combined libraries were sequenced using a NovaSeq 6000
S4-flowcell at 2 � 150-bp reads with a mean depth of 40� in
the capture target regions (Illumina, San Diego, CA). The
customized AmpliSeq panel was designed to screen for
MMR genes in the FFPE tumor DNA samples through the
generation of a PCR-based library (125 to 175 bp) and
sequencing on the Ion Torrent system (Thermo Fisher Sci-
entific, Waltham, MA). A customized panel was employed
and consisted of 443 amplicons across two pools including
the 4 core MMR genes (MLH1, MSH2, MSH6, and PMS2)
plus 6 additional genes involved in the mismatch-repair
pathway (MSH3, MLH3, EPCAM, PMS1, EXO1, and
SETD2), comprising a total capture size of approximately
35.07 Kb (targeting exonic and splice sites only) and
achieving 94.5% mean coverage of the 10 genes [ranging
360
from 96.9% (MLH1) to 80.5% (PMS2)]. DNA samples were
obtained from archival FFPE tumor material, with 10 ng of
double-stranded DNA per sample per pool used. Technical
success of somatic-mutation detection was high, with 14 of
15 FFPE tumor DNA samples in this study passing quality
control for library construction and sequencing and 84% of
reads being on target. The mean read depth per sample was
2800. Replicate testing provided identical results. MMR gene
mutations were validated using Sanger sequencing as previ-
ously described.15,17,25e27 Somatic mutations with a variant
allele frequency of �0.07 were confidently validated on
Sanger sequencing. Amplicon-specific primers are provided
in Supplemental Table S1.
For additional somatic resolution, a service provider

(GenomeScan, Leiden, the Netherlands) was used for WGS
(n Z 4) or whole-exome sequencing (WES) (n Z 1) on sam-
ples from a subset of tumors based on the identification of a
single somatic MMR gene mutation from the targeted panel
analysis (SLS5 and SLS13) or from a motheredaughter pair
(SLS9 andSLS10). Capture of thewhole exomewas performed
on a single FFPE CRC tissue DNA sample and matched pe-
ripheral bloodederived DNA (SLS5) using SureSelect Clinical
Research Exome software version 2 (Agilent, Santa Clara, CA),
with sequencing performed on the NovaSeq 6000 system
comprising 150-bp paired-end reads. Mean on-target depths of
coverage were 99 in FFPE tumor DNA samples and 110 in
blood-derived DNA samples. Whole genomes were sequenced
to a depth of 30� from a 500- to 700-bp library generated using
a NEBNext Ultra II chemistry kit (New England BioLabs).
Clustering and sequencing of 1.1 nmol/L of sample-specific
libraries were performed on the NovaSeq 6000 system.

Bioinformatic Analysis of Sequencing Data

For both germline and tumor DNA samples, raw FastQ
sequence quality control was confirmed using FastQC version
0.11.7,28 and paired-end FastQ files were aligned to the human
reference genome (hg19)29 using Burrows-Wheeler Aligner
software version 0.7.12.30 Germline single-nucleotide variants
(SNVs) and short insertions and deletions (indels) were called
using the GATK Best Practices Pipeline software version 3.4-
46.31 Somatic SNVs and short indels were called using Strelka
software version 2.9.2,32 Platypus software version 0.8.1,33

and Mutect software version 2,34 using default settings. Each
somatic SNV or somatic indel variant was annotated by the
jmdjournal.org - The Journal of Molecular Diagnostics
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Sequencing for Lynch Syndrome
consensus of the three callers, and high-confidence calls were
determined as those reported by at least two of three callers to
reduce false-positive results. Germline and somatic variants
were annotated usingVariant Effect Predictor software version
77 (Ensembl35) and SnpEff software version 4.1,36 including
in silico variant effect predictions from REVEL (rare exome
variant ensemble learner)37 and CADD (combined annotation
dependent depletion),38 and population frequencies from
gnomAD (Genome Aggregation Database).39 Pathogenicity
classifications from InSiGHT40 (https://insight-database.org,
last accessed September 18, 2018) for the MMR genes and
ClinVar41 were associated with variants where available.
Germline structural variants were detected with DELLY soft-
ware version 0.7.1,42 LUMPY software version 0.2.11,43 and
GRIDSS software version 0.11.5,44 and somatic structural
variants were detected with GRIDSS software version 2.2.144

and Manta software version 1.5.0.45 In all cases, high-
confidence structural variant calls were selected using the
application of the quality filters recommended in the docu-
mentation of each tool. The concordance between the calls
made by each tool was calculated, allowing a window of un-
certainty in break end coordinates of �50 bp. Germline and
somatic copy number variantswere detected usingHMMCopy
software version 1.22.0.46

SNVs were assessed for predicted effect on splicing using
HumanSplicingFinder software version 3.147 and Max-
EntScan version 1.048 within the gene(s) indicated to be
deficient on IHC. MSI was assessed computationally using
MSIsensor software version 0.549 using recommended
thresholds: >3.5, high level; 1 to 3.5, low level; and <1,
microsatellite stable. Somatic mutational signatures from the
set of 30 standard profiles50 published on the COSMIC
website (https://cancer.sanger.ac.uk/cosmic/signatures_v2,
last accessed August 2, 2019) were calculated using the
DeconstructSigs method51 for each tumor sample using
their identified somatic SNVs. TMB was calculated as the
rate of somatic SNVs per megabase in the coding region of
the genome, with a TMB of >10 considered hypermutated
and with a TMB of >100 considered ultra-hypermutated.52

Tumor LOH was assessed on LOH software version 0.3,53

a tool that compares the allele fraction of germline variants
within tumor samples.

