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Simple Summary: Endometrial cancers can arise due to an error in DNA mending known as
mismatch repair. This can happen because of an error in the cancer itself (somatic) or due to an
inherited error (Lynch syndrome). Treatment trials have considered endometrial cancers caused by
either of these errors as identical. As it is easier to recruit people with Lynch syndrome, they may be
overrepresented in this group despite being less numerous in clinical practice. This would not be an
issue if somatic and Lynch syndrome-related endometrial cancers were similar at a molecular level.
The data presented herein, however, indicates that these two routes to mismatch repair, although
sharing many similarities, lead to endometrial cancers with distinct molecular and pathological
features. This may explain the range of outcomes observed in clinical trials of endometrial cancers
with mismatch repair errors.

Abstract: Background: Mismatch repair deficient (MMRd) tumours may arise from somatic events
acquired during carcinogenesis or in the context of Lynch syndrome (LS), an inherited cancer
predisposition condition caused by germline MMR pathogenic variants. Our aim was to explore
whether sporadic and hereditary MMRd endometrial cancers (EC) display distinctive tumour biology.
Methods: Clinically annotated LS-EC were collected. Histological slide review was performed
centrally by two specialist gynaecological pathologists. Mutational analysis was by a bespoke
75- gene next-generation sequencing panel. Comparisons were made with sporadic MMRd EC.
Multiple correspondence analysis was used to explore similarities and differences between the cohorts.
Results: After exclusions, 135 LS-EC underwent independent histological review, and 64 underwent
mutational analysis. Comparisons were made with 59 sporadic MMRd EC. Most tumours were of
endometrioid histological subtype (92% LS-EC and 100% sporadic MMRd EC, respectively, p = NS).
Sporadic MMRd tumours had significantly fewer tumour infiltrating lymphocytes (p ≤ 0.0001) and
showed more squamous/mucinous differentiation than LS-EC (p = 0.04/p = 0.05). PTEN mutations
were found in 88% sporadic MMRd and 61% LS-EC, respectively (p < 0.001). Sporadic MMRd
tumours had significantly more mutations in PDGFRA, ALK, IDH1, CARD11, CIC, MED12, CCND1,
PTPN11, RB1 and KRAS, while LS-EC showed more mutations affecting SMAD4 and ARAF. LS-EC
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showed a propensity for TGF-β signalling disruption. Cluster analysis found that wild type PTEN
associates predominantly with LS-EC, whilst co-occurring mutations in PTEN, PIK3CA and KRAS
predict sporadic MMRd EC. Conclusions: Whilst MMRd EC of hereditary and sporadic aetiology
may be difficult to distinguish by histology alone, differences in infiltrating immune cell counts and
mutational profile may predict heterogenous responses to novel targeted therapies and warrant
further study.

Keywords: mismatch repair; lynch syndrome; somatic mutation; endometrial cancer

1. Introduction

The Cancer Genome Atlas (TCGA) categorises endometrial cancers (EC) into four
molecular subgroups that more accurately predict clinical outcomes than histological sub-
type [1]. Approximately one quarter are mismatch repair deficient (MMRd) [2], usually
because of hypermethylation of the promoter region of MLH1 [2], an almost exclusively
somatic event [3,4]. Less commonly MMRd EC are because of Lynch syndrome (LS),
an autosomal dominant hereditary condition affecting up to 3% of all EC patients [2].
MMRd tumours have an intermediate prognosis and gain reduced benefit from standard
chemotherapeutic agents [5,6] but are sensitive to immune checkpoint inhibitors [7,8], with
high rates of durable responses described [9]. The recent decision by the United States Food
and Drug Administration (FDA) to licence immunotherapy treatments for MMRd tumours
irrespective of their site of origin is, therefore, an exciting development [10]; however, the
trials that informed this recommendation considered all MMRd tumours to be equal [8,11].
Sporadic and hereditary causes of MMRd reflect different underlying biology that may,
in turn, influence treatment response and survival outcomes [12], and failure to account
for their potential differences may be an important source of confounding [12]. This is
particularly important because participants of drug registration clinical trials are predomi-
nantly those with LS-associated rather than sporadic MMRd tumours, whereas, in routine
clinical practice, the reverse is true [2]. LS-associated carcinogenesis is a constant threat in
individuals with inherited dysfunctional mismatch repair because DNA replication errors
occur regularly during normal growth, repair and regeneration [13]. Resulting nonsense
proteins, so-called frameshift peptides, are highly immunogenic, and their associated can-
cers are rapidly cleared by a functional immune system. Therefore, surviving cancers must
develop in the context of a strong anti-cancer immune response which drives adaption
and immune escape [14]. By contrast, sporadic MMRd EC develops in a mostly un-primed
immune microenvironment [12]. It is, therefore, likely that sporadic and hereditary MMRd
EC exploit different routes to carcinogenesis and may comprise a heterogeneous group
of tumours with different biology and clinical outcomes. An improved understanding of
the similarities and differences characterising MMRd EC of sporadic and hereditary origin
may therefore inform therapeutic innovations, targeted treatments and personalised care.

The aim of this study was to assess pathological features and somatic mutational
profiles of a large cohort of LS-EC and compare these with sporadic MMRd EC sourced
from TCGA. The lack of previous studies in this area reflects historically poor routine
testing of EC for MMRd, limiting the size of LS-proven tumour cohorts available for
comparison with TCGA data.

2. Materials and Methods

Definitions:

• Hereditary MMRd: ECs in individuals with a proven germline pathogenic variant in
MLH1, MSH2, MSH6 or PMS2;

• Sporadic MMRd: MLH1 hypermethylated ECs from the Nature 2014 TCGA cBioportal.
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2.1. Tumour Selection

The Biomarkers Of Lynch syndrome Tumours (BOLT) study was sponsored by the
University of Manchester and approved by the North West Greater Manchester Research
Ethics Committee (ref: 16/NW/0164). Women with a germline pathogenic variant (In-
SiGHT Class IV or V [15] consistent with LS and a histologically confirmed diagnosis of
EC were identified from two large gynaecological cancer centres in Manchester (UK) and
Leiden (NL) and through collaboration with the patient support group Lynch Syndrome
UK. Two formalin-fixed, paraffin-embedded (FFPE) blocks (one tumour, one normal tissue)
were obtained from the hysterectomy specimen for next-generation sequencing alongside
a representative haematoxylin and eosin (H&E) stained slide for pathology review. Where
hysterectomy material was not available, tissue blocks and slides of the diagnostic biopsy
were obtained. Sporadic MMRd EC that were microsatellite high [16] and MLH1 hyperme-
thylated formed the comparator cohort and were sourced from TCGA via the cBioportal
(http://www.cbioportal.org/ accessed on 14 March 2020) using the Nature 2013 data.

