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Abstract

Sporadic synchronous endometrial (ECs) and ovarian cancers (OCs), although clinically
considered to be independent primaries, have been shown to be clonally related and likely
constitute metastases from each other. We sought to define whether synchronous ECs/OCs in
patients with DNA mismatch repair (MMR)-deficiency syndromes would be clonally-related. We
subjected synchronous ECs/OCs from four patients (LS3-LS6) with clinically confirmed Lynch
syndrome (LS) and one patient with constitutional mismatch repair deficiency syndrome
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(CMMRD) to massively parallel sequencing targeting 468 cancer-related genes. Somatic
mutations, copy number alterations (CNAS), clonal relatedness and clonal decomposition analyses
were performed using previously described bioinformatics methods. All synchronous ECs/OCs
analyzed were considered independent primaries based on clinicopathologic criteria. Sequencing
analysis revealed that the ECs/OCs of three cases (LS2-CMMRD, L3, L4) harbored similar
repertoires of somatic mutations and CNAs and were clonally-related. In these three cases, a
subset of subclonal mutations in the EC became clonal in the OC, suggesting that the EC was
likely the substrate from which the OC developed. LS5’s EC/OC had distinct mutational profiles
but shared specific CNAs. In contrast, LS6’s EC/OC harbored distinct somatic mutation and
lacked CNAs, consistent with each tumor constituting an independent primary lesion. In LS5 and
LS6, PTEN mutations and PTEN loss of protein expression were found to be restricted to the EC.
Finally, re-analysis of sequencing data of sporadic synchronous ECs/OCs supported the
observations made in the current study that the directionality of progression is likely from the
endometrium to the ovary. In conclusion, contrary to sporadic synchronous ECs/OCs, which are
almost invariably clonally-related, ECs/OCs simultaneously involving the uterus and ovary in LS
patients may represent distinct primary tumors. A subset of MMR-deficiency syndrome-related
synchronous ECs/OCs, however, may originate from a single primary tumor at variance with their
clinical diagnosis, with the endometrium being the likeliest site of origin.
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INTRODUCTION

Lynch syndrome, also known as hereditary nonpolyposis colorectal cancer (HNPCC), is an
autosomal dominant cancer predisposition syndrome caused by heterozygous germline
mutations in the DNA mismatch repair (MMR) genes MLH1, MSHZ, MSH6 or PMSZ, or
deletion of the 3’ end of EPCAM [1]. Lynch syndrome is associated with an increased risk
of colorectal, endometrial and ovarian cancer, amongst others [1]. In contrast, biallelic
germline mutations affecting the key MMR genes cause constitutional mismatch repair
deficiency syndrome (CMMRD). CMMRD is a childhood cancer predisposition syndrome
with a wide tumor spectrum including hematologic malignancies, brain tumors and Lynch
syndrome-associated tumors, principally colorectal cancers, however ECs have also been
described in this setting [2-4]. Patients with Lynch syndrome have a 10-60% cumulative
lifetime risk of developing endometrial cancer (EC) and a 6-14% risk of developing ovarian
cancer (OC) [1,5]. In the setting of Lynch syndrome, the vast majority of ECs occur at a
younger age than sporadic cases, are of endometrioid histology and are characterized by a
uniquely high prevalence of synchronous OCs [6]. Similarly, OCs in Lynch syndrome are
most frequently of endometrioid/clear cell histology and are also diagnosed at an earlier age
[7]. Synchronous EC and OC have been reported in the sporadic setting in approximately
10% of cases, but in up to 22% in the context of Lynch syndrome [6]. Conversely,
approximately 7% of women with synchronous EC and OC meet clinical or molecular
criteria for suspicion of Lynch syndrome [8]. In this clinical scenario, where carcinomas are
simultaneously diagnosed in two separate organs, it is important to know the origin of these
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tumors and whether they are related or independent, given that this knowledge has an impact
not only on the clinical diagnosis, but also on subsequent treatment and prognosis [9-11].

Given the implications for prognostication and patient management, we and others have
performed massively parallel sequencing-based analyses of synchronous ECs/OCs and
demonstrated that sporadic synchronous ECs and OCs are clonally related and likely
represent dissemination from one site to the other [12—-14]. We previously described,
however, a synchronous EC/OC occurring in the setting of Lynch syndrome, which was the
only case with independent, clonally unrelated synchronous EC and OC with distinct
somatic mutation profiles and mutational signatures [12]. In contrast, Niskakoski et al
recently reported on three synchronous ECs/OCs arising in women with Lynch syndrome
subjected to targeted sequencing analysis, of which they found two cases with similar high-
confidence somatic mutation profiles indicative of shared origins, and one case without [15].
Therefore, it remains to be determined whether synchronous ECs/OCs are clonally related or
independent primary tumors in the context of Lynch syndrome. Furthermore, it is unknown
whether synchronous ECs/OCs arising in the setting of CMMRD are clonally related.