The selected thresholds for variant population frequency
in gnomAD version 2.1 and predicted pathogenicity scores
from CADD and REVEL were derived from the analysis of
missense variants classified as pathogenic (class 5) or likely
pathogenic (class 4) from the InSiGHT database and pub-
lished recommendations for the in silico prediction
tools,37,38 respectively. All likely pathogenic and pathogenic
missense variants in the four main MMR genes in the
InSiGHT database were annotated with their population
frequencies from gnomAD and their predicted pathogenicity
from CADD and REVEL to estimate suitable thresholds
for variant filtering. A mean population frequency of
2.9 � 10�5 (SD 4.6 � 10�5) was observed, with an extreme
outlier maximum value of 1.7 � 10�4, a mean CADD score
The Journal of Molecular Diagnostics - jmdjournal.org
of 29.3 (minimum, 17.6; SD 3.8), and a mean REVEL score
of 0.9 (minimum, 0.3; SD 0.1). All variants retained after
filtering were manually inspected in the Integrative Geno-
mics Viewer version 2.4.1348 to assess the quality of read
alignments and supporting evidence.

Candidate Gene Prioritization

Germline and somatic variants were annotated and priori-
tized by their intersection with three tiers of genes
(Supplemental Table S2), with 2-Kb flanking regions added
around the transcription start and stop sites. The highest-
priority genes (Tier 1, n Z 5) contained the four MMR
genes plus EPCAM. Variants intersecting promoter and
enhancer regions of the MMR gene indicated to be defective
in an individual’s tumor were annotated using promoter and
enhancer regions taken from the GeneHancer database.54

Tier 2 comprised genes assessed by the ClinGen Heredi-
tary Colorectal Cancer and Polyposis Susceptibility Gene
Curation Panel to have definitive, strong, or moderate evi-
dence supporting an association with hereditary CRC and/or
polyposis (APC, ATM, AXIN2, BLM, BMPR1A, GREM1,
MLH3, MUTYH, POLD1, POLE, PTEN, SMAD4, STK11)
or other syndromes with rare manifestation of CRC and/or
polyposis (FLCN, TP53, CDH1)55 or recently reported
recessive polyposis genes (MSH356, NTHL157,58) (n Z 18).
Tier 3 contained a curated list of DNA-repair genes reported
in the literature59,60 (n Z 265). In SLS cases showing
MLH1/PMS2 loss, all pseudogenes associated with PMS2
were searched for high-impact germline and somatic vari-
ants to account for the possibility of misattributed variants
arising from errors in sequencing alignment.

Variant Filtering and Prioritization

Germline SNVs and indels identified in Tier 1 or 2 genes
were prioritized if they were predicted to have an impact
on function (truncating, frameshift, and splice site) or
nonsynonymous variants resulting in a missense substitu-
tion with a CADD score of �15 or a REVEL score of
�0.6. Tier 3 germline SNVs and indels were prioritized if
they were loss-of-function or high-impact variants only.
Filtering for population frequency encompassed priori-
tizing variants with a gnomAD allele frequency of
�2 � 10�4 [except for known pathogenic variants in
MUTYH NM_001128425.1: c.536A>G p.Tyr179Cys
(allele frequency, 1.5 � 10�3) and NM_001128425.1:
c.1187G>A. p.Gly396Asp (allele frequency, 3 � 10�3)]
and in NTHL1 NM_002528.5: c.268C>T p.Gln90Ter
(allele frequency, 1.4 � 10�3) (transcripts available from
https://genome.ucsc.edu/cgi-bin/hgTables, last accessed
August 2, 2019). All germline SNVs and indels were
annotated with ClinVar clinical classifications, and those
with a review status of at least two-stars (criteria pro-
vided, multiple submitters, no conflicts) classified as
benign or likely benign were excluded. Prioritized
361
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Table 2 Characteristics of the Participants and Their Tumors That Were Included in This Study

SLS
ID Sex

Age at
diagnosis,
years

Tumor
ID Tumor type MMR IHC loss

MSI
status

Family cancer history
(MMR IHC result)

Clinical
criteria

Final
classification*

Evidence supporting
classification

C1 F 19 CRC MSH2/MSH6 MSI-H Lynch MSH2: c.212-478T>G
(germline)

C2 M 37 CRC MSH2/MSH6 MSI-H Lynch MSH2 deletion of exon 6
(germline)