2.2. Pathology Review

Tumour morphology was assessed independently by two specialist gynaecological
pathologists (TB and JB) using World Health Organisation criteria [17]. Disagreements
were resolved by collaborative review and discussion. Review was limited to one repre-
sentative H&E slide per case to be comparable to the TCGA cohort. Pathological features
of interest were histological subtype, grade, mucinous differentiation, squamous differen-
tiation, lymphovascular space invasion (LVSI), myometrial invasion, tumour infiltrating
lymphocytes (TILs) and fixation quality. Myometrial invasion was categorised according
to Quick et al. [18] and LVSI extent according to Bosse et al. [19]. TILs were scored as a
percentage of the stromal compartment as per Salgado et al. [20]. Fixation quality was good
or poor, according to the reviewing pathologist’s opinion. The LS-EC underwent slide
review, and digital images of the sporadic MMRd EC comparator cohort were reviewed
on TCGA cBioportal. Pathologists were blinded to the original pathology report and each
other’s report, as well as germline and somatic mutational data. Discordant cases were
settled by consensus review. Tumour stage was taken from the original pathology report or
TCGA cBioportal.

2.3. Immunohistochemistry

Immunohistochemistry was carried out on 4 µm tissue sections from representative
LS-EC tumour blocks. For MMR protein immunohistochemistry, 0.3% H2O2/methanol was
used to inactive endogenous peroxidases. This was followed by antigen retrieval in boiling
10 mml/L Tris-EDTA pH 9.0. Sections were incubated overnight with primary antibodies
against MSH6 (clone EPR3945, 1:800, Genetex) and PMS2 (clone EP51, 1:25, Diamino-
benzidine- tetrahydrochloride (DAKO)). Sections stained for PMS2 underwent incubation
at room temperature with Envision FLEX + Linker (DAKO) for 20 min. All sections were
subsequently incubated with a secondary antibody (poly-HRP-GAM/R/R; DPV0110HRP;
Immunologic). DAKO was used as a chromogen. Sections were counterstained with
Mayer’s haematoxylin, dehydrated and mounted. The proportion of stained tumour
epithelial component and intensity of staining was scored by two expert independent
observers using tumour stroma as internal control [21].

p53 immunohistochemistry was carried out in the Manchester University NHS Foun-
dation Trust (MFT) Clinical Pathology Laboratory using the automated Ventana BenchMark
ULTRA IHC/in situ hybridisation (ISH) staining module (Ventana Co., Tucson, AZ, USA)
and ultraView 3,3’ diaminobenzidine version 3 detection system. 4 µm tissue sections were
baked at 70 ◦C for 30 min, deparaffinised and incubated in EZPrep (Ventana Co., Tucson,
AZ, USA) before washing with TRIS-based reaction buffer. Antigen retrieval used TRIS-
ethylenediamine tetraacetic acid (EDTA)-boric acid buffer and cell conditioner 1 for 36 min.
Sections were then incubated with ultraviolet inhibitor blocking solution for 4 min before
applying DO-7 mono-clonal p53 antibody (DAKO) at 1:50 dilution for 36 min. Sections

http://www.cbioportal.org/
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were incubated with horseradish peroxidase-linked secondary antibody, H2O2 and DAB
chromogen and copper for 8, 8 and 4 min, respectively. Slides were washed, counterstained
with Harris haematoxylin, dehydrated and coverslipped. p53 staining was scored using
British Association of Gynaecological Pathologists protocols by two independent observers;
discordant results were resolved by collaborative review and discussion, with a senior
author (JB) having the final call [22].

2.4. DNA Extraction and Next Generation Sequencing

Tumour DNA was obtained by core biopsy of tumour blocks from several different
tumour regions and compared with core biopsies from normal tissue blocks (4 × 0.6 mm of
each). Where there was less material available, DNA was extracted from tissue micro-
dissected from five 10 µm slides. DNA extraction was performed on the automated
VersantTissue Preparation platform (TPS, Siemens Healthcare Diagnostics, Erlangen, Ger-
many) as previously described [23]. DNA concentration was confirmed by fluorometer
(Qubit dsDNA HS, Life Technologies, Carlsbad, CA, USA), with >50 ng needed for analysis.
A custom-designed AmpliSeq next-generation sequencing panel (Cancer Hotspot Panel
v4) was designed to capture the genes most frequently mutated in endometrial cancer
described in COSMIC [24]. The bespoke panel comprised 75 genes, 32 exomic regions
and 43 hotspots (Section S2 Supplementary Materials). Primer sequences are available on
request. Sequencing libraries were prepared using AmpliSeq methodology according to
the manufacturer’s recommendations (Thermo Fisher, Waltham, MA, USA) using 10 ng of
DNA. Libraries were sequenced on the Ion Torrent Genestudio S5 platform and a 540 chip
(Thermo Fisher, Waltham, MA, USA).

2.5. Data Analysis

The unaligned bam files generated by the sequencer were mapped against the human
reference genome (GRCh37/hg19) using the TMAP 5.0.7 software with default parameters
(https://github.com/iontorrent/TS accessed on 16 June 2020). Variant calling used the
Torrent Variant Caller (TVC) 5.0.2 according to the recommended somatic variant caller
parameter. Integrative Genomics Viewer (IGV) was used for visual inspection of vari-
ants [25]. Unless otherwise stated, all sequences have a depth of more than 100 reads,
minimum base-pair quality of 20, and minimum number of reads and variants are reported
with an allele frequency of >0.25. Variants were imported into the local in-house variant
database Genetic Assistant (GA), Version: 1.4.5; SoftGenetics, which assigns variant anno-
tations, functional prediction, conservation scores and disease-associated information to
each variant. A five-class system was used to categorise mutations. These were assigned
through a systematic search of the literature (PubMed), general or locus-specific databases
(Mycancergenome, Alamut Visual, NCBI dbSNP, NCBI ClinVar, COSMIC, Jackson labora-
tory database, LOVD, MD Anderson, IARC TP53 database). Class I and II variations were
considered benign. Class III were variations of unknown significance; it was not possible
to define the downstream effect on protein function. Class IV and V were considered
pathogenic. Only pathogenic/driver mutations were included in the analysis. Copy num-
ber variants (Gains, amplification, or deletions and LOH) were studied with an in-house
developed copy number variation analysis tool, visualised in R (version 3.3.1) the NGSE
shiny app (https://git.lumc.nl/druano/NGSE accessed on 16 June 2020). For the sporadic
MMRd EC, somatic mutational data were taken directly from TCGA via the cBioportal.
Only genes included in the bespoke 75-gene endometrial cancer panel used for the LS-EC
were analysed.

https://github.com/iontorrent/TS
https://git.lumc.nl/druano/NGSE
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2.6. Statistical Analysis

