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Abstract 

Routine screening of tumors for DNA mismatch repair (MMR) deficiency (dMMR) in colorectal (CRC), endometrial 
(EC) and sebaceous skin (SST) tumors leads to a significant proportion of unresolved cases classified as suspected 
Lynch syndrome (SLS). SLS cases (n = 135) were recruited from Family Cancer Clinics across Australia and New Zea-
land. Targeted panel sequencing was performed on tumor (n = 137; 80×CRCs, 33×ECs and 24xSSTs) and matched 
blood-derived DNA to assess for microsatellite instability status, tumor mutation burden, COSMIC tumor mutational 
signatures and to identify germline and somatic MMR gene variants. MMR immunohistochemistry (IHC) and MLH1 
promoter methylation were repeated. In total, 86.9% of the 137 SLS tumors could be resolved into established 
subtypes. For 22.6% of these resolved SLS cases, primary MLH1 epimutations (2.2%) as well as previously undetected 
germline MMR pathogenic variants (1.5%), tumor MLH1 methylation (13.1%) or false positive dMMR IHC (5.8%) 
results were identified. Double somatic MMR gene mutations were the major cause of dMMR identified across each 
tumor type (73.9% of resolved cases, 64.2% overall, 70% of CRC, 45.5% of ECs and 70.8% of SSTs). The unresolved SLS 
tumors (13.1%) comprised tumors with only a single somatic (7.3%) or no somatic (5.8%) MMR gene mutations. A 
tumor-focused testing approach reclassified 86.9% of SLS into Lynch syndrome, sporadic dMMR or MMR-proficient 
cases. These findings support the incorporation of tumor sequencing and alternate MLH1 methylation assays into 
clinical diagnostics to reduce the number of SLS patients and provide more appropriate surveillance and screening 
recommendations.
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Introduction
The current diagnostic strategy for identifying Lynch 
syndrome, the most common inherited cancer syndrome, 
as recommended by the National Comprehensive Cancer 
Network [1] and the Evaluation of Genomic Applications 
in Practice and Prevention group [2], involves screening 
tumours for evidence of DNA mismatch repair (MMR)-
deficiency (dMMR) via immunohistochemical staining 
for loss of expression of one or more of the MMR pro-
teins (MMR IHC) and/or for microsatellite instability 
(MSI). Loss of MLH1/PMS2 protein expression necessi-
tates testing for MLH1 promoter methylation [or BRAF 
V600E in colorectal cancers (CRCs)] and if negative, 
germline MMR gene testing. For other patterns of loss 
of expression, germline MMR testing is undertaken. 
This approach, while effective at identifying people with 
Lynch syndrome, still results in a significant propor-
tion of dMMR tumors without identified MLH1 meth-
ylation or germline MMR pathogenic variant, referred 
to as Lynch-like or suspected Lynch syndrome (SLS) [3]. 
A diagnosis of SLS presents challenges for the clinician 
with regards to recommendations for ongoing cancer risk 
management and for screening for first-degree relatives. 
For the patient, an SLS diagnosis results in variable psy-
chosocial and behavioral responses related to the inter-
pretation of their diagnosis [4, 5].

Previous studies have shown the SLS group to be etio-
logically heterogeneous, encompassing both inherited 
and sporadic causes of dMMR [3, 6, 7]. Furthermore, 
the risk of cancer in SLS patients and their relatives 
requires clarification [3, 8, 9]. These uncertainties make 
the clinical management of an SLS diagnosis challeng-
ing. Complex or cryptic germline MMR gene pathogenic 
variants that are more difficult to detect with current 
methodology, including those within intronic or regula-
tory regions, have been described [10–20]. In addition, 
somatic mosaicism of MMR gene pathogenic variants 
[21, 22] or germline pathogenic variants in non-MMR 
genes, including POLE, POLD1 or MUTYH that somati-
cally inactivate one of the MMR genes [16, 23], are rare 
causes of tumor dMMR. The most commonly reported 
cause of SLS in CRC and endometrial cancer (EC) is bial-
lelic somatic MMR gene mutations (often referred to as 
double MMR somatics) [24–28], where each of the two 
mutations inactivate an allele in the same MMR gene that 
is shown to be defective by the pattern of MMR protein 
loss of expression observed in the tumor. Biallelic somatic 
MMR gene mutations have also been reported in dMMR 

sebaceous skin tumors (SSTs) in the absence of germline 
MMR gene pathogenic variants [29]. Furthermore, the 
possibility that an SLS diagnosis has arisen due to a false 
positive tumor MMR IHC result or false negative MLH1 
methylation test result has been previously described 
[26]. The ability to stratify people with an SLS diagnosis 
into those with an incorrect screening test result or an 
inherited or sporadic etiology, is of clinical importance 
for risk appropriate clinical management of the patient 
and their relatives.

CRCs, ECs and SSTs are tumor types that demonstrate 
the highest frequencies of dMMR, where up to 26% [30], 
31% [30, 31] and 31% [32] of these tumor types respec-
tively, present with dMMR. The aim of this study was 
to investigate both inherited and somatic causes of 135 
CRC-, EC-, or SST-affected people with an SLS diagno-
sis referred from Family Cancer Clinics across Australia 
and New Zealand. The findings from this large cohort 
with SLS will inform future diagnostic approaches that 
will improve the stratification of patients into those 
with a definite diagnosis of Lynch syndrome and those 
with somatic causes of dMMR. It will also eliminate the 
genetic counselling uncertainty of the finding of dMMR 
tumor where a somatic causation is demonstrable.

Materials and methods
Study cohort
The study participants were people diagnosed with SLS 
during clinical work-up. SLS was defined as: (1) having 
tumor dMMR as determined by MMR IHC where ger-
mline testing of the MMR genes did not find a pathogenic 
variant, (2) for tumors that showed loss of MLH1/PMS2 
expression, tumor MLH1 methylation testing returned 
a negative or inconclusive result, or (3) for CRC, where 
MLH1 methylation testing was not completed, the tumor 
tested negative for the BRAF V600E mutation. Partici-
pants meeting the SLS criteria and with tumor tissue and 
blood-derived DNA available for testing were identified 
for this analysis. In total, 140 participants with SLS were 
identified for testing from two studies:

1) the ANGELS study (Applying Novel Genomic 
approaches to Early-onset and suspected Lynch Syn-
drome colorectal and endometrial cancers) recruited 
SLS patients diagnosed with CRC and/or EC between 
2014 and 2021 from Family Cancer Clinics across 
Australia and New Zealand [33] (n = 124);
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2) the Muir-Torre Syndrome Study (MTS) recruited 
people diagnosed with one or more SSTs between 
July 2016 and September 2021 from Sullivan Nico-
laides Pathology in Brisbane, Australia [32] or from 
Family Cancer Clinics across Australia (n = 26).