In studies to date that have demonstrated shared origins between synchronous ECs/OCs, in
the sporadic setting as well as within the context of Lynch syndrome, the directionality of
spread could not be robustly inferred. Based on immunohistochemical characterization of
synchronous ECs/OCs, it has been suggest that the synchronous lesions have greater
similarity with ECs as compared to OCs, suggesting that the OCs likely constitute
metastases from ECs (i.e. dissemination from the endometrium to the ovary) [16].

In this study, we sought to determine the repertoire of somatic mutations, mutational
signatures, copy number alterations (CNAs) and clonality in synchronous ECs/OCs
occurring in women with Lynch syndrome or CMMRD using targeted massively parallel
sequencing. If a subset of synchronous ECs/ OCs were in fact unrelated, the finding of
distinct immunohistochemical expression patterns or mutational profiles of these lesions
during diagnostic work-up would support the need for assessment for DNA MMR-
associated syndromes. Furthermore, we sought to infer the chronology of the development
of the endometrial and ovarian tumors through (re-)analysis of clonally related sporadic and
Lynch syndrome-related synchronous ECs/OCs.

MATERIALS AND METHODS

Cases

Cases with confirmed pathogenic germline DNA MMR mutations and synchronous EC/OC
were identified at Memorial Sloan Kettering Cancer Center (MSK), New York, NY, USA
(n=4), and IDIBELL-Hospital Universitari de Bellvitge, Barcelona, Spain (n=1). This study
was approved by the Institutional Review Boards of the respective institutions, and patient
consent was obtained, following the approved research protocols. Representative formalin-
fixed paraffin-embedded (FFPE) tissue sections from these cases were reviewed by
specialized gynecologic pathologists (KJP, APMS, AVB, LHE and/or XM-G). ECs and OCs
were histologically subtyped according to the World Health Organization (WHO)
classification [17], and staged and graded according to the International Federation of
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Gynecology and Obstetrics (FIGO) criteria [18]. The synchronous ECs/OCs were also
classified into independent primary or metastatic disease based on the clinicopathologic
features described by Scully et al [19,20]. The clinicopathologic criteria for synchronous
independent primary tumors of the endometrium and ovary were as follows: 1) histologic
dissimilarity of the tumors; 2) no or only superficial myometrial invasion of endometrial
tumor; 3) no vascular space invasion of endometrial tumor; 4) atypical endometrial
hyperplasia additionally present; 5) absence of other evidence of spread of endometrial
tumor; 6) ovarian tumor unilateral (80-90% of cases); 7) ovarian tumor located in
parenchyma; 8) no vascular space invasion, surface implants, or predominant hilar location
in ovary; 9) absence of other evidence of spread of ovarian tumor; and 10) ovarian
endometriosis present.