Data tidying and consolidation was conducted by VBA scripting and conditional
formulae in Microsoft Excel 2010. Statistical analysis was performed using GraphPad v 7
(La Jolla, CA, USA) for comparative statistics and R 3.6.0 and RStudio programming
environment for clustering analysis. FactomineR was used in addition to base R and the
TidyVerse suite. For overall comparisons of percentages, Student’s t-test or ANOVA was
used. Individual comparisons of percentages were carried out with the N-1 Chi-squared
test [26]. For all descriptive analyses, the alpha was set at 0.05. Clinical features from
the two cohorts were unified, and data matrices constructed for the 75-gene panel. Four
matrices were populated and scored based on (1) a binary “presence/absence” of any
mutation; (2) an ordinal “Passenger/Driver” mutation type; (3) an ordinal “Missense/In-
frame/Truncation” mutation type; and (4) an ordinal “Ranked Severity” scoring system
that integrated Passenger/Driver status with Mutation Type. Multiple Correspondence
Analysis (MCA) [27] was employed to project the binary or ordinal mutation scorings
into low-dimension Euclidean space to determine whether mutation signatures predict
disease grade, disease stage, histological subtype, squamous differentiation, or mucinous
differentiation. The four matrices were subsetted by LS status to provide additional four
matrices for LS only analyses. These eight datasets formed the basis of bioinformatics
analysis. No more than five patient outliers were removed for any MCA analysis (and no
more than three during a single iteration). If necessary, the four lowest informative genes
were removed prior to final MCA output. Dendrogrammatic clustering was used to assess
for mutational substructure in LS and spontaneous MMRd cohorts by standardising and
scaling mutation scorings.

3. Results
3.1. Pathological Features

In total, 166 diagnostic slides and/or surgical specimens were received from LS-EC
proven cases treated between 1982 and 2016 (Figure 1). In total, 65 sporadic MMRd EC
(MSI hyper-mutated) were identified in the TCGA, six were excluded due to MSI-L (n = 1)
or normal MLH1 methylation status (n = 5); thus, 59 tumours formed the comparator
cohort. Concordance for histological subtype was high between the two pathologists with
an overall Cohen’s kappa of 0.82. There were no serous tumours in either group. The
LS-EC cases were younger than their sporadic MMRd counterparts, showed higher TIL
counts and were more likely to demonstrate broad front myometrial invasion. The sporadic
MMRd tumours were exclusively of endometrioid histological subtype with a tendency
towards higher grade, squamous or mucinous differentiation and LVSI (Table 1).

3.2. Somatic Mutations

After filtering, the mean number of mutations in the 75 genes sequenced was 4 and
5 per LS-EC and sporadic MMRd tumour, respectively (Figures S1–S3). In the 64 LS-EC
tumours, there were 246 variants, of which 28%, 36% and 35% were class III, IV and
V, respectively. The most common mutation type was missense (76.4%), followed by
truncating (11%). The most common base pair substitution was cystine to thymine (41%)
(Figures S4–S7). Two LS-EC tumours did not have a mutation detected. For the 59 sporadic
MMRd tumours, 289 variants were detected. Direct mutation class comparison was not
possible due to different classification methodologies; however, 54% were considered
driver variants. The most common type of variant was missense (79.2%), followed by
frameshift (17.7%).
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Both LS-EC and sporadic MMRd cohorts showed a propensity for mutations in the
PI(3)K and MAPK signalling pathways (Table S1). The most mutated gene was PTEN, seen
in 61% LS-EC and 88% sporadic MMRd tumours, respectively (p < 0.001). TP53 variants
were seen in 20% of the LS-EC tumours but only 8% of the sporadic MMRd tumours
(p = 0.06, NS). Mutations in SMAD4 were significantly more common in LS-EC (8% vs. 0%,
p = 0.04), whereas mutations in PDGFRB (0% vs. 10%, p = 0.01), ALK (0% vs. 8%, p = 0.02),
IDH1 (0% vs. 2%, p = 0.03), CARD11 (0% vs. 8%, p = 0.02) and KRAS (20% vs. 39%, p = 0.02)
were significantly more common in sporadic MMRd tumours (Figure 2). There were no
mutations in genes associated with immune evasion in sporadic MMRd tumours, although
our panel had limited coverage of such genes. At the oncogenic signalling pathway level,
only TGF-β signalling was significantly different between the cohorts, disrupted in LS-EC
tumours only (Figure 2 and Table S1).
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n=84	
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MLH1	(n=14)	
MSH2	(n=29)	
MSH6	(n=17)	
PMS2			(n=4)	

Figure 1. Study flow diagram Abbreviations: EIN: endometrial intraepithelial neoplasia; FFPE: formalin-fixed, paraffin-
embedded; G: grade; NGS: next-generation sequencing; NK: not known.

Within the LS-EC cohort, path_MSH6 carriers showed more mutations affecting ARAF
and fewer mutations affecting KRAS than carriers of other MMR pathogenic variants
(Tables S2 and S3). Only carriers of path_MLH1 variants showed somatic mutations associ-
ated with immunological processes. Path_MLH1 variant carriers (n = 14) had significantly
fewer somatic mutations in PTEN than sporadic MMRd tumours (57% vs. 88%, p = 0.007).
Conversely, BRAF (14% vs. 0%, p = 0.005) and SMO (14% vs. 0%, p = 0.005) were more
commonly mutated in path_MLH1 variant carriers. These data should be interpreted with
caution due to low numbers of path_MLH1 carriers.
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Table 1. Demographic and pathological features of the LS-EC and sporadic MMRd EC cohorts.

LS-EC Total
Cohort (n = 135)

LS-EC NGS
Cohort (n = 64)

Sporadic MMRd
EC (n = 59)

LS-EC (Total Cohort)
vs. Sporadic MMRd

EC p-Value

Age at diagnosis in years (SEM) 53 (3.1) 53 (2.1) 62 (1.2) <0.0001
Path_MMR variant

path_MLH1 29 (21.8%) 14 (21.9%) NA NA
path_MSH2 50 (36.1%) 29 (45.3%) NA NA
path_MSH6 43 (32.3%) 17 (26.6%) NA NA
path_PMS2 13 (9.8%) 4 (6.3%) NA NA

Histology
Endometrioid 125 (92%) 58 (91%) 59 (100%) <0.0001

Clear cell 1 (0.8%) 0 0 NA
Undifferentiated 4 (3%) 3 (4.7%) 0 NA
Mixed epithelial 1 (0.8%) 1 (1.5%) 0 NA

EIN 4 (3%) 2 (3%) 0 NA

Grade
1 87 (64.7%) 39 (60.9%) 17 (28.8%) <0.0001
2 19 (13.5%) 7 (10.9%) 19 (32.2%) 0.0025
3 25 (18.8%) 16 (25%) 23 (39%) 0.0029