The study was approved by The University of 
Melbourne human research ethics committee 
(HREC#1750748 and HREC#1648355) and at certain 
Familial Cancer Clinic institutional review boards. All 
ANGELS and MTS study participants provided informed 
consent and a peripheral blood sample. Biopsy or resec-
tion tumor tissue blocks/slides were collected where 
possible.

DNA mismatch repair protein immunohistochemistry
Pre-study MMR IHC testing to categorize the tumor 
as dMMR as part of the SLS diagnosis was performed 
by various diagnostic pathology services across Aus-
tralia and New Zealand. For this study, MMR IHC was 
repeated as described in Additional file  1 if tissue was 
available.

Tumor MLH1 methylation testing
Pre-study tumor MLH1 methylation testing was per-
formed using the methylation sensitive-multiplex ligation 
probe dependent amplification (MS-MLPA) assay at vari-
ous diagnostic pathology services across Australia. For 
this study, MLH1 methylation testing employed a Meth-
yLight assay [34, 35] and a methylation-sensitive high 
resolution melting assay (MS-HRM) [36], performed 
on the same tumor DNA sample from SLS cases that 
showed loss of MLH1/PMS2 expression or solitary loss 
of PMS2 expression [37, 38]. These independent assays 
targeted seven overlapping CpG sites within the C-region 
of the MLH1 gene promoter and were run with a set of 
DNA standards (0–100% methylation) and no-template 
(negative) controls. Bisulfite conversion of tumor and 
blood-derived DNA was performed using the EZ DNA 
Methylation-Lightning™ Kit (Zymo Research, Irvine, 
USA). For MethyLight, MLH1 methylation was quanti-
tatively reported based on the percentage of methylated 
reference (PMR) calculations [35], where tumors with 
a PMR ≥ 10% were considered “positive” [34, 35]. For 
MS-HRM, the  MeltDoctor™ HRM Reagent Kit (Thermo 
Fisher Scientific, Massachusetts, USA) was used where 
tumors demonstrating ≥ 5% were considered MLH1 
methylation “positive”. For each tumor positive for MLH1 
methylation, the matched blood-derived DNA sample 
was tested in people with tumors diagnosed < 50  years 
or with multiple tumors using these two assays for evi-
dence of constitutional MLH1 methylation (MLH1 
epimutation).

Targeted multi‑gene panel testing
All tumors and matched blood-derived DNA samples 
from the n = 135 SLS cases underwent multi-gene panel 
sequencing assay, modified from the assay described 
in Zaidi et  al. [39], which captured 298 genes [2.005 
megabases (Mb)]. The panel comprised the MMR and 
EPCAM genes as well as other established heredi-
tary CRC and EC genes including POLE, POLD1, and 
MUTYH. Details of the capture design and sequencing 
are provided in the Additional file 1. Details of the bio-
informatic pipeline for variant calling as well as meth-
odology for calculation of tumor mutational burden 
(TMB) and tumor mutational signatures (TMS) are 
provided in the Additional file 1.

Determining tumor DNA mismatch repair deficiency 
from panel sequencing data
Overall tumor dMMR status was determined from the 
panel sequencing data by applying the additive feature 
combination approach described in Walker et  al. [40] 
(Additional file 1: Table S1). Briefly, six dMMR predic-
tive features, namely MSMuTect, MANTIS, MSIseq, 
MSISensor, INDEL count and TMS ID2 + ID7 [33] were 
derived for each tumor with thresholds for classify-
ing dMMR determined previously [40] (see Additional 
file 1: Table S1). Tumors were considered dMMR over-
all when ≥ 3/6 of the features were positive for dMMR.

Statistical analysis
All statistical analyses were done using the R program-
ming language (v. 4.1.0) [41]. Correlation scores for 
categorical values between multiple groups were esti-
mated using the chi-square test. p-values < 0.05 were 
considered statistically significant.

Results
Characteristics of the suspected Lynch syndrome (SLS) 
study participants
An overview of the study design is shown in Fig. 1 and 
includes the categorization of the SLS cases using the 
results from tumor sequencing as well as re-testing of 
MLH1 methylation and MMR IHC which is described 
in detail below. The clinicopathological characteristics 
of the 137 tumors with sufficient DNA for testing from 
135 study participants meeting the SLS criteria, overall 
and by tumor type, are presented in Table  1. Of note, 
two participants each had a CRC that showed loss of 
all four MMR proteins, where one tumor (SLS135) was 
from a carrier of a germline MSH2 pathogenic vari-
ant explaining the loss of MSH2/MSH6 expression but 
where the loss of MLH1/PMS2 expression was unex-
plained, while the other tumor (SLS272) had no cause 
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for loss of expression of all four MMR proteins during 
pre-study clinical investigations. 

Determining tumor dMMR status
For the SLS tumors, firstly, confirmation of dMMR sta-
tus was assessed using both the additive feature approach 
combining the results from MSMuTect, MANTIS, 
MSIseq, MSISensor, INDEL count and TMS ID2 + ID7 
as described in Walker et al. [40] and by repeating MMR 
IHC where possible. The results of the additive feature 
approach, overall and for each tumor type, are shown 
in Additional file 1: Fig. S1, where 85.4% (117/137) were 
predicted to be dMMR having ≥ 3/6 tumor features, 
including 87.5% (70/80) of the CRCs, 69.7% (23/33) of the 
ECs and all the SSTs (100%, 24/24). Of these 117 dMMR 
predicted tumors, 81.2% had all six tumor features posi-
tive for dMMR.