Targeted capture massively parallel sequencing

Representative 8um-thick sections of EC and OC FFPE blocks were microdissected to
enrich for tumor cells, and genomic DNA was extracted from micro-dissected tumor and
normal tissue/ blood samples using the DNeasy Blood and Tissue Kit (Qiagen), as
previously described [21]. Tumor and normal DNAs were subjected to massively parallel
sequencing at MSK’s Integrated Genomics Operation (IGO) using the Integrated Mutation
Profiling of Actionable Cancer Targets (MSK-IMPACT) platform, targeting all exons and
selected introns of 468 key cancer genes, as previously described [22,23]. The median depth
of coverage was 737x (range 292-1296x) for tumor and 393x (range 179-700x) for matched
normal samples. Sequencing data were analyzed as previously described [23,24]. In brief,
somatic single nucleotide variants (SNVs) were identified using MuTect (v1.17)[25], small
insertions and deletions (indels) using Strelka (v1.0.15), VarScan 2 (v2.3.7), Lancet (v1.0.0)
and Scalpel (v0.5.3)[26-29] and further curated by manual inspection. In addition, mutations
detected in the EC or OC from a given patient were subsequently interrogated in the
matched respective EC or OC by manual inspection of BAM files using mpileup files
generated from SAMtools (version 1.2 htslib 1.2.1)[30]. Copy number alterations (CNAS)
and loss of heterozygosity (LOH) were defined using FACETS [31], as previously described
[23,24]. The cancer cell fractions (CCFs) of somatic mutations were computed using
ABSOLUTE (v1.0.6)[32], and a mutation was classified as clonal if its probability of being
clonal was >50% or if the lower bound of the 95% confidence interval of its CCF was >90%,
as previously described [23,24]. Mutational hotspots were annotated according to Chang et
al [33]. For the construction of phylogenetic trees based on CNAs, major and minor copy
numbers computed by FACETS [31] were modeled using transducer-based pairwise
comparison functions using MEDICC [34] assuming a diploid state with no CNAs to root
the phylogenies. In addition to the analysis of the synchronous ECs/OCs arising in MMR-
deficiency associated syndrome patients, we retrieved and re-analyzed sequencing data from
22 sporadic synchronous ECs/OCs previously published by our group elsewhere [12]. The
sporadic synchronous EC/OC patients were confirmed not to harbor germline MMR gene
mutations. Of these 22 cases, 17 were subjected to MSK-IMPACT and the remaining 5 to
whole-exome sequencing (WES)[12]. Sequencing data were re-analyzed utilizing the
analytical pipeline described above.
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Clonality analysis

Clonal relatedness between the synchronous EC and OC of a given case was calculated
using “clonality index” (Cl), based on a previously validated method [12,35], as the
probability of the mutations shared between the two lesions not to have co-occurred by
chance. Adopting a previously established approach [12,35], we defined

M
CI = —logyg I I P(X),,. Given the repertoire of mutations of the two samples, the

m=
probability of observing a given mutation in both samples is defined by the binomial
probability P(X) = CXpk(1 — p)" ~*, n=2, k=2, where pis the frequency of a given mutation
and nis the number of shared mutations between a pair of components or the average
number of mutations found in the two samples in the target regions divided by the size of the
target regions. Thus, the probability of observing a given set of M identical mutations in the

M
two samples is given by I I P(X) .
1

m=

MSlsensor score and mutational signatures

MSlsensor was used to assess microsatellite instability (MSI), as described by Niu et al.
[36]. Samples with an MSlsensor score of <3 were considered microsatellite stable, 3-10
indeterminate and =10 MSI-high, as previously described [37,38]. Mutational signatures
were inferred from mutations present in each EC and OC using Signature Multivariate
Analysis (SigMA) at default parameters [39], as previously described [38].

Immunohistochemical analysis

Immunohistochemical analysis for the DNA MMR proteins MLH1, MSH2, MSH6 and
PMS2 was performed in the clinical setting, as previously described [40]. Loss of DNA
MMR protein expression was defined as the complete absence from all tumor cell nuclei in
the presence of a positive internal control, including blood vessels, stromal cells and/or
lymphocytes. Cases LS5 and LS6 were also subjected to PTEN immunohistochemistry
(IHC) using the monoclonal 138G6 antibody (#9559; Cell Signaling), as previously
described [41]. All assays were performed on a Leica Bond 3 (Leica) automated stainer
platform.

RESULTS

Clinicopathologic features of synchronous ECs/ OCs in germline DNA MMR gene mutation
carriers

Five ECs and OCs synchronously diagnosed in patients with Lynch syndrome (germline
MSHZ2, n=2; MSH6, n=1; and PMSZ, n=1) and in one patient with CMMRD (homozygous
PMS2 germline mutation) were included in this study (Table 1). Age at diagnosis ranged
from 39 to 56 years. All patients were considered to have clinically independent primary
tumors (synchronous primaries) based on published criteria [17,19,42], and were diagnosed
with early stage disease (Table 1). The ECs and OCs of all cases were of endometrioid
histology. The endometrioid EC of LS3 displayed focal papillary features, which were more
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prominent in the corresponding OC (Table 1). The patterns of loss of DNA MMR protein
expression by IHC were in concordance with the respective underlying germline DNA
MMR gene alteration (see below; Supplementary Figure S1). As expected in synchronous
ECs/OCs arising in Lynch syndrome patients (n=4), targeted massively parallel sequencing
analysis revealed a relatively high somatic mutation burden in the ECs/OCs analyzed
(median 71.5, range 27 — 390; Supplementary Table S1), few if any CNAs with the
exception of case LS5 (see below, Supplementary Figure S2), and high MSlsensor scores
(median 31.5, range 15 — 55, Table 1). In contrast, the synchronously diagnosed EC/OC of
LS2-CMMRD had fewer somatic mutations (EC, n=13; OC, n=18; Supplementary Table S1)
and had an indeterminate microsatellite status based on MSlsensor (EC=5; OC=8; Table 1).