SLS1 F 52 T1 CRC: adenocarcinoma of

transverse colon

MLH1/PMS2 NT Sister CRC (normal)

at 42 years, breast

at 53 years

None Double MLH1
somatic

MLH1: c.879C>G p.Tyr293Ter
(somatic)

MLH1: c.1975C>T p.Arg659Ter
(somatic)

SLS2 M 51 T2A Kidney MLH1/PMS2 NT None None NC

51 T2B Colonic tubular adenoma Normal NT

SLS3 M 45 T3 CRC: adenocarcinoma of

transverse colon

MLH1/PMS2 MSI-H Sister CRC at 40

years; brother CRC

(normal) at 45

years, pancreas at

60 years; brother

kidney (normal)

at 57 years,

prostate at 63

years; brother

brain at 59 years

Revised

Bethesda

Single MLH1
somatic

MLH1: c.332C>T p.Ala111Val
(somatic)

SLS4 F 68 T4A Breast Normal MSS Brother CRC at

unknown age;

sister CRC at 72

and 77 years;

sister CRC

(normal) at 67

and CRC (MLH1/

PMS2 lossy) at 78
years

None Double MLH1
somatic

Multiple somatic MLH1 variants
including truncating
mutation MLH1: c.1036C>T
p.Gln346Ter, MMRd not
present across all tumors

78 T4B Colonic tubulovillous

adenoma

MLH1/PMS2 NT

SLS5 F 42 T5 CRC: adenocarcinoma of

transverse colon

MLH1/PMS2 MSI-H Mother CRC at 45

years; father CRC

at 54 years

Amsterdam II Double MLH1
somatic

MLH1: c.1989þ1G>A (somatic)
MLH1: LOH (somatic)

SLS6 F 41 T6A CRC NT NT None Revised

Bethesda

Lynch MLH1: c.1958T>G p.Leu653Arg
(germline)53 T6B CRC: adenocarcinoma of

transverse colon

MLH1/PMS2 NT

53 T6C CRC MLH1/PMS2 NT

76 T6D Sebaceous carcinoma MLH1/PMS2 NT

SLS7 M 66 T7A CRC: adenocarcinoma of

rectum

MSH2/MSH6 MSI-H Daughter CRC at

45 years,

mesothelioma

(normal) at 48

years; sister

endometrial at 37

years; brother

bladder at 81

years; sister lung

at 58 years

Amsterdam II Double MSH2
somatic

MSH2: c.1351C>T p.Gln451Ter
(somatic)

79 T7B Colonic tubular adenoma Normal NT MSH2: c.1204C>T p.Gln402Ter
(somatic)

SLS8 M 62 T8A Tubulovillous adenoma of

rectum

MSH2/MSH6 MSI-H Mother CRC at 93

years

None Double MSH2
somatic

MSH2: c.859G>T p.Gly287Ter
(somatic)

62 T8B CRC Normal NT MSH2: c.2465_2466delinsAG
p.Cys822Ter (somatic)

75 T8C Prostate NT NT

SLS9z F 54 T9A Duodenum MSH6 NT Daughter ovarian at

40 years and

endometrial at 40

years

None Double MSH2
somatic

Multiple MSH2 somatic
mutations, not shared with
first-degree relative, MMRd
not present across all tumors

58 T9B CRC: mucinous

adenocarcinoma of

ascending colon

MSH2/MSH6 NT

67 T9C Brain Normal NT

SLS10z F 40 T10A Ovary MSH2/MSH6 MSI-H Double MSH2
somatic

Multiple MSH2 somatic
mutations, not shared with
first-degree relative,
mutational signatures 14 and
20 and POLD1 somatic
mutation supporting somatic
etiology

40 T10B Endometrium MSH2/MSH6 NT

(table continues)

Pope et al
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Table 2 (continued )

SLS
ID Sex

Age at
diagnosis,
years

Tumor
ID Tumor type MMR IHC loss

MSI
status

Family cancer history
(MMR IHC result)

Clinical
criteria

Final
classification*

Evidence supporting
classification

SLS11x F 40 T11A CRC: mucinous

adenocarcinoma of

caecum

MSH2/MSH6 NT Daughter CRC at 35

years; brother CRC

at 29 years and 46

years; brother CRC

at 59 years

Amsterdam I Lynch MSH2: 9.5 Mb Inversion ex1-7
(germline)

51 T11B Breast NT NT

SLS12x F 35 T12 CRC: adenocarcinoma of

sigmoid colon

MSH2/MSH6 MSI-H Lynch MSH2: 9.5 Mb Inversion ex1-7
(germline)

SLS13 F 41 T13 CRC: adenocarcinoma of

transverse colon

MSH2/MSH6 NT None Revised Bethesda Single MSH2
somatic

MSH2: c.2006-3T>G (somatic)

SLS14 F 66 T14 Endometrium MSH2/MSH6 NT Brother CRC at 63

years

none Double MSH2
somatic

MSH2: c.1276þ2delT (somatic)
MSH2: c.2131C>T p.Arg711Ter

(somatic)