EIN 4 (3%) 2 (3%) 0 NA

Stage
I 47 (34.8%) 26 (40.6%) 41 (69.5%) 0.0006
II 3 (2.3%) 1 (1.5%) 4 (6.8%) 0.13
III 11 (8.2%) 7 (11%) 11 (18.6%) 0.19
IV 0 0 3 (5.1%) NA

EIN 4 (3%) 2 (3%) 0 NA
Not known 70 (51.9%) 28 (43.7%) 0 NA

Myometrial invasion
Broad front 66 (48.1%) 31 (48.4%) 15 (25.4%) 0.003

Infiltrating gland 19 (14.3%) 13 (20.3%) 12 (20.3%) 0.3
MELF 4 (3%) 3 (4.7%) 0 NA

Adenomyosis invasion 3 (2.3%) 2 (3%) 0 NA
Non-specific invasion 16 (12%) 4 (6%) 0 NA

No invasion/superficial 21 (15.8) 9 (14.1%) 28 (47.5%) <0.0001
Not known/not applicable * 6 (4.5%) 2 (3%) 4 (6.8%) 0.51

LVSI
Present 13 (9.8%) 4 (6%) 12 (20.3%) 0.047

Significant 8 (6%) 7 (10.9%) 3 (5.1%) 0.81
Absent 108 (79.7%) 51 (79.7%) 41 (69.5%) 0.13

Not known/not applicable * 6 (4.5%) 2 (3%) 3 (5.1%) 0.86

TILs ˆ
>80% 33 (24.8%) 19 (29.7%) 1 (1.7%) <0.0001

51–80% 50 (36.1%) 22 (34.4%) 13 (22%) 0.05
11–50% 33 (24.8%) 18 (28.1%) 26 (44.1%) 0.56
0–10% 12 (9%) 3 (4.5%) 18 (30.5%) <0.0001

Not known/Not applicable * 7 (5.3%) 2 (3%) 1 (1.7%) 0.13
Squamous differentiation 25 (18.8%) 13 (20.3%) 19 (32.2%) 0.042
Mucinous differentiation 22 (16.5%) 12 (18.75%) 17 (28.8%) 0.051

Abbreviations: SEM: standard error of the mean; LS: Lynch syndrome; EC: endometrial cancer; NGS: next-generation sequencing; MMRd:
mismatch repair deficiency; path: pathological variant; EIN: endometrioid intraepithelial neoplasia; MELF: microcystic elongated and
fragmented; LVSI: lymphovascular space invasion; TILS: tumour infiltrating lymphocytes * Pre-surgical biopsy or EIN sample. ˆ One
participant had a concurrent infection and was excluded from TILs analysis. # EIN not included (n = 2).
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Figure 2. Mutational profiles of LS-EC and sporadic MMRd EC. The 75 genes included in the analysis are listed on the
Y-axis grouped by associated cellular process. On the X-axis, the % of tumours with a pathogenic variant in analysed genes
is demonstrated. Stars indicate genes in which the proportion of pathogenic variants between sporadic MMRd and LS-EC
was significantly different.

In the LS-EC cohort, 6/11 (55%) tumours with TP53 mutations had grade 1 disease,
and a further case had endometrial intraepithelial neoplasia (EIN). By contrast, aberrant
p53 expression was observed in only 5 LS-EC tumours, all with grade 2 or 3 disease. All
TP53 mutations in the sporadic MMRd cohort had grade 2 or 3 tumours. TP53 mutations
were found in 7/17 (41%) LS-EC tumours with high TIL counts. Mucinous differentiation
was associated with altered PI(3)K signalling, with 13 (100%) harbouring a mutation in
either PTEN (n = 6) or PIK(3)CA (n = 7). The genes not mutated in LS are shown in Tables
S6 and S7.

3.3. Clustering Analysis

Dendrogrammatic clustering revealed mutations in PTEN, PIK3CA, KRAS and CTNNB1
as the most important mutational events. Wild type PTEN associates predominantly with
LS, whilst co-occurring mutations in PTEN, PIK3CA and KRAS predict sporadic MMRd
(Figure 3). No associations were observed between disease grade, squamous or mucinous
differentiation and mutational profile. Within the LS-EC cohort, PTEN, PIK3CA, KRAS,
TP53 and APC mutation status were the most important mutational events (Figure 4). No
subclusters are associated with pathological features, possibly due to class imbalances
within histology and grade. There was also no association of subclusters with LS MMR
genotype, suggesting that the gene panel is positioned downstream of MMR functional
ablation. Further analysis is demonstrated in Figures S8–S11.
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Figure 3. Mutational profiles. A panel of 75 genes classified by “ever mutation” for 61 LS-EC and 59 sporadic MMRd patients. Clinical annotations for class, grade, squamous and mucinous
differentiation are provided as the rightmost columns. Intensities represent standardised and scaled signatures per patient observations (rows). Four principal dendrogrammatic clusters of
genetic mutational signatures were observed indicative of genomic assault substructure within the pathologies. Gene clustering present mutations in PTEN (black triangle); PIK3CA, KRAS and
CTNNB1 (grey triangle) as the most important events in the two pathologies. Of interest, the purple dendrogram cluster shows wild type PTEN associates predominantly with Lynch syndrome
(22 out of 30 patients; light blue “class” annotation). Co-occurring mutations in PTEN; PIK3CA, and KRAS predict predominantly a sporadic MMRd phenotype (15 out of 17 patients; dark blue
“Class” annotation; peach dendrogram). No associations were observed between the mutational signatures and disease grade, squamous, or mucinous differentiation status.
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Figure 4. Mutation profiles within LS-EC. A panel of 56 genes classified by ‘ranked severity mutation’ for 61 LS-EC patients. Clinical annotations for Lynch pathogenic variant (PMS2;
MSH6; MSH2; MLH1), grade, histological subtype are provided as the rightmost columns. Intensities represent standardised and scaled signatures per patient observations (rows). Six
principal dendrogrammatic clusters of genetic mutational signatures were observed indicative of genomic assault substructure within this LS-EC cohort. Gene clustering present mutations
in PTEN, PIK3CA, KRAS, TP53, and APC (triangles) as the most important events in the gene target panel for patients with Lynch Syndrome. No subclusters were found to associate with
Lynch genotype, disease grade, or histology.
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4. Discussion

All MMRd cancers are considered equal in treatment trials [8,11,28] despite a lack of
evidence for this assumption. We sought to explore the validity of the assumption by com-
paring the genotypic and phenotypic characteristics of a large cohort of proven LS-EC with
sporadic MMRd endometrial tumours from TCGA. All sporadic MMRd and most LS-EC
tumours were of endometrioid histological subtype. Sporadic MMRd tumours had sig-
nificantly fewer tumour infiltrating lymphocytes and showed more squamous/mucinous
differentiation than LS-EC. There were similar mutational landscapes in MMRd tumours
regardless of aetiology, although co-occurring mutations in PTEN, PIK3CA and KRAS were
more common in sporadic MMRd and perturbations of TGF-β signalling more common
in LS-EC. Our comprehensive interrogation of the phenotype and genotype of MMRd EC
of different aetiologies revealed many shared features; however, differences in immune
landscapes and mutational profiles may predict heterogeneous responses to treatment
and divergent clinical outcomes. Future clinical trials should consider subgroup analysis
of women with MMRd tumours of hereditary and sporadic aetiology to investigate this
further.