Clonally unrelated synchronously diagnosed EC and OC in Lynch syndrome patients

LS6 harbored a pathogenic germline MSH6 p.R1334P mutation (Table 1, Figure 1). The
well-differentiated endometrioid carcinoma in the uterus lacked myoinvasion and was
associated with extensive atypical hyperplasia, whereas the well-differentiated endometrioid
carcinoma in the ovary displayed focal squamous differentiation. No endometriosis was
observed. Targeted massively parallel sequencing of the two FIGO grade 1 endometrioid
tumors, revealed a total of 63 somatic mutations in the EC and 27 somatic mutations in the
OC, none of which were shared (Figure 1A, Supplementary Table S1). A formal clonality
analysis, together with the fact that no shared mutations were identified and that both lesions
lacked CNAs, provide evidence to suggest that the endometrioid EC and OC arising in this
Lynch syndrome patient LS6 were independent, clonally unrelated tumors (Figure 1A,
Supplementary Figure S2). We further noted that despite the presence of a germline MSH6
mutation and a high mutation burden, the EC and OC both displayed a dominant (77% EC,
80% OC) aging-related mutational signature 1 rather than a DNA MMR-related signature.
Also, of all cases included, LS6 was the oldest at the age of diagnosis of this synchronous
EC/OC (Table 1).

IHC analysis revealed that the EC lacked both MSH6 and MSH2 protein expression,
whereas the OC displayed heterogeneous/ partial loss of MSH6 expression but MSH2
expression was retained (Figure 1B, Supplementary Figure S1). Although we observed these
distinct MSH®6 protein expression patterns, both, the EC and the OC harbored MSH6
somatic mutations, however these were distinct (EC: MSH6 p.X1216 splice site; OC: MSH6
p.V450_K453delinskE). Overall, the somatic mutations present in the EC were characteristic
of those described in pure non-synchronous endometrioid cancers, including AR/D1A,
PIK3CA and PTEN mutations in the EC [43], whereas the OC only displayed a PIK3CA
mutation characteristic of endometroid histology. Notably, the P/IK3CA mutations were
distinct; the EC was found to harbor two PIK3CA mutations (p.R93W and p.V344M
hotspot), whereas the OC displayed a PIK3CA p.H1047R hotspot mutation. Additionally,
PTEN mutations were present in the EC (9.R130*, p.Q87*, p.R173C, and p.X343_splice)
but not detected in the OC. Consistent with this genetic finding, immunohistochemical
analysis revealed loss of PTEN expression in the EC but not in the OC (Figure 1B).
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Mutationally un-related/ copy number-related synchronously diagnosed EC and OC in a
Lynch syndrome patient

LS5 harbored a germline nonsense MSHZ2 (p.Y521*) mutation (Table 1, Figure 2). Both
synchronously diagnosed endometrioid tumors were well-differentiated. The ovarian tumor
arose in an adenofibroma with areas of borderline endometrioid tumor, with foci of
endometrial-like stroma within the adenofibroma. Sequencing analysis revealed at total of
35 somatic mutations in the EC and 42 in the OC, none of which were shared. Furthermore,
whilst the EC component harbored a somatic MSHZ frameshift mutation (p.A771Lfs*38),
no second somatic alteration of MSHZin the form of a mutation or LOH was identified in
the OC of LS5 (Figure 2A). Despite the absence of somatic inactivation of the MSHZ2wild-
type allele in the OC, both the EC and OC displayed a dominant mutational signature 6
associated with defective DNA MMR (89% EC, 95% OC), had high MSI-sensor scores (15
EC, 26 OC; Table 1, Figure 2A) and IHC revealed MSH2 and MSH6 loss of protein
expression in the EC and OC (Supplementary Figure S1). PI3K pathway mutations were
present in both, the EC and OC; whilst the OC harbored a PIK3CA p.E545D hotspot
mutation, the EC harbored a PIK3R2 p.A444T mutation. The EC also displayed a somatic
PTEN p.T319* truncating mutation, which was associated with distinct PTEN protein
expression pattern between the two lesions (Figure 2B).