Family Cancer History, cancer in first degree relatives only shown; MMR IHC results shown in parentheses.
Positive controls. Control 1: intronic mutation disrupting splicing. Control 2: deletion of exon 6 in MSH2.
*Final Classificationdclassification for each SLS case after germline whole-genome sequencing and tumor sequencing analysis detailed in this study. Double

and single somatic mutation classification considered to be non-Lynch syndrome and of sporadic etiology. NC, tumor failed testing and therefore no clas-
sification could be achieved.

ySister developed two CRCs: one at age 67 years with normal MMR protein expression and one at age 78 years with loss of MLH1/PMS2 protein expression
resulting from MLH1 promoter hypermethylation in the tumor.

zRelative pair: SLS10 is the daughter of SLS9.
xRelative pair: SLS12 is the daughter of SLS11.
F, female; M, male; CRC, colorectal cancer; MMR, mismatch repair; MSI, microsatellite instability; MSI-H, microsatellite instability-high; MSS, microsatellite

stable; NT, not able to be tested; SLS, suspected Lynch syndrome.

Sequencing for Lynch Syndrome
germline variants were validated on Sanger sequencing
and tested in relatives with a DNA sample available.

High-confidence somatic SNVs and indels called by at
least two of three callers with a variant allele frequency of
�0.10 were retained for further analysis. In targeted
AmpliSeq tumor sequencing, SNVs and indels were called
with a variant allele frequency of �0.07 (variant allele fre-
quency fraction that could be validated on Sanger
sequencing). For Tier 1 genes, coding SNVs and indels with
an InSiGHT classification of �3 were prioritized. Intronic
variants predicted to disrupt splicing or intersecting a pro-
moter or enhancer region of the MMR gene indicated as
defective on IHC were also prioritized. For Tier 2 and 3
genes, only loss-of-function variants were considered unless
genes were known to harbor somatic hotspots (eg, within
the exonuclease domains of POLE and POLD1).

Results

The characteristics of the 14 study participants with SLS are
described in Table 2. Age at diagnosis of MMR-deficient
tumor ranged from 35 to 78 years (median, 52 years) and
10 were female (71%). A family history of cancer meeting
Amsterdam I or II clinical criteria was observed in 3 cases
(21.4%). Two sets of motheredaughter pairs (SLS9 and
SLS10, SLS11 and SLS12) were included in the cohort
(Table 2 and Figure 1, A and B). Seven tumors showed loss
of MLH1/PMS2 expression and were negative for the
BRAFV600E somatic mutation in addition to being negative
for tumor MLH1 gene promoter hypermethylation.
The Journal of Molecular Diagnostics - jmdjournal.org
Germline Whole-Genome Sequencing Analysis

Germline variants retained after filtering and prioritization are
provided in Supplemental Table S3. Of all 14 SLS individuals
with samples screened on WGS, 3 carried predicted MMR
pathogenic germline variants, including a MLH1 missense
variant c.1958T>G, p.Leu653Arg in SLS6, recently reclassi-
fied as class 4 (likely pathogenic) by InSiGHT, and a 9.5-Mb
inversion encompassing exons 1 to 7 of MSH2
(chr2:38121107echr2:47669532) in motheredaughter pair
(SLS11 and SLS12) (Supplemental Figure S1, BeD). These
two germline pathogenic variants were not detected previously
due to theMLH1missense variant being incorrectly annotated
and classified as benign and because the 9.5-Mb inversion was
not detectable with earlier versions of the multiplex ligation-
dependent probe amplification detection kit. An inversion-
specific PCR test was used to genotype 14 additional
relatives, identifying 4 additional carriers (2 CRC affected, and
1 who developed adenomas at age 34 years) and 2 additional
obligate carriers (both unaffected) (Figure 1A). Sanger
sequencing of the inversion-specific PCR product confirmed
that this was the same inversion as previously reported24

(Supplemental Figure S2). In SLS cases showing MLH1/
PMS2 loss, no high-impact variants affecting PMS2 or its
pseudogenes were identified.
Somatic MMR Gene Analysis

Targeted tumor sequencing of the MMR genes was
completed in 14 tumors from 13 SLS cases [tumor (T) 2A
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Figure 1 Family pedigrees of two sets of motheredaughter pairs. A: SLS11 and SLS12. B: SLS9 and SLS10. Probands SLS11 (Family A) and SLS9 (Family B)
are indicated with arrows. In Family A, an inversion-specific PCR test was used for genotyping 14 additional relatives, identifying four additional carriers (two
CRC affected, and one in whom adenomas developed at age 34 years) and two additional obligate carriers (both unaffected). HP, hyperplastic polyp; TA,
tubular adenoma; TV, tubulovillous adenoma