MMR IHC was repeated internally for 65/137 (47.4%) 
SLS tumors. Discordant MMR IHC results between the 
pattern of loss reported prior to the study entry com-
pared with testing completed during the study were 
observed in 20% (13/65) of the SLS tumors (Additional 
file 1: Table S2). For 8/13 (61.5%) of these SLS tumors (7 
CRCs and 1 EC) retained/normal expression of the MMR 
proteins was observed when repeated. All eight were 
predicted to be pMMR results by the additive feature 
combination approach. Furthermore, no tumor MLH1 
methylation or double somatic MMR mutations were 
identified in this group from internal testing, supporting 
a final categorization of pMMR. Five SLS tumors showed 
a different pattern of MMR protein loss compared with 
the pre-study result (5/13, 38.5%) (Additional file  1: 
Table S2). In each case, the new pattern of loss was con-
sistent with cause of dMMR identified by this study. For 
example, SLS116 showed solitary loss of MSH6 expres-
sion initially and when repeated internally showed loss of 
MLH1/PMS2 that was related to tumor MLH1 methyla-
tion. There were 12 tumors that were classified as dMMR 
by MMR IHC but determined to be pMMR by the addi-
tive feature combination approach giving an overall accu-
racy between tumor panel sequencing derived dMMR 

status and the MMR IHC status of 92% (95% confidence 
intervals, CI 86.5–92%) (Additional file 1: Table S3).

Evidence of tumor MLH1 methylation
The dual MethyLight and MS-HRM MLH1 methylation 
assay approach was performed on 77 SLS tumors, includ-
ing all 47 tumors which had pre-study clinical MLH1 
methylation testing. Tumor MLH1 methylation was 
detected in 23 tumors from 22 SLS cases where the con-
cordance between the two internal assays was 100% and, 
in all but one of the tumors, there was loss of expression 
of MLH1 protein by IHC (a single MLH1 methylation 
positive tumor SLS005 showed solitary loss of PMS2). 
Five of these tumors had pre-study clinical MLH1 meth-
ylation testing reporting no MLH1 methylation detected 
(4/5 were EC tumors) (Additional file 1: Table S4). There 
were six SLS tumors that reported inconclusive MLH1 
methylation results from pre-study clinical testing 
that were found to be positive for MLH1 methylation, 
although at low levels, by this study (Additional file  1: 
Table  S4). Two of the SLS cases were identified by the 
study as a primary MLH1 epimutation carrier (SLS026 
and SLS019; dMMR-PriEpi) showing MLH1 methylation 
in their SST- and peripheral blood-derived DNA, and in 
the case of SLS019 in their CRC tissue-derived DNA as 
well. Two SLS cases showed tumor MLH1 methylation 
while also being a carrier of a germline MMR pathogenic 
variant (SLS135 and SLS256) demonstrating two concur-
rent mechanisms that accounted for the unique patterns 
of MMR protein loss observed in both (Additional file 1: 
Table  S4). Therefore, 18/23 MLH1 methylation posi-
tive tumors were re-categorized from SLS to sporadic 
MLH1 methylated tumors (dMMR-MLH1me). Of all the 
MLH1 methylation positive cases identified in this study, 
55.6% (5/9) of the CRCs were diagnosed ≤ 50 years of age, 
whereas all MLH1 methylation positive ECs (n = 9) were 
diagnosis > 50 years of age.

Determining a germline cause of dMMR in SLS
The germline pathogenic variants and variants of uncer-
tain significance (VUS) identified in the DNA MMR 
genes, MUTYH, and the exonuclease domain of POLE 

Fig. 1 Overview of study design. Schema presenting the study inclusion criteria, the breakdown of the clinical MMR IHC results, the testing assays 
applied and the final study results, separated by tissue type and combined. SLS suspected Lynch syndrome, CRC  colorectal cancer, EC endometrial 
cancer, SST sebaceous skin tumor, MMR DNA mismatch repair, IHC immunohistochemistry, dMMR-PriEpi primary epimutation, dMMR-MLH1me 
positive MLH1 methylation, dMMR-DS double somatic mutations, pMMR DNA mismatch repair proficient, dMMR-LS Lynch syndrome, dMMR-SS 
single somatic mutation. aSLS criteria: individuals diagnosed with a DNA mismatch repair deficient CRC, EC and/or SST with previous negative 
testing results. bBreakdown of clinical MMR IHC results when first entering the study. cdMMR with a germline pathogenic variant identified (Lynch 
syndrome, “dMMR-LS”). ddMMR with tumor MLH1 methylation (MLH1 methylated, “dMMR-MLH1me”). edMMR with tumor and blood MLH1 
methylation (primary epimutation, “dMMR-PriEpi”). fdMMR with double somatic MMR variants in the same MMR gene (double somatic mutation, 
“dMMR-DS”). gdMMR with a single somatic MMR variant (single somatic mutation, “dMMR-SS”). hdMMR with no germline or somatic variants 
(suspected Lynch syndrome, “dMMR-SLS”). ipMMR tumors with neither germline or somatic mutations nor hypermethylation of the MLH1 gene 
(DNA mismatch repair proficient, “pMMR”)

(See figure on next page.)
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genes are shown in Additional file  1: Table  S5. There 
were no germline pathogenic variants or VUS’s identi-
fied inside the exonuclease domain of the POLD1 gene. 