Analysis of the copy number profiles revealed, however, that although the mutational
profiles were distinct, the repertoire of CNAs of the EC/OC of LS5 were similar and shared
the same gains on chromosomes 9q, 16q and 19 (Figure 2C). These findings are consistent
with the notion that the CNAs in the EC and OC of LS5 preceded the acquisition of somatic
mutations. These data further suggest that unlike LS6, the EC and OC of LS5 are likely
clonally related given their similar patterns of CNAs, irrespective of their distinct mutational
profiles, derived from the analysis of 468 genes.

Clonally related synchronously diagnosed ECs and OCs in patients with DNA mismatch
repair-deficiency associated syndromes

Unlike the Lynch syndrome case previously reported by our team [12] and LS6 from this
study, three of the five synchronous ECs/OCs were clonally related, lacking CNAs and
harboring similar mutation profiles (i.e. LS2-CMMRD, LS3, and LS4; Figure 3,
Supplementary Figure 2).

LS2-CMMRD harbored a homozygous germline PMSZ2 (p.S8fs*) mutation, a case of
CMMRD (Table 1). The histologic features of the synchronous EC/OC were identical; both
lesions were low-grade endometrioid carcinomas displaying squamous differentiation
(Figure 3). No endometriosis was observed. The mutational burden of LS2-CMMRD’s
EC/OC (EC, n=13; OC, n=18) were lower than those found in the Lynch syndrome cases in
this study (median 71.5, range 27-390) and not MSI-high, but rather MSI-indeterminate. Of
the total 13 somatic mutations in the EC and 18 in the OC, 8 were shared (Figure 3A), one
of which was a clonal FBXW7p.R505C mutation. Among the remaining shared mutations,
a subset was subclonal in the EC, including AR p.Q803Pfs*27, SPEN p.D1364G and
CTNNB1 p.S33P mutations, while fully clonal in the OC (Figure 3A, Supplementary Table
S1); suggesting that a minor subclone of the EC likely constituted the substrate from which
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the OC originated. As for the mutations restricted to each component, the OC was found to
harbor pathogenic mutations affecting AR/D1A (p.M1634Hfs*14) and P/IK3R1
(p.X582_splice, Supplementary Table S1), while the EC had a private pathogenic mutation
in NOTCH1 (p.L573P). Although LS2-CMMRD harbored a lower number of somatic
mutations, also in this case a dominant mutational signature 26, associated with defective
DNA mismatch repair (MSI), was present in both the EC (46%) and OC (44%; Figure 3A).

LS3 harbored a germline frameshift MSHZ (p.Q324fs*) mutation and was considered to be
MSI-high (Table 1). The endometrial tumor exhibited a glandular and papillary architecture
with scattered foci of marked cytologic atypia (grade 2), and both myometrial and
lymphovascular invasion were present. The ovarian tumor was embedded in fibrous stroma
and exhibited a tubulocystic architecture with moderate to focal marked nuclear atypia and
clear cytoplasm, consistent with a clear cell carcinoma arising in the background of an
adenofibroma. The EC/OC both displayed loss of MSH6 and MSH2 protein expression
(Supplementary Figure S1). Similar to LS2-CMMRD, clonality analysis of this case showed
that both the EC and OC components were clonally related (Figures 3B-3C). Of the 335
total somatic mutations in the EC and 80 in the OC, 51 were found to be shared, whereas
284 and 28 were found to be restricted to the EC and OC, respectively (Supplementary Table
S1). Amongst others, a clonal hotspot mutation in PIK3CA (p.Q546R) was shared between
the EC/OC as was a somatic MSHZ frameshift (p.F887Sfs*5) mutation. A dominant
mutational signature 20 associated with defective DNA mismatch repair (MSI) was present
in the EC (61%) and OC (52%; Figure 3B). Akin to LS2-CMMRD, clonality analysis
provided evidence to suggest that the OC likely originated from a minor subclone of the EC
as supported by a subset of 8 subclonal mutations in the EC becoming clonal in the OC,
including a pathogenic K/7 p.K710N mutation.