Pope et al
failed testing] (Table 2); 11 of the tested tumors occurred in
the colon or rectum. To further explore somatic mutations
and better resolve LOH across the MMR genes, a subset of
5 tumors was selected for additional WGS (n Z 4) or WES
(n Z 1), comprising the motheredaughter pair (SLS9 and
SLS10) in whom no pathogenic germline variants were
identified, and from 2 (of the 3) tumors that showed only a
single somatic MMR gene mutation after targeted
sequencing analysis suggesting that these tumors remained
unresolved under a two-hit hypothesis for the MMR genes.
In the MMR genes indicated to be defective on IHC, at least
two somatic mutations were identified in 9 of the 14 tumors
(64.3%), 1 somatic mutation was identified in 3 (21.4%),
364
and no somatic mutations were identified in 2 (14.3%)
(Supplemental Table S3 and Figure 2). No somatic struc-
tural variants or copy number variants intersecting with the
four MMR genes were detected.
Two tumors from SLS9 were tested (T9A-duodenal and

T9B-CRC) by targeted sequencing and WGS. In T9A, IHC
indicated loss of MSH6; however, no MMR gene variants
were found that might have disrupted MSH6 in that tumor
(Supplemental Table S3). In T9B, which demonstrated a
loss of MSH2/MSH6, multiple somatic MSH2 mutations
were observed, including somatic variants predicted to
disrupt splicing through the activation of both cryptic
splicing donor and acceptor sites, plausibly related to the
jmdjournal.org - The Journal of Molecular Diagnostics
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ACCFR (n=13) ANECS (n=1)
MLH1/PMS2 loss n=6     MSH2/MSH6 loss n=1

MSH2/MSH6 loss n=7

Non-Lynch (n=11)
Germline MMR pathogenic variant not iden�fied

MLH1/PMS2 loss n=5†

MSH2/MSH6 loss n=6

Selected SLS cases

Germline WGS
Lynch syndrome (n=3)

Germline MMR pathogenic variant iden�fied

SLS6 – MLH1 missense
SLS11 – MSH2 inversion
SLS12 – MSH2 inversion

Tumor 
Sequencing

Double soma�c muta�ons (n=8)
MLH1 doubles n=3 (SLS1, 4 & 5)

MSH2 doubles n=5 (SLS7, 8, 9-T9B, 
10 & 14)

Single soma�c 
muta�on (n=2)

MLH1 single – SLS3

MSH2 single – SLS13

No soma�c MMR 
muta�ons (n=1)

SLS9-T9A‡

Soma�c MMR  2nd hit 
iden�fied (n=3)

SLS6 – MLH1 p.D450Gfs*29

SLS11 – none

SLS12 – MSH2 c.2459-12A>G

11 tumors from 10 individuals 3 tumors from 3 individuals

Figure 2 A summary of testing approach and outcomes and the final classification of each SLS case from the germline whole-genome sequencing (WGS)
and tumor-sequencing analyses in this study. ySLS2: kidney tumor (T2A) failed tumor sequencing. zAdditional tumor WGS information: no MMR
deficiencyerelated mutational signatures, microsatellite stable by microsatellite instability sensor, tumor mutation burden not considered hypermutated;
therefore, tumor not considered to have MMR deficiency and likely false-positive loss of MSH6 expression on IHC. ACCFR, Australasian Colorectal Cancer Family
Registry; ANECS, Australian National Endometrial Cancer Study.

Sequencing for Lynch Syndrome
somatic inactivation of both alleles of that gene
(Supplemental Table S3). Similarly, ovarian cancer tumor
(T10A) from SLS10 showed a loss of MSH2/MSH6
expression where the targeted tumor sequencing identified
multiple somatic MSH2 variants that were confirmed on
WGS (Supplemental Table S3).

WES was performed on the CRC tumor T5. The first 50
Mb of the p-arm of chromosome 3, containing MLH1,
showed clear evidence of LOH (Supplemental Figure S3A).
Additionally, a MLH1:c.1989þ1G>A variant with high
variant allele frequency was identified on both the targeted
(79%) and WES (58%) analyses of the tumor. The combi-
nation of this somatic variant and LOH suggests biallelic
MLH1 inactivation in the tumor and is concordant with the
IHC results (Supplemental Table S3). None of the other four
Figure 3 The somatic mutational signature components for tumor samples T
etiology, and the percentage contribution to the overall mutational composition
polypeptide-like.

The Journal of Molecular Diagnostics - jmdjournal.org
tumors with WGS showed evidence of LOH (Supplemental
Figure S3).