The association between endometrioid histological subtype and MMRd endometrial
tumours is well established [29]; however, few previous studies have reviewed such a
large bank of proven LS-EC and looked for similarities and differences with sporadic
MMRd endometrial tumours. The striking difference in infiltrating immune cells between
MMRd tumours of hereditary and sporadic aetiology is consistent with previous work [12]
and supports the concept of tumour evolution in the context of longstanding immune
pressures in LS-EC [30]. Our observation that LS-EC, but not sporadic MMRd EC, was
associated with disruption of immune signalling pathways lends further support to this
theory. The immunological landscape plays a crucial role in determining tumour fate,
response to treatment and survival outcomes [30]. A primed immune microenvironment
may explain why women with LS-EC have better recurrence-free survival than those with
MLH1 hypermethylated endometrial tumours [31].

A previous study by Libera et al. evaluated twenty LS-EC cases and five sporadic
MMRd endometrial tumours using a 16-gene sequencing panel [32]. They found an associ-
ation between KRAS mutation and sporadic MMRd tumours and noted a preponderance
of ARID1a pathogenic variants in their cohort. Our study builds on these findings and
establishes key differences between MMRd tumours of different aetiologies, with a triad of
co-occurring somatic mutations in PTEN, PIKCA and KRAS being a common finding only
in the sporadic MMRd tumours, implicating a reliance on MAPK and PI(3)K signalling.
LS-EC seems to arise independently of PTEN mutation, which is interesting given how
common such mutations are generally and in sporadic MMRd [1,33]. TP53 mutations were
prevalent in the LS-EC cohort, a consequence of defective DNA repair and widespread
genomic instability [1]. It is interesting that both MLH1 and PTEN are prone to epigenetic
silencing through promoter methylation, and therefore, the concordance of these two
mutations may indicate a shared aetiology [34]. However, our pipeline did not capture
epigenetic changes, and it is most likely that MMR dysfunction and not hypermethylation
was the driving mechanism [34]. APC mutations were detected in both cohorts despite
being uncommon in endometrial cancer [1]. Further, pathogenic APC mutations were
found in grade 3 disease suggesting that the prevailing theory that such mutations are only
present in pre-cancerous or low-grade disease does not hold in MMRd EC [35].

Our study has several key strengths. First, the LS-EC cases were all from clinically
confirmed pathogenic MMR variant carriers (InSiGHT Class V https://www.insight-
group.org accessed on 8 January 2021) and together comprised the largest cohort of LS-EC
reported in the literature. Two expert gynaecological pathologists reviewed all morphology,
using slides or digital images as appropriate, with discrepancies settled by consensus.
Somatic next-generation sequencing was conducted to clinical laboratory standards with a
high allele frequency of >0.25 to reduce false positives. The use of TCGA data for sporadic

https://www.insight-group.org
https://www.insight-group.org
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MMRd cases ensured robust comparison with the LS-EC cases. Limitations of the study
include pathology review being restricted to one representative H&E slide per case. This
was to enable a fair comparison of the LS-EC and sporadic MMRd cases, for which only one
digitised slide was available on the cBioportal. Stage was taken from original pathology
reports due to inequitable access to the full resected specimen across LS-EC and sporadic
MMRd cases. We recognise that our cohort has a limited number of non-endometrioid
tumours. This limits the application of our findings to non-endometrioid MMRd EC.
However, this lack of non-endometrioid ECs is also of interest as it highlights their rarity
in MMRd ECs. Recruitment through Lynch Syndrome UK favoured those who survived
their EC, introducing selection bias against aggressive/non-survivable disease, however of
those where stage was recorded, 19% had stage III disease, comparable with the sporadic
MMRd cohort (18.6%). Our LS cohort originated from two European sites, and their
generalisability to non-European populations is unclear. Sequencing formalin-fixed tissue
can create artefacts, particularly when using very old samples [36]. However, recent studies
have endorsed their use [37]. We have not included EC with somatic path_MMR gene
mutations, which account for around 3% of all EC, whereas somatic MMR silencing through
hypermethylation of the promoter region of MLH1 accounts for 16% [2]. Therefore, our
cohort represents the most clinically relevant subgroup of somatic MMRd, but it does not
provide complete representation [38]. Finally, panel sequencing instead of whole-genome
sequencing may miss pathogenic variants [39], and restricted sampling of a single tumour
block for mutational analysis may not adequately address potential tumour heterogeneity
in EC [40].

5. Conclusions

This is the most comprehensive comparison of proven LS-EC and sporadic MMRd
endometrial tumours conducted to date. We provide detailed information about the patho-
logical features and somatic mutational profile of a large cohort of MMRd endometrial
tumours of different aetiologies. There are many similarities in pathological features
and mutational landscape across tumours of sporadic and hereditary origin, with key
differences in PTEN mutations, the immune microenvironment and disrupted immunolog-
ical signalling likely reflecting different routes to carcinogenesis. These differences may
underlie differential treatment responses and clinical outcomes across the two groups.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13184538/s1, Table S1: A percentage breakdown of onco-genic pathways affected in LS
vs. MSI-H MLH1 methylated samples; Table S2: Somatic mutations in genes covered by The Leiden
Endometrial onco- panel found in LS (from de-novo NGS sequencing) and MSI-H/MLH1 methylated
(from TCGA data) ECs; Table S3: Somatic mutations in genes covered by The Leiden Endometrial
onco- panel found in LS broken down by the germline pathogenic variation; Table S4: Somatic
mutations in genes covered by The Leiden Endometrial onco- panel found in path_MLH1; Table S5:
A comparison of somatic mutations in genes covered by The Leiden Endometrial onco-panel found
in our LS cohort vs. the molecular cohorts as taken from the Cancer Genome Atlas; Table S6: Genes
included in the analysis; Table S7: Genes with no mutations in the Lynch cohort; Figure S1: The
percentage of mutations by type in the unfiltered sequencing output; Figure S2: The percentage of
mutations by class in the unfiltered sequencing output; Figure S3: The percentage of mutations by
class in the unfiltered sequencing output; Figure S4: The percentage base changes in the unfiltered
sequencing output; Figure S5: The percentage of mutations by type in the filtered sequencing output.;
Figure S6: The percentage of mutations by class in the filtered sequencing output; Figure S7: The
percentage base changes in the filtered sequencing output; Figure S8: Mutation signatures within
Lynch & MSI-H patients; Figure S9: Correspondence Analysis (MCA) of Lynch Syndrome patients:
Genomic Profile & Grade; Figure S10: MCA of Lynch syndrome patients: Mucinous and Squamous
status; Figure S11: Contribution of gene mutations to MCA dimensions 1 & 2 for Lynch syndrome;
Figure S12: Biplot variable contribution of gene mutations to MCA dimensions 1 & 2 for Lynch
syndrome; Figure S13: Representative comparison for four MCA 3D plots for Lynch syndrome
“Grade” annotation for each of the four scoring matrices.