LS4 harbored a germline nonsense PMS2 pQ30* mutation associated with LOH of the wild-
type allele and was considered to be MSI-high (Table 1). The EC demonstrated cribriform
growth characteristics of a grade 1 endometrioid carcinoma, and the ovarian tumor was
composed of back-to-back glands with an endometrioid appearance with focal areas of solid
growth (grade 2), and a small cyst with features of endometriosis. Among all cases included
in this study, LS4 encompassed the largest total number of mutations. A total of 390 somatic
mutations were identified in the EC and 324 in the OC, of which 286 were shared, whereas
104 and 38 where private to the EC and OC, respectively (Figure 3C, Supplementary Table
S1). A clonal hotspot mutation in SOSZ (p.N233Y) as well as a pathogenic APC (p.R2439C)
missense mutation were shared between the EC/OC. LS4, akin to LS2 and LS3, not only
demonstrated a clonal origin between the two synchronous lesions (Figure 3D), but also
provided evidence to suggest that a minor subclone of the EC was likely the origin of the
OC. Specifically, 48 subclonal mutations in EC were found to be clonal in the OC, including
ARIDIA (p.M156Hfs*8), PIK3CA (p.V344A), PIK3R1 (p.182Nfs*24) and ATM
(p-R2832C). Both the EC and OC had a dominant mutational signature 15 associated with
defective DNA mismatch repair (MSI; Figure 3C, Supplementary Table S1).

All women with Lynch syndrome-associated synchronous EC/OC had no evidence of
disease (n=3) or were alive with disease (n=1) at last follow-up (range 1-13 years; Table 1),
irrespective of the clonal relatedness of the synchronously diagnosed tumors in the uterus
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and ovary. The CMMRD patient developed other malignancies and died of other cause 7
years following the synchronous EC/OC diagnosis (Table 1).

Assessment of the directionality of progression in sporadic synchronous ECs and OCs

Given that we observed a likely progression from the EC to the OC in the clonally related
DNA MMR-deficiency associated cases, we sought to define whether the same chronology
of events would be applicable to sporadic synchronous ECs/OCs. Sequencing data reported
in Schultheis et al [12], including 5 sporadic ECs/OCs subjected to WES and 17 sporadic
ECs/OCs subjected to targeted massively parallel sequencing, were re-analyzed and utilized
to infer the clonal evolutionary pattern of these 22 sporadic synchronous ECs/OCs. The
clonality analysis provided objective information on the directionality of progression in 2/5
cases subjected to WES (i.e. SYN2, SYN5) and 6/17 cases subjected to MSK-IMPACT
sequencing (i.e. SP1, SP2, SP3, SP9, SV5, and SP5). Uniformly, in these 8 cases, the most
parsimonious explanation for their evolution was that the OC likely stemmed from a minor
subclone of the EC (Figure 4). The directionality in these cases was inferred on the basis of
the presence of multiple subclonal mutations present in the EC that became clonal in the
respective OC. This includes KMTZA and PIK3CA mutations that were subclonal in the EC
that became clonal in both the left and right OCs in SP1. In SP9, KRAS hotspot and
ARID1A mutations were subclonal in the EC and clonal in the OC. In SP3, POLE,
ARIDIA, PIK3CA and two PTEN mutations were all subclonal in the EC and clonal in the
OC. In SP5, in addition to a clonal PTEN (p.R130Q) hotspot mutation present in both
components, a PTEN (p.L42R) mutation as well as two APC mutations were subclonal in
the EC and clonal in the OC. Furthermore, subclonal BCL6 (SV5), CREBBP (SP2), BAI3
(SYN2) and P/K3R1 (SYNS5) mutations in ECs became clonal their respective OC (Figure
4). The remainder of the cases re-analyzed also demonstrated clonal relatedness [12],
however the chronology of the development of the two synchronous lesions could not be
deduced based on the targeted sequencing results (Supplementary Figure S3).

DISCUSSION

Here we demonstrate that within the context of Lynch syndrome but not CMMRD there is a
subset of synchronously diagnosed ECs/OCs that are clonally unrelated and represent two
separate independent primaries. Combining our previously published synchronous EC/OC
Lynch syndrome case, SV2 [12], with the analyses performed here, we report a 40% (2/5)
rate of independent primary tumors versus metastatic lesions in patients with Lynch
syndrome. This is in contrast to sporadic synchronous clinically independent ECs/OCs,
which have been consistently shown to be clonally related and metastases from each other,
as demonstrated by both our group and others [13-16,41,44,45].

Using single cell sequencing of breast cancers, Navin and colleagues have shown that the
majority of CNAs are acquired at the earliest stages of tumor evolution, in short punctuated
bursts, followed by stable clonal expansions, whilst point mutations evolved gradually over
long periods of time [46,47]. MSI-high ECs are generally characterized by a high mutational
burden and the lack of CNAs [43]. The synchronous EC/OC of LS5 analyzed in this study,
from a MSHZ2 germline mutation carrier, was found to harbor CNAs (fraction of genome
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altered: EC=8%, OC=12%), many of which were shared between the EC and OC, whereas
none of the somatic mutations were shared. One may hypothesize that these ECs/OCs have a
common origin, with CNAs acquired as early events and the acquisition of mutations at later
stages of tumor evolution. Alternatively, given that samples from this patient were analyzed
with MSK-IMPACT, we cannot rule out that somatic mutations present in both the EC and
OC were present but not assessed in the genomic regions covered by this targeted capture
sequencing assay.