Two germline MMR gene pathogenic variant carriers 
were identified (dMMR-LS). One, an MSH2 deletion of 
exon 7 was known prior to study entry (SLS135) with the 

Fig. 1 (See legend on previous page.)
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Table 1 Overview of the study participants and their clinicopathological features overall and by tumor type

CRC EC SST Total

Number of individuals, n (%) 78 (57.8%) 33a (24.4%) 24b (17.8%) 135 (100%)

Number of tumors tested, n (%) 80 (58.4%) 33 (24.1%) 24 (17.5%) 137 (100%)

Study, n (%)

 ANGELS 79 (98.7%) 33 (100%) 0 (0%) 112 (81.8%)

 MTS 1 (1.3%)b 0 (0%) 24 (100%) 25 (18.2%)

Sex, n (%)

 Male 40 (50%) 0 (0%) 20 (83.3%) 60 (43.8%)

 Female 40 (50%) 33 (100%) 4 (16.7%) 77 (56.2%)

Age at diagnosis

 Mean ± SD 47.4 ± 13.2 61.0 ± 9.3 65.2 ± 10.7 53.8 ± 14.1

 Min.—Max 24–74 41–79 39–81 24–81

  ≤ 50 years 46 (57.5%) 3 (9.1%) 4 (16.7%) 53 (38.7%)

  > 50 years 34 (42.5%) 30 (90.9%) 20 (83.3%) 84 (61.3%)

MMR IHC pattern of  losse

 MLH1/PMS2 37 (46.3%) 19 (57.6%) 7 (29.2%) 63 (46%)

 MSH2/MSH6 29 (36.3%) 5 (15.2%) 15 (62.5%) 49 (35.8%)

 MSH6 6 (7.5%) 9 (27.3%) 1 (4.2%) 16 (11.7%)

 PMS2 4 (5%) 0 (0%) 1 (4.2%) 5 (3.6%)

 MSH6 and PMS2 2 (2.5%) 0 (0%) 0 (0%) 2 (1.5%)

 Loss of all four MMR proteins 2 (2.5%)c,d 0 (0%) 0 (0%) 2 (1.5%)

Colorectal cancer

 Tumor site, n (%)

  Proximal 55 (68.8%) – – –

  Distal 16 (20%) – – –

  Rectum 9 (11.2%) – – –

 Tumor grade, n (%)

  Well differentiated 8 (10%) – – –

  Moderately differentiated 43 (53.8%) – – –

  Poorly differentiated 26 (32.5%) – – –

  Undifferentiated 1 (1.2%) – – –

  Unknown 2 (2.5%)

Histological type, n (%)

 Adenocarcinoma 67 (83.8%) – – –

 Mucinous 12 (15%) – – –

 Other 1 (1.2%) – – –

Endometrial cancer

 FIGO staging, n (%)

  Stage 1 – 19 (57.6%) – –

  Stage 2 – 8 (24.2%) – –

  Stage 3 – 6 (18.2%) – –

Histological type, n (%)

  Endometrioid – 30 (90.9%) – –

  Clear cell – 2 (6.1%) – –

  Carcinosarcoma – 1 (3%) – –

Sebaceous skin tumor

 Tumor site, n (%)

  Head and neck – – 14 (58.3%) –

  Trunk and limb – – 10 (41.7%) –
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CRC tumor showing loss of all four MMR proteins and 
was positive for MLH1 methylation. The second carrier 
(MSH6 c.3834_3849dup p.Thr1284Glnfs*10) was identi-
fied in SLS256 who had MLH1/PMS2 and MSH6 loss in 
EC diagnosed at 59 years that was not reported in previ-
ous clinical testing. The tumor showed a somatic MSH6 
mutation (MSH6 c.3261del p.Phe1088Serfs*2) and was 
positive for MLH1 methylation accounting for the loss 
of MLH1/PMS2. The third case harbored an MLH1 VUS 
(MLH1 c.400A > G p.Lys134Glu in SLS194) identified 
in an SST tumor showing loss of MLH1/PMS2 and two 
somatic MLH1 mutations. A further six VUS variants 
were identified in MMR genes which did not match the 
defective MMR gene identified by the pattern of MMR 
IHC loss. No biallelic MUTYH carriers were identified. 
However, two germline POLE variants within the exonu-
clease domain were observed, c.825C > G p.Asp275Glu 
and c.861 T > A p.Asp287Glu, both of which are consid-
ered to be VUS (Additional file 1: Table S5).

Determining double somatic MMR mutations as a cause 
of dMMR in SLS
For the remaining 105 tumors not categorized as pMMR, 
dMMR-MLH1me, dMMR-PriEpi or dMMR-LS, two 
somatic mutations in the MMR gene indicated to be 
defective by the pattern of MMR IHC loss were identified 
in 87/105 (82.9%) tumors (Table 2). The presence of two 
or more somatic MMR mutations in each tumor was spe-
cific to the double somatic MMR mutations (dMMR-DS) 
tumors compared with the other tumor subtypes (Addi-
tional file  1: Fig. S2). The somatic mutations comprised 
either two single nucleotide/small indel mutations or a 
single nucleotide/small indel mutation combined with a 
large deletion in the wildtype allele (loss of heterozygo-
sity, LOH) (Additional file 1: Fig. S3). When the tumors 
were stratified by their revised pattern of protein loss by 

IHC, > 80% of tumors for each pattern were dMMR-DS 
across all tumor types (Table  2). Single somatic MMR 
gene mutations (dMMR-SS) occurred in 9.5% of the SLS 
tumors while no somatic MMR mutations (dMMR-SLS) 
were found in 7.6% (Table 2).

For the dMMR-DS tumors, it was not possible to deter-
mine whether the double somatic mutations in the same 
MMR gene were in cis or trans. To address this, the num-
ber of somatic MMR mutations identified in each tumor 
across all four MMR genes were mapped to the pattern of 
MMR protein loss by IHC (Fig. 2). Two or more somatic 
MMR mutations were rarely found in an MMR gene not 
considered to have the primary defect by IHC. For exam-
ple, in tumors that showed loss of MLH1/PMS2 expres-
sion, multiple somatic mutations were observed in MLH1 
but rarely in the MSH2, MSH6 or PMS2 genes (Fig. 2A), 
suggesting that when multiple mutations occur in the 
gene with loss of expression, they are acting in trans to 
inactivate both alleles. Multiple somatic MMR muta-
tions rarely occurred in the dMMR-MLH1me or pMMR 
tumors (Fig. 2B, C).

Table  3 provides a summary of the categorization of 
all 137 SLS tumors overall and by tumor type. The cause 
for the dMMR phenotype, whether related to incorrect 
pre-study MMR IHC or MLH1 methylation test result or 
identified germline or somatic cause, could be identified 
in 119/137 (86.9%) of the SLS cases and, therefore, con-
sidered resolved. The SLS tumors that were considered 
unresolved in terms of their dMMR etiology were those 
classified as dMMR-SS (7.3%, 10/137) and dMMR-SLS 
(5.8%, 8/137) (Table 3).