https://www.mdpi.com/article/10.3390/cancers13184538/s1
https://www.mdpi.com/article/10.3390/cancers13184538/s1


Cancers 2021, 13, 4538 13 of 15

Author Contributions: Conception and design: N.A.J.R., T.B., T.V.W., M.A.G., D.N.C., D.G.E. and
E.J.C. Financial support: N.A.J.R., T.B., D.N.C., D.G.E. and E.J.C. Collection and assembly of data:
N.A.J.R., J.B., M.A.G., T.D.J.W. and N.t.H. Data analysis and interpretation: N.A.J.R., T.V.W., T.D.J.W.,
J.B., N.t.H., T.B. and E.J.C. Manuscript writing: N.A.J.R., T.B., T.D.J.W., M.A.G., D.G.E. and E.J.C. All
authors have read and agreed to the published version of the manuscript.

Funding: N.A.J.R. was a Medical Research Council Doctoral Research Fellow (MR/M018431/1).
M.A.G. was funded by a Wellcome Trust Clinical Training Fellowship. E.J.C. was a National Institute
for Health Research (NIHR) Clinician Scientist (NIHR-CS-012-009), and D.G.E. a NIHR Senior
Investigator (NF-SI-0513-10076). D.G.E. and E.J.C. are supported by the NIHR Manchester Biomedical
Research Centre (IS-BRC-1215-20007). This article presents independent research funded by the MRC,
the Wellcome Trust and the NIHR, and supported by the NIHR Manchester Biomedical Research
Centre. The views expressed are those of the authors and not necessarily those of the funders or the
Department of Health.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of North West Greater Manchester
Research Ethics Committee (ref: 16/NW/0164).

Informed Consent Statement: Written informed consent was obtained from all study participants
for use of their tumour blocks in this research.

Data Availability Statement: Mutational data is available on request.

Acknowledgments: We would like to thank all the women who donated their samples. We would
also like to thank Lynch Syndrome UK for supporting this work. The results presented here are
based upon data generated by TCGA Research Network (http://cancergenome.nih.gov accessed
on 14 March 2020). We acknowledge the NIHR UK Rare Genetic Disease Research Consortium for
supporting recruitment to this study. Neil Ryan would like to acknowledge The Academic Women’s
Health Unit, Translational Health Sciences, Bristol Medical School, University of Bristol, Bristol, UK
and St Michael’s Hospital Bristol.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Levine, D.A.; Getz, G.; Gabriel, S.B.; Cibulskis, K.; Lander, E.; Sivachenko, A.; Sougnez, C.; Lawrence, M.; Kandoth, C.; Dooling,

D.; et al. Integrated Genomic Characterization of Endometrial Carcinoma. Nature 2013, 497, 67–73. [CrossRef]
2. Ryan, N.A.J.; Glaire, M.A.; Blake, D.; Cabrera-Dandy, M.; Evans, D.G.; Crosbie, E.J. The Proportion of Endometrial Cancers

Associated with Lynch Syndrome: A Systematic Review of the Literature and Meta-Analysis. Genet. Med. 2019, 21, 2167–2180.
[CrossRef] [PubMed]

3. Simpkins, S.B.; Bocker, T.; Swisher, E.M.; Mutch, D.G.; Gersell, D.J.; Kovatich, A.J.; Palazzo, J.P.; Fishel, R.; Goodfellow, P.J. MLH1
Promoter Methylation and Gene Silencing Is the Primary Cause of Microsatellite Instability in Sporadic Endometrial Cancers.
Hum. Mol. Genet. 1999, 8, 661–666. [CrossRef] [PubMed]

4. Suter, C.M.; Martin, D.I.K.; Ward, R.L. Germline Epimutation of MLH1 in Individuals with Multiple Cancers. Nat. Genet. 2004, 36,
497–501. [CrossRef] [PubMed]

5. Jover, R.; Zapater, P.; Castells, A.; Llor, X.; Andreu, M.; Cubiella, J.; Piñol, V.; Xicola, R.M.; Bujanda, L.; Reñé, J.M.; et al. Mismatch
Repair Status in the Prediction of Benefit from Adjuvant Fluorouracil Chemotherapy in Colorectal Cancer. Gut 2006, 55, 848–855.
[CrossRef]

6. Sinicrope, F.A. DNA Mismatch Repair and Adjuvant Chemotherapy in Sporadic Colon Cancer. Nat. Rev. Clin. Oncol. 2010, 7,
174–177. [CrossRef]

7. Diaz, L.A.; Le, D.T. PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 373, 1979. [CrossRef]
[PubMed]

8. Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al.
Mismatch Repair Deficiency Predicts Response of Solid Tumors to PD-1 Blockade. Science (N. Y.) 2017, 357, 409–413. [CrossRef]

9. Luchini, C.; Bibeau, F.; Ligtenberg, M.J.L.; Singh, N.; Nottegar, A.; Bosse, T.; Miller, R.; Riaz, N.; Douillard, J.-Y.; Andre, F.;
et al. ESMO Recommendations on Microsatellite Instability Testing for Immunotherapy in Cancer, and Its Relationship with
PD-1/PD-L1 Expression and Tumour Mutational Burden: A Systematic Review-Based Approach. Ann. Oncol. Off. J. Eur. Soc.
Med Oncol. 2019, 30, 1232–1243. [CrossRef]

10. Lemery, S.; Keegan, P.; Pazdur, R. First FDA Approval Agnostic of Cancer Site—When a Biomarker Defines the Indication. N.
Engl. J. Med. 2017, 377, 1409–1412. [CrossRef]

11. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef]

http://cancergenome.nih.gov
http://doi.org/10.1038/nature12113
http://doi.org/10.1038/s41436-019-0536-8
http://www.ncbi.nlm.nih.gov/pubmed/31086306
http://doi.org/10.1093/hmg/8.4.661
http://www.ncbi.nlm.nih.gov/pubmed/10072435
http://doi.org/10.1038/ng1342
http://www.ncbi.nlm.nih.gov/pubmed/15064764
http://doi.org/10.1136/gut.2005.073015
http://doi.org/10.1038/nrclinonc.2009.235
http://doi.org/10.1056/nejmc1510353
http://www.ncbi.nlm.nih.gov/pubmed/26559582
http://doi.org/10.1126/science.aan6733
http://doi.org/10.1093/annonc/mdz116
http://doi.org/10.1056/NEJMp1709968
http://doi.org/10.1056/NEJMoa1500596