Tumor Whole-Genome and Exome Sequencing Analysis

High-impact somatic mutations in genes from Tiers 2 and 3
were identified in each of the five tumors with WGS/WES
(Supplemental Table S3). Notably, the three CRCs tested
(T5, T9B, and T13) had stop-gain mutations in APC
(Supplemental Table S3). The ovarian tumor (T10A) had a
missense mutation in the DNA polymerase gene
POLD1:p.Glu318Lys, which is situated at the exonuclease
active site within the encoded protein. In addition, features
associated with tumor MMR-deficiency were investigated,
namely somatic mutational signatures (signatures 6, 14, 15,
5, T9A, T9B, T10, and T13 indicated by the signature number, suggested
for each sample. APOBEC, apolipoprotein B mRNA editing enzyme, catalytic
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20, and 26, as defined on the COSMIC website, https://
cancer.sanger.ac.uk/cosmic/signatures_v2, last accessed
August 2, 2019), TMB and MSI, estimated from the
sequencing data. The somatic mutational signatures are
shown in Figure 3, where signatures 6, 20, and 26 were
observed in four (T5, T9B, T10A, and T13) of the five tu-
mors, ranging in contribution from 4% to 69% and sup-
porting tumor MMR-deficiency status determined on MMR
IHC (Supplemental Table S3). Only the ovarian tumor
(T10A) showed significant contributions from signatures 20
and 14, both of which have been associated with MMR
deficiency and defective polymerase proofreading (COS-
MIC version 3.1). The duodenal tumor (T9A) did not
exhibit any MMR deficiencyeassociated signatures despite
a loss of MSH6 protein expression on initial MMR IHC
testing. The MSI status derived from WGS/WES by MSI-
sensor predicted four of the five tumors tested to be MSI-
high, whereas the duodenal tumor T9A was predicted to
be microsatellite stable (Supplemental Table S3). Four tu-
mors (T5, T9B, T10A, and T13) exhibited high TMBs
consistent with a hypermutator phenotype (or ultra-
hypermutator in the case of the ovarian tumor T10A),
whereas the duodenal tumor T9A was not considered to be
hypermutated (Supplemental Table S3). A summary of
testing approach and outcomes, and the final classification
of each SLS case from the germline WGS and tumor-
sequencing analyses in this study, are shown in Figure 2
and Table 2, respectively.
Discussion

In this study, germline WGS was applied to tumor samples
from 14 patients classified as having SLS and who were
selected for having clinical features suggestive of LS (eg,
diagnosis at <50 years of age, family history meeting
Amsterdam clinical criteria), to determine whether an
investigation of the DNA-MMR genes beyond current
conventional testing approaches could improve the detec-
tion of MMR germline pathogenic variants. WGS analysis
identified MMR germline pathogenic variants in 3 of the 14
SLS cases (21.4%), although these specific variants would
have been detected with current targeted MMR gene-testing
approaches. In addition, at least 1 MMR-deficient tumor
from 13 SLS cases (1 tumor failed) was analyzed for so-
matic mutations within the MMR genes using targeted
sequencing and further tested on WGS or WES in 5 of these
tumors. At least two somatic mutations in MMR genes
indicated as defective on IHC were identified in 8 of the 11
tumors tested (72.7%), excluding the three identified carriers
of germline pathogenic variants. These collective findings
demonstrate that germline WGS and tumor MMR gene
analysis can be used to confidently assign a noninherited
cause of MMR deficiency related to double somatic MMR
mutations, even in SLS cases with clinical features sug-
gestive of LS, and add to the growing number of studies that
366
have shown that double somatic MMR mutations are a
common cause of MMR deficiency in SLS.11e13,61e64

Furthermore, the application of tumor WGS/WES to the
subset of 5 SLS tumors enabled the determination of addi-
tional features associated with defective DNA MMR
including somatic-mutation signatures 6, 20, and 26; MSI-
high status; and high TMB, providing further evidence of
an MMR-deficient tumor phenotype and allaying concerns
over a false-positive MMR IHC result.
Germline WGS analysis of the motheredaughter pair

SLS11 and SLS12, each with a MSH2/MSH6-deficient
CRC, identified an inversion encompassing exons 1 to 7 of
MSH2. This inversion was first reported in the literature by
Wagner et al65 in 2002 and later by Rhees et al24 in 2014
and by Mork et al66 in 2017 using various methods,
although none employing WGS. Although the evolution of
clinical genetic testing has ensured that this inversion can
now be detected by more recent versions of the multiplex
ligation-dependent probe amplification assay, this study
demonstrates that WGS is also a valid approach with the
advantage of nonspecific structural variant detection.
In a second motheredaughter pair (SLS9 and SLS10),

germline and tumor WGS (Figure 1B) identified no germline
coding variants affecting MSH2 or MSH6. In addition to
exonic variants, WGS enabled the investigation of intronic
and promoter/enhancer variants in the MMR genes. A germ-
lineMSH6:NG_007111.1:g.3634G>Avariant that resided 20
bp upstream from the MSH6 promoter/enhancer element
GH02J047781 (the highest-scoring element in the Gene-
Hancer database forMSH6) was identified in both individuals.
This variant was not observed in gnomAD, highlighting its
rarity. Further segregation of this variant in relatives was not
possible. WGS was performed on three tumor samples (T9A,
T9B, and T10A) from these two patients to further resolve
tumor etiology. T9B-CRC and T10Aeovarian cancer both
acquired somatic frameshift mutations within a coding mi-
crosatellite of MSH6. Although these somatic MSH6 muta-
tions may represent the second hit subsequent to the germline
variant (MSH6:NG_007111.1:g.3634G>A), it is also
possible that this mutation may be a consequence of MMR
deficiency, rather than a cause. Somatic expansion of this
repeat inMSH6 exon 5 has been previously reported.67 Two of
the three tumors tested in these patients showed a loss of
MSH2/MSH6 expression, suggesting that the defect lies in
MSH2. A rare germline MSH2:c.366þ761A>G variant pre-
dicted by HumanSplicingFinder and MaxEntScan to activate
a cryptic splice donor site was identified in SLS10 but not in
the mother (SLS9). T9B-CRC and T10Aeovarian cancer
both harbored multiple somatic MSH2 mutations that could
potentially inactivate both alleles of MSH2, supporting a
sporadic etiology of both of these tumors. The T9A-duodenal
tumor in themother showed solitary loss ofMSH6expression,
although no somatic MSH2 or MSH6 mutations were
identified.
Four of the five tumors tested by WGS/WES (T5, T9B,