Characteristics of the dMMR‑DS tumors
The characteristics of the participants with dMMR-
DS tumors including the sex, age at tumor diagnosis, 
PREMM5 scores and tumor site are shown in Additional 

CRC  colorectal cancer, EC endometrial cancer, SST sebaceous skin tumor, ANGELS Applying Novel Genomic approaches to Early-onset and suspected Lynch Syndrome 
colorectal and endometrial cancers, MTS Muir-Torre Syndrome, SD standard deviation, AM II Amsterdam II criteria, FIGO International Federation of Gynecology and 
Obstetrics, MMR DNA mismatch repair, IHC immunohistochemistry
a One individual developed an EC @55 and a CRC @58 years old (person was counted in ECs because the EC had a younger age at diagnosis)
b One individual developed a CRC @55 and an SST @61 (person counted in SSTs because the person was recruited through the MTS study)
c Clinical testing identified a germline MSH2 pathogenic variant resulting in loss of MSH2/MSH6 protein expression. The cause for MLH1/PMS2 loss, however, was 
unexplained and therefore categorised as SLS
d Total loss of MLH1/PMS2 staining in malignant mass with loss of MSH2/MSH6 staining in less differentiated areas of the tumor
e MMR IHC results determined prior to study

Table 1 (continued)

CRC EC SST Total

Histological type, n (%)

  Sebaceoma – – 1 (4.2%) –

  Sebaceous adenoma – – 21 (87.5%) –

  Sebaceous carcinoma – – 2 (8.3%) –
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file  1: Table  S6. Two-thirds of the CRC dMMR-DS 
tumors were in the proximal colon (Additional file  1: 
Table  S6, Additional file  1: Fig. S4). The mean age at 
CRC diagnosis was 46.6 ± 13.1  years with 50% of the 
tumors diagnosed before age 50 years, in contrast to the 
EC and SST dMMR-DS tumors had an older mean age 
at diagnosis (Additional file  1: Table  S6). The dMMR-
DS CRCs located in the proximal colon had an older 
age at diagnosis compared with the dMMR-DS distal 
CRCs (p-value = 0.043, t-test; Additional file 1: Fig. S5). A 
PREMM5 score was calculated on each of the dMMR-DS 
categorized participants with the distribution of scores 
overall and by tumor type shown in Additional file 1: Fig. 

S6. Over 80% of the dMMR-DS CRCs had a PREMM5 
score greater than the 2.5 threshold, however, this pro-
portion was much lower for the EC and SST groups 
(Additional file  1: Table  S6). The tumor distribution for 
each of the six features from the additive feature com-
bination approach by categorization are shown in Addi-
tional file 1: Table S7 for all resolved subgroups.

Discussion
In this study, we investigated both germline and somatic 
causes of dMMR using a custom-designed, multi-gene 
panel sequencing assay, and additionally investigated 
the potential of incorrect MMR IHC and tumor MLH1 

Table 2 Overview of somatic mutation count by tumor type and by observed MMR IHC

CRC  colorectal cancer, EC endometrial cancer, SST sebaceous skin tumor, IHC immunohistochemistry, MMR DNA mismatch repair, SLS suspected Lynch syndrome, 
dMMR-DS DNA mismatch repair deficient tumor with double somatic mutations, dMMR-SS DNA mismatch repair deficient tumor with single somatic mutation, dMMR-
SLS DNA mismatch repair deficient tumor with no somatic mutations. Numbers in bold indicate the number of double somatic cases (the most common sporadic 
subtype) by MMR gene
a For assessment of the presence of somatic mutations fitting to MMR IHC loss, one tumor presenting with loss of all four MMR proteins (SLS272) harboring biallelic 
MLH1 and biallelic MSH6 mutations was excluded from findings presented in Table 2
b Double somatic MMR mutations describes the presence of two or more somatic mutations in the same MMR gene where the pattern of protein loss by IHC indicates 
that same gene e.g. two MSH2 somatic mutations in a tumor showing loss of MSH2/MSH6 expression
c Single somatic MMR mutation describes the presence of only one somatic mutation in the same MMR gene where the pattern of protein loss by IHC indicates that 
same gene e.g. single MSH2 somatic mutation in a tumor showing loss of MSH2/MSH6 expression
d No somatic MMR mutations describes the absence of any somatic mutations in the same MMR gene where the pattern of protein loss by IHC indicates a defective 
gene e.g., no somatic mutations observed in MSH2 in a tumor showing loss of MSH2/MSH6 expression by IHC
e The updated pattern of MMR IHC loss from internal MMR IHC testing was used in this table
f One CRC tumor (SLS272) showed loss of all four MMR proteins by IHC and had double somatic MLH1 mutations and double somatic MSH6 mutations was not 
included in this table
g These 105 SLS tumors excluded tumors re-categorized as dMMR-LS, dMMR-MLH1me, dMMR-PriEpi and pMMR by re-testing MLH1 methylation, MMR IHC and 
deriving dMMR status from panel sequencing and identification of germline MMR pathogenic variants

SLS tumors  testeda Number of somatic MMR mutations CRC (n = 61) EC (n = 22) SST (n = 22) Total 
(n = 105 
tumors)g

Overall Double somatic MMR mutations (dMMR‑DS)b 55 (90.2%)f 15 (68.2%) 17 (77.3%) 87 (82.9%)
Single somatic MMR mutation (dMMR-SS)c 3 (4.9%) 4 (18.2%) 3 (13.6%) 10 (9.5%)

No somatic MMR mutations (dMMR-SLS)d 3 (4.9%) 3 (13.6%) 2 (9.1%) 8 (7.6%)

Pattern of MMR IHC  losse

MLH1/PMS2 Double somatic mutations in MLH1 27 (93.1%) 7 (70%) 4 (66.7%) 38 (84.4%)
Single somatic mutation in MLH1 1 (3.4%) 1 (10%) 1 (16.7%) 3 (6.7%)

No somatic mutation in MLH1 1 (3.4%) 2 (20%) 1 (16.7%) 4 (8.9%)

Total 29 (100%) 10 (100%) 6 (100%) 45 (100%)