Cancers 2021, 13, 4538 14 of 15

12. Ramchander, N.C.; Ryan, N.A.J.; Walker, T.D.J.; Harries, L.; Bolton, J.; Bosse, T.; Evans, D.G.; Crosbie, E.J. Distinct Immunological
Landscapes Characterize Inherited and Sporadic Mismatch Repair Deficient Endometrial Cancer. Front. Immunol. 2020, 10, 3023.
[CrossRef]

13. Schwitalle, Y.; Kloor, M.; Eiermann, S.; Linnebacher, M.; Kienle, P.; Knaebel, H.P.; Tariverdian, M.; Benner, A.; von Knebel
Doeberitz, M. Immune Response Against Frameshift-Induced Neopeptides in HNPCC Patients and Healthy HNPCC Mutation
Carriers. Gastroenterology 2008, 134, 988–997. [CrossRef] [PubMed]

14. Seth, S.; Ager, A.; Arends, M.J.; Frayling, I.M. Lynch Syndrome—Cancer Pathways, Heterogeneity and Immune Escape: Lynch
Syndrome Cancer Pathways and Immune Escape. J. Pathol. 2018, 246, 129–133. [CrossRef] [PubMed]

15. Thompson, B.; Spurdle, A.; Plazzer, J.; Greenblatt, M.; Akagi, K.; Al-Mulla, F.; Bapat, B.; Bernstein, I.; Capellá, G.; Dunnen, J.T.;
et al. Application of a 5-Tiered Scheme for Standardized Classification of 2360 Unique Mismatch Repair Gene Variants in the
InSiGHT Locus-Specific Database. Nat. Genet. 2014, 46, 107–115. [CrossRef]

16. Umar, A.; Boland, C.R.; Terdiman, J.P.; Syngal, S.; de la Chapelle, A.; Rüschoff, J.; Fishel, R.; Lindor, N.M.; Burgart, L.J.; Hamelin,
R.; et al. Revised Bethesda Guidelines for Hereditary Nonpolyposis Colorectal Cancer (Lynch Syndrome) and Microsatellite
Instability. J. Natl. Cancer Inst. 2004, 96, 261–268. [CrossRef] [PubMed]

17. Lax, S.F. New Features in the 2014 WHO Classification of Uterine Neoplasms. Der Pathol. 2016, 37, 500–511.
18. Quick, C.M.; May, T.; Horowitz, N.S.; Nucci, M.R. Low-Grade, Low-Stage Endometrioid Endometrial Adenocarcinoma: A

Clinicopathologic Analysis of 324 Cases Focusing on Frequency and Pattern of Myoinvasion. Int. J. Gynecol. Pathol. Off. J. Int. Soc.
Gynecol. Pathol. 2012, 31, 337–343. [CrossRef]

19. Bosse, T.; Peters, E.E.M.; Creutzberg, C.L.; Jürgenliemk-Schulz, I.M.; Jobsen, J.J.; Mens, J.W.M.; Lutgens, L.C.H.W.; van der
Steen-Banasik, E.M.; Smit, V.T.H.B.M.; Nout, R.A. Substantial Lymph-Vascular Space Invasion (LVSI) Is a Significant Risk Factor
for Recurrence in Endometrial Cancer—A Pooled Analysis of PORTEC 1 and 2 Trials. Eur. J. Cancer Oxf. Engl. 1990 2015, 51,
1742–1750. [CrossRef]

20. Salgado, R.; Denkert, C.; Demaria, S.; Sirtaine, N.; Klauschen, F.; Pruneri, G.; Wienert, S.; den Eynden, G.V.; Baehner, F.L.;
Penault-Llorca, F.; et al. The Evaluation of Tumor-Infiltrating Lymphocytes (TILs) in Breast Cancer: Recommendations by an
International TILs Working Group 2014. Ann. Oncol. 2014, 26, 259–271. [CrossRef]

21. Barrow, E.; Jagger, E.; Brierley, J.; Wallace, A.; Evans, G.; Hill, J.; McMahon, R. Semiquantitative Assessment of Immunohisto-
chemistry for Mismatch Repair Proteins in Lynch Syndrome. Histopathology 2010, 56, 331–344. [CrossRef]

22. Köbel, M.; Ronnett, B.M.; Singh, N.; Soslow, R.A.; Gilks, C.B.; McCluggage, W.G. Interpretation of P53 Immunohistochemistry in
Endometrial Carcinomas: Toward Increased Reproducibility. Int. J. Gynecol. Pathol. 2019, 38, S123–S131. [CrossRef]

23. Van Eijk, R.; Stevens, L.; Morreau, H.; van Wezel, T. Assessment of a Fully Automated High-Throughput DNA Extraction Method
from Formalin-Fixed, Paraffin-Embedded Tissue for KRAS, and BRAF Somatic Mutation Analysis. Exp. Mol. Pathol. 2013, 94,
121–125. [CrossRef]

24. Alexandrov, L.B.; Kim, J.; Haradhvala, N.J.; Huang, M.N.; Ng, A.W.T.; Wu, Y.; Boot, A.; Covington, K.R.; Gordenin, D.A.;
Bergstrom, E.N.; et al. The Repertoire of Mutational Signatures in Human Cancer. Nature 2020, 578, 94–101. [CrossRef]

25. Thorvaldsdóttir, H.; Robinson, J.T.; Mesirov, J.P. Integrative Genomics Viewer (IGV): High-Performance Genomics Data Visualiza-
tion and Exploration. Brief. Bioinform. 2013, 14, 178–192. [CrossRef]

26. Richardson, J.T.E. The Analysis of 2 × 2 Contingency Tables—Yet Again. Stat. Med. 2011, 30, 890. [CrossRef]
27. Roux, B.L.; Rouanet, H. Geometric Data Analysis; Springer: Dordrecht, The Netherlands, 2005; ISBN 978-1-4020-2235-7.
28. Fader, A.N.; Diaz, L.A.; Armstrong, D.K.; Tanner, E.J.; Uram, J.; Eyring, A.; Wang, H.; Fisher, G.; Greten, T.; Le, D. Preliminary

Results of a Phase II Study: PD-1 Blockade in Mismatch Repair–Deficient, Recurrent or Persistent Endometrial Cancer. Gynecol.
Oncol. 2016, 141, 206–207. [CrossRef]