The somatic genetics of ECs arising in the context of CMMRD have yet to be characterized.
One of the cases included in this study, LS2-CMMRD, harbored a homozygous PMS2
germline mutation. We noted that the synchronous EC/OC of LS2-CMMRD harbored a
lower mutational burden than the Lynch syndrome cases studied here, and although tumors
from this patient were not deemed MSI-high by MSI-sensor, they did harbor dominant
mutational signatures associated with DNA MMR defects. Mutations that were shared
between the synchronously diagnosed EC/OC in LS2-CMMRD included AR/D5B, AR and
PTEN frameshift mutations as well as CTNNBI hotspot, FBXW7and SPEN mutations.

In case LS5, which harbored a germline nonsense MSHZ2p.Y521* mutation, the EC had a
somatic MSHZ mutation, however in the OC no second somatic alteration of MSHZin the
form of a mutation or LOH was identified. Notably, both EC and OC of LS5 harbored
dominant mutational signatures associated with defective DNA MMR, had high MSI-sensor
scores and showed MSH2 and MSH6 loss of protein expression. These findings are
consistent with the notion that yet another mechanism not detectable by targeted massively
parallel sequencing (e.g. MSHZ promoter hypermethylation as described in Lynch syndrome
colorectal cancers [48]) may serve as the “second hit’.

Using clonal composition analyses, we assessed the directionality of the evolutionary pattern
in the clonally-related DNA MMR-deficiency syndrome cases. In these three cases, we
found evidence to suggest that a minor subclone of the EC gave rise to the OC. This was
further validated by a re-analysis of sporadic synchronous EC/OCs from Schultheis et al
[12]. In the clonally related Lynch syndrome, CMMRD, and sporadic synchronous ECs/OCs
analyzed here, and for which we could bioinformatically infer the directionality from
primary EC to ovarian metastasis, 4/12 were associated with endometriosis (2/3 Lynch; 0/1
CMMRD; 2/8 sporadic). Endometriosis has been suggested to play a role in the development
of synchronous ECs/OCs and the absence of ovarian endometriosis is one of the pathologic
criteria used to support primary EC with ovarian metastasis [19]. These data suggest that the
presence of endometriosis may not be necessarily required for the development of an
endometrioid OC synchronously diagnosed with EC in the context of clonally-related
lesions, as the OC likely constitutes dissemination of the EC. It should be noted, however,
that although this is the most parsimonious explanation for our findings where directionality
of the progression could be inferred from EC to OC, we cannot rule out other biological
processes. Clonally related ECs/OCs could also stem from endometrium already harboring
early somatic genetic alterations giving rise to the endometriosis. In this scenario both the
eutopic endometrium and endometriosis would harbor genetic alterations in common, and
the EC and OC developing from these different areas would be de facto clonally related,
however the EC and OC would harbor a substantial number of somatic genetic alterations
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restricted to each lesion, given the divergent evolution after the implantation of the ectopic
endometrium. Further studies are required, to assess whether the endometriosis harbors
mutations found in the synchronous EC/OC.

Based on these findings one could hypothesize a model in the setting of Lynch syndrome,
where the likelihood of transformation happening in the endometrium, either eutopic or
ectopic, is high. Hence, in this context, synchronous ECs/OCs can either constitute i)
clonally-related lesions in the form of a primary EC giving rise to the OC, or ii) independent
lesions, whereby the endometrium and the ectopic endometrial cells would transform
independently and have no somatic genetic alterations in common (Figure 5). In the context
of sporadic cancers, the likelihood of transformation of the eutopic or ectopic endometrium
is low; therefore, the majority of synchronous ECs/OCs are clonally related and likely
derived from a primary EC “metastasizing” to the ovary. It should be noted, however, that in
the context of clonally related synchronous ECs/OCs, both in the sporadic and Lynch/
CMMRD settings, another possibility that could be entertained includes one where the
endometrium that gave rise to the endometriosis, albeit not entirely transformed, already
harbored somatic genetic alterations acquired early in the development of ECs [49,50]. In
this case, there would be a subset of somatic genetic alterations shared between the EC and
the OC, hence the lesions would be clonal, however a high number of genetic alterations that
diverge between the two lesions would be expected (Figure 5).