MSH2/MSH6 Double somatic mutations in MSH2 23 (85.2%) 3 (60%) 12 (80%) 38 (80.9%)
Single somatic mutation in MSH2 2 (7.4%) 2 (40%) 2 (13.3%) 6 (12.8%)

No somatic mutation in MSH2 2 (7.4%) 0 (0%) 1 (6.7%) 3 (6.4%)

Total 27 (100%) 5 (100%) 15 (100%) 47 (100%)

MSH6 Double somatic mutations in MSH6 4 (100%) 5 (71.4%) 1 (100%) 10 (83.3%)
Single somatic mutation in MSH6 0 (0%) 1 (14.3%) 0 (0%) 1 (8.3%)

No somatic mutation in MSH6 0 (0%) 1 (14.3%) 0 (0%) 1 (8.3%)

Total 4 (100%) 7 (100%) 1 (100%) 12 (100%)

PMS2 Double somatic mutations in PMS2 1 (100%) 0 (0%) 0 (0%) 1 (100%)
Single somatic mutation in PMS2 0 (0%) 0 (0%) 0 (0%) 0 (0%)

No somatic mutation in PMS2 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Total 1 (100%) 0 (0%) 0 (0%) 1 (100%)
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methylation results, in a large series of people diagnosed 
with SLS across CRC, EC and SST tumor types. Using 
this approach, we could resolve the diagnosis for 86.9% of 
the SLS tumors into recognized clinically actionable sub-
types. The largest subtype of SLS tumors were those with 
double somatic MMR mutations (dMMR-DS, 64.2%) that 
are thought to be related to a low risk of second primary 

cancers and a low risk of cancer in relatives. Furthermore, 
13.1% and 5.8% of SLS tumors were related to incorrect 
MLH1 methylation and MMR IHC results, respectively, 
during pre-study clinical work-up. These results pro-
vide an important evidence base to improve tumor test-
ing approaches for Lynch syndrome. Furthermore, our 
results highlight the added benefit to resolving an SLS 

Fig. 2 Overview of the number of somatic events in three specific subtypes. Bar plots presenting the overview of the number of somatic events 
(somatic mutation and loss of heterozygosity) by MMR IHC in the A double somatic, B positive MLH1 methylation and C DNA mismatch repair 
proficient cohorts. MMR DNA mismatch repair, IHC immunohistochemistry



Page 10 of 15Walker et al. Journal of Translational Medicine          (2023) 21:282 

diagnosis from deriving dMMR-associated features and 
tumor mutational signatures from tumor sequencing 
assay to confirm dMMR status and provide insights into 
tumor etiology.

The predominant cause of dMMR in the SLS CRC, EC 
and SST tumors was double somatic MMR mutations, 
resulting in somatic biallelic inactivation of the MMR 
gene, which is reflected in the pattern of protein loss 
identified by MMR IHC. After excluding tumors incor-
rectly categorized as SLS, 90.2% of CRCs, 68.2% of ECs 
and 77.3% of SSTs were identified as dMMR-DS (Table 2). 
Previous studies investigating SLS dMMR CRC and EC 
tumors have reported similarly high proportions with 
double somatic MMR mutations ranging from 52.5 to 
100% [6, 7, 24–27, 42–44]. Elze et al. [24], reported 88.8% 
(182/205) of dMMR CRCs and 80.9% (38/47) of dMMR 
ECs with two somatic inactivating events. Pearlman et al. 
[43] and Hampel et  al. [25] identified double somatic 
MMR mutations in 88.4% (76/86) of dMMR SLS CRCs 
and in all of the 12 SLS ECs tested in the Ohio Colorectal 
Cancer Prevention Initiative study, respectively. For SSTs, 
Joly et  al. [29] reported 53.8% (7/13) of the dMMR SLS 
tumors tested had likely double somatic MMR mutations. 
A study by Lefol et al. [7] investigated the prevalence of 
double somatic MMR mutations in multiple tumor types 
including CRC, EC and SST tumors observing 69.6%, 

65% and 50%, respectively. Our study adds further con-
firmation that double somatic MMR mutations underlie 
the majority of the SLS dMMR subtype and supports 
the importance of incorporating tumor sequencing to 
resolve an SLS diagnosis. Furthermore, we have screened 
the largest group of SLS SSTs to date, demonstrating that 
double somatic MMR mutations are the most likely cause 
for dMMR after exclusion of Lynch syndrome.

The identification of only a single germline MMR 
pathogenic variant in MSH6 that was missed by previous 
clinical germline testing was reassuring. Arnold et al. [10] 
reported 7% (9/128) of SLS cases had germline patho-
genic variants identified that were missed by prior test-
ing. The hotspot MSH2 c.942 + 3A > T pathogenic variant 
[45] can be missed because it resides within a low DNA 
complexity region. The MLH1 c.400A > G p.Lys134Glu 
VUS identified, occurred in a tumor with loss of MLH1/
PMS2 expression and with two somatic MLH1 muta-
tions, where one of these may function as the “second hit” 
on the wildtype allele, however, further characterization 
of this variant is needed to determine whether this per-
son has Lynch syndrome or double somatic MMR muta-
tion-related dMMR. The other six MMR VUS occurred 
in genes that did not match the pattern of protein loss 
by MMR IHC and, therefore, this reduces their likeli-
hood of being pathogenic. In addition, we investigated 

Table 3 Summary of the categorization of the SLS tumors, overall and by tumor type, based on the results from tumor panel 
sequencing, MLH1 methylation and DNA mismatch repair (MMR) immunohistochemistry (IHC) results