29. An, H.J.; Kim, K.I.; Kim, J.Y.; Shim, J.Y.; Kang, H.; Kim, T.H.; Kim, J.K.; Jeong, J.K.; Lee, S.Y.; Kim, S.J. Microsatellite Instability in
Endometrioid Type Endometrial Adenocarcinoma Is Associated with Poor Prognostic Indicators. Am. J. Surg. Pathol. 2007, 31,
846–853. [CrossRef] [PubMed]

30. Kloor, M.; von Knebel Doeberitz, M. The Immune Biology of Microsatellite-Unstable Cancer. Trends Cancer 2016, 2, 121–133.
[CrossRef] [PubMed]

31. Post, C.; Stelloo, E.; Smit, V.; Ruano, D.; Tops, C.; Vermij, L.; Rutten, T.; Jürgenliemk-Schulz, I.; Lutgens, L.; Jobsen, J.; et al. 28
Prevalence and Prognosis of Lynch Syndrome and Sporadic Mismatch Repair Deficiency in the Combined PORTEC-1,-2 and -3
Endometrial Cancer Trials. Int. J. Gynecol. Cancer 2020, 30, A20. [CrossRef]

32. Libera, L.; Craparotta, I.; Sahnane, N.; Chiaravalli, A.M.; Mannarino, L.; Cerutti, R.; Riva, C.; Marchini, S.; Furlan, D. Targeted
Gene Sequencing of Lynch Syndrome–Related and Sporadic Endometrial Carcinomas. Hum. Pathol. 2018, 81, 235–244. [CrossRef]

33. Bussaglia, E.; Delrio, E.; Matiasguiu, X.; Prat, J. PTEN Mutations in Endometrial Carcinomas: A Molecular and Clinicopathologic
Analysis of 38 Cases. Hum. Pathol. 2000, 31, 312–317. [CrossRef]

34. Zöchbauer-Müller, S.; Fong, K.M.; Virmani, A.K.; Geradts, J.; Gazdar, A.F.; Minna, J.D. Aberrant Promoter Methylation of Multiple
Genes in Non-Small Cell Lung Cancers. Cancer Res. 2001, 61, 249–255. [PubMed]

35. Ignatov, A.; Bischoff, J.; Ignatov, T.; Schwarzenau, C.; Krebs, T.; Kuester, D.; Costa, S.D.; Roessner, A.; Semczuk, A.; Schneider-
Stock, R. APC Promoter Hypermethylation Is an Early Event in Endometrial Tumorigenesis. Cancer Sci. 2010, 101, 321–327.
[CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2019.03023
http://doi.org/10.1053/j.gastro.2008.01.015
http://www.ncbi.nlm.nih.gov/pubmed/18395080
http://doi.org/10.1002/path.5139
http://www.ncbi.nlm.nih.gov/pubmed/30027543
http://doi.org/10.1038/ng.2854
http://doi.org/10.1093/jnci/djh034
http://www.ncbi.nlm.nih.gov/pubmed/14970275
http://doi.org/10.1097/PGP.0b013e31823ff422
http://doi.org/10.1016/j.ejca.2015.05.015
http://doi.org/10.1093/annonc/mdu450
http://doi.org/10.1111/j.1365-2559.2010.03485.x
http://doi.org/10.1097/PGP.0000000000000488
http://doi.org/10.1016/j.yexmp.2012.06.004
http://doi.org/10.1038/s41586-020-1943-3
http://doi.org/10.1093/bib/bbs017
http://doi.org/10.1002/sim.4116
http://doi.org/10.1016/j.ygyno.2016.04.532
http://doi.org/10.1097/01.pas.0000213423.30880.ac
http://www.ncbi.nlm.nih.gov/pubmed/17527071
http://doi.org/10.1016/j.trecan.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28741532
http://doi.org/10.1136/ijgc-2020-igcs.28
http://doi.org/10.1016/j.humpath.2018.06.029
http://doi.org/10.1016/S0046-8177(00)80244-0
http://www.ncbi.nlm.nih.gov/pubmed/11196170
http://doi.org/10.1111/j.1349-7006.2009.01397.x
http://www.ncbi.nlm.nih.gov/pubmed/19900189


Cancers 2021, 13, 4538 15 of 15

36. Cohort, T.C.; Wong, S.Q.; Li, J.; Tan, A.Y.-C.; Vedururu, R.; Pang, J.-M.B.; Do, H.; Ellul, J.; Doig, K.; Bell, A.; et al. Sequence
Artefacts in a Prospective Series of Formalin-Fixed Tumours Tested for Mutations in Hotspot Regions by Massively Parallel
Sequencing. BMC Med. Genom. 2014, 7, 23. [CrossRef]

37. Carrick, D.M.; Mehaffey, M.G.; Sachs, M.C.; Altekruse, S.; Camalier, C.; Chuaqui, R.; Cozen, W.; Das, B.; Hernandez, B.Y.; Lih,
C.-J.; et al. Robustness of Next Generation Sequencing on Older Formalin-Fixed Paraffin-Embedded Tissue. PLoS ONE 2015, 10,
e0127353. [CrossRef]

38. Ryan, N.A.J.; McMahon, R.; Tobi, S.; Snowsill, T.; Esquibel, S.; Wallace, A.J.; Bunstone, S.; Bowers, N.; Mosneag, I.E.; Kitson, S.J.;
et al. The Proportion of Endometrial Tumours Associated with Lynch Syndrome (PETALS): A Prospective Cross-Sectional Study.
PLoS Med. 2020, 17, e1003263. [CrossRef]

39. Wang, K.; Yuen, S.T.; Xu, J.; Lee, S.P.; Yan, H.H.N.; Shi, S.T.; Siu, H.C.; Deng, S.; Chu, K.M.; Law, S.; et al. Whole-Genome
Sequencing and Comprehensive Molecular Profiling Identify New Driver Mutations in Gastric Cancer. Nat. Genet. 2014, 46,
573–582. [CrossRef] [PubMed]

40. Burrell, R.A.; McGranahan, N.; Bartek, J.; Swanton, C. The Causes and Consequences of Genetic Heterogeneity in Cancer
Evolution. Nature 2013, 501, 338–345. [CrossRef]

http://doi.org/10.1186/1755-8794-7-23
http://doi.org/10.1371/journal.pone.0127353
http://doi.org/10.1371/journal.pmed.1003263
http://doi.org/10.1038/ng.2983
http://www.ncbi.nlm.nih.gov/pubmed/24816253
http://doi.org/10.1038/nature12625

	Introduction 
	Materials and Methods 
	Tumour Selection 
	Pathology Review 
	Immunohistochemistry 
	DNA Extraction and Next Generation Sequencing 
	Data Analysis 
	Statistical Analysis 

	Results 
	Pathological Features 
	Somatic Mutations 
	Clustering Analysis 

	Discussion 
	Conclusions 
	References