T10A, and T13) demonstrated high proportions of
jmdjournal.org - The Journal of Molecular Diagnostics
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mutational signatures 6, 20, and 26 (Figure 3), associated
with defective DNA MMR.50 Additionally, the TMB for
these four tumors indicated hypermutation and high levels
of MSI were predicted by MSIsensor. These findings pro-
vide mechanistic evidence of defective MMR in these tu-
mors, consistent with the IHC results. For the duodenal
tumor T9A, no MMR deficiencyerelated somatic muta-
tional signatures were observed, the tumor was predicted to
be microsatellite stable, and the TMB was <10 mutations/
Mb. These results suggest that T9A did not have defective
DNA MMR despite the loss of MSH6 indicated on IHC,
representing a possible false-positive IHC result. Therefore,
SLS9 was classified as having one MMR-deficient tumor
with functional evidence of defective MMR (T9B-CRC) and
one MMR-deficient tumor without functional evidence of
defective MMR (T9A-duodenal); the latter was not sug-
gestive of an LS etiology.

The ovarian cancer T10A demonstrated strong somatic
mutational signatures 20 (47%) and 14 (33%) and was ultra-
hypermutated (117.7 mutations/Mb). The findings from a
recent study demonstrated that tumors exhibiting both so-
matic mutational signatures 20 and 14 and an ultra-
hypermutation phenotype are associated with defective
MMR and (clonal) exonuclease domain mutations in the
DNA polymerase gene POLD1, where the POLD1 somatic
mutation precedes the loss of MMR.68 Concordant with the
somatic mutational signature profile, somatic mutation in
the exonuclease domain of POLD1 was observed, together
with multiple predicted somatic mutations in MSH2. These
findings suggest a somatic etiology underlying the MMR
deficiency in T10A. The combined germline and somatic
WGS findings in the motheredaughter pair SLS9 and
SLS10 argue in favor of somatic MSH2 loss in these
individuals.

Several studies have shown that double somatic muta-
tions (including LOH), resulting in biallelic MMR gene
inactivation, are a common cause of MMR deficiency in
SLS.11e13,61e64 Excluding both motheredaughter relative
pairs and the MLH1 pathogenic variant carrier, six of the
eight remaining tumors/SLS cases (SLS1, SLS4, SLS5,
SLS7, SLS8, and SLS14) were classified as double so-
matics, suggesting a somatic cause of their tumor MMR
deficiency and supported by an absence of predicted MMR
germline pathogenic variants in five of these six individuals
(SLS1, SLS4, SLS5, SLS8, and SLS14). Additionally, in
the double somatic cases SLS4, SLS7, and SLS8, second or
third primary tumors developed in which IHC showed
normal retained expression of the MMR proteins. This
finding is unlike those in LS, in which synchronous or
metachronous tumors develop concordant loss of MMR
protein expression. Of interest, five of the seven double
somatic SLS cases had a first-degree relative who developed
an LS-related cancer. In a recent study by Pearlman et al,14

patients with LS in whom CRC developed were 15 times
more likely to have a family history of cancer meeting
Amsterdam II criteria, and 6 times more likely to develop
The Journal of Molecular Diagnostics - jmdjournal.org
multiple LS-associated cancers, compared with patients in
whom MMR-deficient CRC developed as a result of double
somatic MMR mutations. In the present study, two SLS
cases with double somatic CRCs (SLS5 and SLS7) had a
family history fulfilling the Amsterdam II criteria, and
multiple tumors developed in three (SLS4, SLS7, and
SLS8). These findings suggest that a family cancer history
and the presence of multiple synchronous or metachronous
tumors, while good predictors of LS, do not rule out a so-
matic etiology for tumor MMR deficiency.