CRC colorectal cancer, EC endometrial cancer, SST sebaceous skin tumor, SLS suspected Lynch syndrome, MMR DNA mismatch repair, dMMR DNA mismatch repair 
deficient, pMMR DNA mismatch repair proficient, dMMR-DS DNA mismatch repair deficient tumor with double somatic mutations, dMMR-MLH1me DNA mismatch 
repair deficient tumor presenting with MLH1 methylation, dMMR-PriEpi DNA mismatch repair deficient tumor with a primary MLH1 epimuation, dMMR-LS DNA 
mismatch repair deficient tumor with a germline pathogenic variant, dMMR-SS DNA mismatch repair deficient tumor with a single somatic mutation, dMMR-SLS 
mismatch repair deficient tumor with no somatic mutations. Numbers in bold reflect total number of resolved cases by tissue type and overall
a One tumor carried double somatic mutations in MLH1 and double somatic mutations in MSH6 presenting with loss of all four MMR proteins by IHC
b All tumors positive for tumor MLH1 methylation demonstrated loss of MLH1/PMS2 by MMR IHC except for one CRC tumor showing solitary PMS2 loss by MMR IHC 
(confirmed by internal testing)
c This person carried a germline pathogenic variant in MSH2 (known prior to entering the study) with a somatic MSH2 mutation (2nd hit) and was also positive for 
tumor MLH1 methylation which accounted for the loss of all four MMR protein expression by IHC
d This person carried a germline pathogenic variant in MSH6 (missed by prior clinical testing) with a somatic MSH6 mutation (2nd hit) as well as presenting with tumor 
MLH1 methylation accounting for the observed pattern of loss MLH1/PMS2 and MSH6 by MMR IHC
e Two people identified as MLH1 epimutation carriers with one carrier developing an SST and the other developed a CRC and an SST

Category CRC EC SST Total

Total tumors tested 80 33 24 137

Resolved

 dMMR-DS—Double somatic MMR mutations 56 (70%)a 15 (45.5%) 17 (70.8%) 88 (64.2%)

 dMMR-MLH1me—MLH1  methylatedb 9 (11.3%) 9 (27.3%) 0 (0%) 18 (13.1%)

 dMMR-PriEpi—Primary MLH1 epimutation 1 (1.2%) 0 (0%) 2 (8.3%) 3 (2.2%)e

 dMMR-LS—Lynch syndrome 1 (1.2%)c 1 (3%)d 0 (0%) 2 (1.5%)

 pMMR—MMR-proficient 7 (8.8%) 1 (3%) 0 (0%) 8 (5.8%)

 Total resolved 74/80 (92.5%) 26/33 (78.8%) 19/24 (79.2%) 119/137 (86.9%)
Unresolved

 dMMR-SS—Single somatic mutation 3 (3.8%) 4 (12.1%) 3 (12.5%) 10 (7.3%)

 dMMR-SLS—remain as SLS 3 (3.8%) 3 (9.1%) 2 (8.3%) 8 (5.8%)
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germline pathogenic variants in non-MMR genes namely, 
MUTYH, POLE and POLD1, as these have been previ-
ously shown to result in a double MMR somatic muta-
tion dMMR phenotype [16, 23]. We did not find germline 
biallelic MUTYH pathogenic variants nor did we see 
strong evidence for the tumor mutational signature pro-
file, SBS18 and SBS36, that is strongly associated with 
germline biallelic inactivation of MUTYH gene [46] in 
any of the SLS tumors suggesting biallelic MUTYH inac-
tivation is a rare cause of dMMR in SLS. Although we 
found only a single germline MMR and no non-MMR 
pathogenic variants in our SLS cases, the presence of a 
personal and/or family cancer history of Lynch syndrome 
spectrum tumors may provide cause for further inves-
tigation of these genes with alternate technology such 
as whole genome sequencing [44] or long-read genome 
sequencing [19], which have had success at identifying 
structural rearrangements and intronic pathogenic vari-
ants in the MMR genes.

Our approach to re-test tumor MLH1 methylation and 
MMR IHC resulted in the identification of 18.9% of cases 
incorrectly classified as SLS, being either MLH1 methyla-
tion positive tumors or being pMMR tumors. The study 
by Pearlman et  al. [28] found 13.7% of non-methylated 
CRCs had an incorrect MMR IHC result. There are rec-
ognized challenges with MMR IHC testing due to techni-
cal artefacts and inherent variability in the interpretation 
of the staining by different pathologists [47, 48]. The 
pre-study MMR IHC was performed at multiple differ-
ent private and public pathology laboratories across the 
country which may have led to the false positive IHC 
results we observed. The addition of our additive feature 
combination approach for predicting dMMR status from 
tumor sequencing data supported the reclassification of 
IHC results to pMMR in all eight cases. This highlights 
the value in applying alternate methodologies to confirm 
dMMR status when a diagnosis of SLS is made. Different 
patterns of loss were also observed in five SLS tumors, 
including four indicating loss of MLH1 which resulted in 
a further four SLS cases being tested for MLH1 methyla-
tion, two of which were positive.

In addition to the false positive MMR IHC results, 
our study found 13.1% of the SLS tumors were indeed 
positive for tumor MLH1 methylation indicating a large 
proportion was missed by pre-study clinical testing, 
particularly for the EC tumor type, which resulted in 
an incorrect SLS diagnosis. Of note, one SLS case with 
solitary loss of PMS2 expression was positive for MLH1 
methylation. MHL1 methylation in tumors showing soli-
tary PMS2 loss have been described previously [37, 38]. 
Although the reason for these false negative results is dif-
ficult to definitively determine, potential reasons include: 
(1) intratumoral heterogeneity of MLH1 methylation 

where different areas of the tumor were tested by the 
pathology labs and by the study, and (2) the sensitivity of 
MLH1 methylation detection is likely different between 
different assays. The 100% concordance between the 
MethyLight and MS-HRM assay results while reassur-
ing, also suggests these two assays may have increased 
sensitivity over MS-MLPA. This may be in part related 
to methodological differences relating to the need for 
bisulfite conversion for the MethyLight and MS-HRM 
assays compared with methylation-sensitive restriction 
enzyme for MS-MLPA. Our findings support the use of 
an alternate MLH1 methylation assay when an SLS case 
with loss of MLH1/PMS2 is identified. A recent study 
that integrated MLH1 methylation and targeted tumor 
sequencing is a promising approach to triage for Lynch 
syndrome where a single test would be more efficient 
and perhaps overcome some of the limitations of current 
MMR IHC and MLH1 methylation testing [49].