Germline pathogenic variants within the exonuclease
domain of the POLE or POLD1 gene or biallelic mutations
within the MUTYH gene may indirectly lead to tumor MMR
deficiency.9,69,70 A single SLS carrier (SLS8) was identified
as heterozygous for the MUTYH:p.Arg426Cys predicted
pathogenic missense variant. No evidence of a second
germline MUTYH mutation was found; however, the cor-
responding tumor (T8A) had two somatic loss-of-function
mutations in MSH2. A previous analysis of the role of
germline MUTYH mutations in SLS showed a significant
association for biallelic MUTYH carriers but not for mono-
allelic carriers,69 further supporting a somatic etiology for
this MMR-deficient tumor phenotype. Recent studies of
SLS have identified germline bioinformatically predicted
pathogenic variants in MUTYH,61,63 EXO1,71 and POLD171

as well as BUB1,61 SETD2,61 FAN1,61 RFC1,71 RPA1,71

MLH3,71 MSH3,63 AXIN1,63 and AXIN2.63 Of these candi-
date SLS genes, predicted pathogenic variants were found
only in EXO1 (exonuclease 1), a gene that plays an
important role in MMR via strand excision,72 identified in
SLS7, SLS13, and SLS14. Of interest, the carrier of
EXO1:c.-125G>A variant (SLS13), predicted by Variant
Effect Predictor to be in a potential splice region, also had a
somatic mutation in EXO1:p.Arg668Ter. Two bio-
informatically predicted pathogenic missense germline var-
iants in the Tier 2 gene ATM were identified in two
individuals, although one of these occurred in SLS6, who
carried the germline MLH1:p.Leu653Arg pathogenic
variant.

This study had several strengths. The germline WGS
approach enabled the detection of complex structural vari-
ants, identifying the inversion of MSH2 exons 1 to 7, and
the detection of MMR variants in the promoter/enhancer
and intronic regions. Current targeted next-generation
sequencing (ie, multigene panel testing) approaches may
miss these and other types of pathogenic variants due to
incomplete genome coverage (eg, intronic and promoter
regions), difficulties with low DNA complexity (eg, recog-
nized difficulty in detecting the recurring MSH2:c.942þ3
A>T pathogenic variant73), and challenges in identifying
complex mutations74,75 with commonly used sequencing
technologies. Germline WGS was able to detect a previ-
ously identified deep intronic pathogenic variant in control
sample 1 within a highly repetitive intronic region of the
MSH2 gene.8 This variant was predicted to potentially
disrupt splicing by both HumanSplicingFinder and
367
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MaxEntScan, validating the approach employed in this
study. Rare intronic variants that are predicted to disrupt
splicing in the likely-defective MMR gene were also
detected in three germline samples, and a rare germline
MSH6 promoter region variant shared by a mother and
daughter was detected. Validation of the effect of these
bioinformatically prioritized variants is challenging and is
an area where further research is needed.

The application of targeted MMR gene sequencing to all
but one of the MMR-deficient tumors from the SLS cases
enabled the detection of double somatic MMR mutations.
The concordance for identifying coding MMR gene somatic
mutations was high between targeted MMR gene
sequencing and WGS/WES; however, the additional infor-
mation gained from WGS/WES in the five tumors tested
provided clinically useful insights into the tumor etiology
and confirmation of MMR deficiency. There still remain
significant challenges in classifying somatic variants,76,77

particularly in noncoding regions of the genome, yet the
impact of noncoding somatic alterations on tumorigenesis is
increasingly recognized.78 More widespread somatic MMR
gene testing and international data sharing will facilitate
improvements in both somatic and germline MMR gene
variant classification.40,76 A limitation of the study was the
possibility that there are genes outside of those included in
the three tiers that influence MMR gene and/or protein
expression. For example, overexpression of miR-155 has
been shown to significantly down-regulate the MMR pro-
teins, inducing a mutator phenotype and MSI.79 Further-
more, potential somatic mosaicism was not explored, which,
although rare, has been previously reported in individuals
with LS.11,80,81
Conclusion

Germline WGS identified three carriers of MMR pathogenic
variants, including a 9.5-Mb inversion in multiple family
members, although these specific pathogenic variants would
have been detected with current targeted MMR gene-testing
approaches. The potential advantage of WGS in identifying
novel complex variants should be considered in conjunction
with the limitations of novel and noncoding variant inter-
pretation, as discussed in the previous paragraph, before
WGS should be recommended as routine clinical testing.
This study further highlights the diagnostic benefit of tumor
sequencing of the MMR genes in SLS cases. Double so-
matic MMR gene mutations, and therefore a likely sporadic
etiology, were identified as the cause of tumor MMR defi-
ciency in >70% of the SLS cases in this study (excluding
the three identified LS carriers) in whom germline WGS
confirmed the absence of other novel germline complex
MMR gene variants. Additionally, WGS or WES of the SLS
tumors provided additional interrogation for LOH and
enabled the determination of tumor MMR
deficiencyerelated features of MSI, TMB, and somatic
368
mutational signatures. The combined analysis of germline
and tumor WGS in a SLS motheredaughter pair provided
evidence against LS as the cause of tumor MMR deficiency
in these two relatives. As costs of high-throughput DNA
sequencing continue to fall, the application of a tumor-
sequencing approach has the potential to replace the current
LS screening methodology based on tumor IHC, PCR-based
MSI analysis, and germline multigene panel sequencing and
has been supported recently.82 Testing for double somatic
MMR mutations is currently not a part of routine clinical
practice, and is not a part of the recommendations of the
American College of Medical Genetics and Genomics
guidelines for genetic testing for LS.
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