Defective MMR gene function and loss of protein 
expression relies on the two-hit hypothesis requiring 
both alleles to be inactivated to drive tumorigenesis. The 
identification in our study, and reporting in other stud-
ies using tumor sequencing to resolve SLS [7, 26, 29], that 
identification of only a single somatic MMR mutation 
presents a conundrum to the interpretation of dMMR 
etiology. The possibility that there is a second somatic 
mutation that has not been identified by our experi-
mental approach e.g., intronic somatic mutation, or that 
there is an undetected germline MMR pathogenic vari-
ant [19, 26], is plausible given the dMMR tumor status, 
although each would have a different outcome for clini-
cal management. The observation in this study that sin-
gle somatic MMR mutations occurred in MMR genes 
not considered defective by the pattern of protein loss 
by IHC (Fig. 2) and that single somatic MMR mutations 
occurred in MLH1 methylation positive tumors and even 
in pMMR tumors (Additional file  1: Fig. S2) suggests a 
single somatic MMR mutation can occur unrelated to the 
dMMR etiology, hence our categorization of the dMMR-
SS tumors as unresolved.

The strengths of this study include the large number of 
cases diagnosed with SLS based on prior clinical work-
up identified from family cancer clinics across each state 
of Australia and from New Zealand, representing the 
real-world heterogeneity of cases, diagnostic laboratory 
methodology and nuanced approaches to triaging for 
Lynch syndrome. Furthermore, tumor types represent-
ing those with the highest prevalence of dMMR, CRC, 
EC, and SST, were studied where the diagnosis of SLS 
is more likely to occur. The decision to repeat MLH1 
methylation and MMR IHC testing with different meth-
odology resolved a larger number of SLS cases. Our 
custom-designed tumor sequencing assay enabled the 
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investigation of multiple causes of dMMR simultaneously 
including SLS cases with unusual patterns of protein 
loss by IHC, including an SLS case with loss of all four 
MMR proteins that harbored double somatic mutations 
in MLH1 and in MSH6. Furthermore, evaluation of mul-
tiple NGS-derived tumor features namely TMB, INDEL 
count, multiple MSI calling tools and COSMIC TMS 
enabled accurate dMMR prediction to support the MMR 
IHC result. Lastly, screening for MLH1 epimutations in 
blood-derived DNA in SLS tumors with loss of MLH1/
PMS2 diagnosed < 50 years and in all six SST tumors with 
loss of MLH1/PMS2 identified two primary epimutation 
carriers, both in SST.

The identification of double somatic MMR mutations 
implies the dMMR tumor has a sporadic etiology, how-
ever, there remains some uncertainty that this is truly the 
case. This is in part due to previous reports showing that 
in rare cases a germline MMR pathogenic variant that is 
difficult to detect with current sequencing technology, 
including intronic pathogenic variants or a cryptic or 
complex germline variant may underlie the dMMR tumor 
phenotype [10, 11, 18, 19, 50]. Although our capture was 
designed to include probes to cover non-coding regions 
of the MMR genes, not all these regions could be probed 
due to low sequencing complexity. We have previously 
tried to address the idea of missing intronic and complex 
MMR pathogenic variants using whole genome sequenc-
ing but found no viable germline MMR gene candidates 
in familial and/or early-onset SLS cases [44]. Further-
more, this study did not include screening for potential 
somatic mosaicism of MMR variants in the dMMR-DS 
group, which would require deep sequencing analysis to 
detect low level mosaic mutations and screening of other 
distinct DNA sources. Somatic MMR mosaicism has 
been previously described [21, 22] although is rare. Fol-
low-up studies of this potential mechanism are needed as 
the identification of post-zygotic mosaicism of an MMR 
pathogenic variant would have implications for future 
cancer risk and potentially for the carrier’s offspring. The 
unresolved group dMMR-SS and dMMR-SLS tumors, 
comprising 13.5% of the SLS tumors, remain categorized 
as SLS and will require further investigation to determine 
a somatic, germline or technical cause for their dMMR 
tumor. Finally, we were not able to investigate the origi-
nal MMR IHC result/slides for the 20% of tumors that 
were identified as misclassified and, therefore, could not 
determine the basis, whether technical or from stain-
ing interpretation, for the pre-study MMR IHC result. 
Further engagement of quality assurance programs for 
MMR IHC and training for Pathologists may be needed 
to minimize the number of false positive/negative MMR 
IHC results and to trigger further laboratory investiga-
tions before reporting when unusual patterns of loss e.g. 

MSH6 and PMS2 loss are observed, as was reported pre-
study for two SLS cases in this study.

In conclusion, this study demonstrated a tumor-
focused approach that incorporated multiple pieces of 
evidence, including contemporary NGS-derived tumor 
features and somatic screening of the MMR genes to 
resolve 86.9% of the SLS cases into clinically actionable 
subtypes. These findings provide an evidence base to 
reduce the number of patients diagnosed with SLS and 
improve triaging for Lynch syndrome. The increased 
implementation of tumor sequencing to identify double 
somatic MMR mutations will improve risk appropriate 
clinical management of the patient and their relatives. 
Further studies are needed to elucidate the non-coding 
regions of the MMR genes and to clarify the cancer risks 
for first degree relatives associated with people with dou-
ble somatic MMR mutation tumor as currently the evi-
dence is limited and focused on the heterogeneous SLS 
subtype [8]. A large and systematic study of somatic 
mosaicism is needed in double somatic MMR muta-
tion tumors to understand the true prevalence. Finally, 
efficient triage of cancer-affected people for Lynch syn-
drome should start with tumor and matched germline 
sequencing of the MMR genes (among others), for the 
determination of dMMR status, identification of double 
somatic MMR mutations and germline MMR pathogenic 
variants, while capturing therapeutic targets, although 
supporting cost-effectiveness evidence would be needed.
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distribution in the double somatic mutation cohort across all CRCs and 
SSTs. Figure S5. Boxplots presenting the site distribution in the double 
somatic mutation cohort across all A) CRCs and B) SSTs. Significant (< 0.05) 
p-values are indicated for pairwise (t-test) and multigroup comparisons 
(Anova). Figure S6. Scatter plots presenting the PREMM5 score distribu-
tion in the test cohort for A) all tumors combined and separated by B) 
CRC, C) EC and D) SST tissue types. Figure S7. The distribution of tumor 
values for each of the six features that are included in the additive feature 
combination approach for determining tumor dMMR status grouped by 
molecular subtype and by combining sporadic dMMR groups dMMR-DS 
and dMMR-MLH1me into a “sporadic combined” group.
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