Our study is limited by small sample size, however we are providing important additional
data in this space, given the rarity of synchronous ECs/OCs occurring in the setting of Lynch
syndrome/ CMMRD. We suggest there is a subset of synchronous ECs/OCs in women with
Lynch syndrome that are not clonally related and constitute independent primary tumors.
Targeted massively parallel sequencing with MSK-IMPACT was the basis for the genomic
profiling of these samples, which targets a limited number of genes (n=468). Whole-exome
or whole-genome sequencing analyses in a larger series of cases are warranted to provide
more definitive results regarding the clonality of these cases. Despite these limitations, we
further show that synchronous ECs/OCs most often originate from the EC and give rise to
the OC in the Lynch syndrome, CCMRD and sporadic settings.
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Figure 1: Somatic mutations, mutational signatures and histologic features of the synchronous
endometrial and ovarian cancersfrom Lynch syndrome case L S6.

(A) Cancer cell fractions of somatic mutations identified in the endometrial cancer (EC) and
synchronous ovarian cancer (OC) of case LS6 harboring a germline MSH6p.R1334P
mutation, color coded according to the legend. The EC and OC both display a dominant
mutational signature related to aging (Signature 1). Selected pathogenic mutations are
highlighted in red font. The total number of somatic mutations identified in the EC and OC
are shown below the heatmap. (B) Micrographs of representative hematoxylin and eosin
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(H&E), MSH6, MSH2 and PTEN stained sections of the endometrioid EC and OC (scale
bar, 100 um). Loss of MSH6 and MSH2 protein expression was observed in the EC, whereas
the OC displayed heterogeneous/ partial loss of MSH6 expression with retention of MSH2
expression. PTEN expression was found to be lost only in the EC, harboring multiple PTEN
somatic mutations. CCF, cancer cell fraction; EC, endometrial carcinoma; OC, ovarian
carcinoma.
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Figure 2: Somatic mutations, mutational signatures, copy number alterations and histologic
features of the synchronous endometrial and ovarian cancersfrom Lynch syndrome case L S5.

(A) Cancer cell fractions of somatic mutations identified in the endometrial cancer (EC) and
synchronous ovarian cancer (OC) of case LS5 harboring a germline MSH2p.Y521*
mutation, color coded according to the legend. The EC and OC both display a dominant
mutational signature related to DNA mismatch repair defects (Signature 6). Selected
pathogenic mutations are highlighted in red font. The total number of somatic mutations
identified in the EC and OC are shown below the heatmap. (B) Micrographs of
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representative hematoxylin and eosin (H&E) and PTEN stained sections of the endometrioid
EC and OC (scale bar, 100 um). Loss of PTEN expression was found only in the EC
harboring a PTEN somatic mutation. (C) Chromosome plots of the EC and OC, with the
Log,-ratios plotted on the y-axis and the genomic positions on the x-axis (top). Phylogenetic
tree based on the copy number alterations depicting the evolution of the EC and OC
(bottom). CCF, cancer cell fraction; EC, endometrial carcinoma; OC, ovarian carcinoma.
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Figure 3: Somatic mutations, mutational signatures, directionality of progression and clonality of
synchronous endometrial and ovarian cancersfrom DNA mismatch repair germline mutation

carriersLS2-CMMRD, LS3 and L $4.

Cancer cell fractions of somatic mutations identified in the endometrial cancer (EC) and
synchronous ovarian cancer (OC) of cases LS2-CMMRD (A), LS3 (B) and LS4 (C), color
coded according to the legend. Detailed view of subclonal mutations in the EC that became
clonal in the OC on the right. Total number of somatic mutations identified in a given EC
and OC are shown below the heatmaps. Micrographs of representative hematoxylin and
eosin (H&E) stained sections of the EC and OC (scale bars, 100 pm; top right).
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Directionality of progression from the EC to the OC based on the clonality of mutations
(capital letters, clonal; lower case letters, subclonal) are shown in the bottom right. (A) Case
LS2-CMMRD harboring a homozygous germline PMSZ2 p S8fs* mutation (constitutional
mismatch repair deficiency syndrome). The endometrioid EC and endometrioid OC both
display a dominant mutational signature related to DNA mismatch repair defects (Signature
26), and harbor a clonal FBXIWW/7 mutation. (B) Lynch syndrome case LS3 harboring a
MSH?Z2p.Q324fs* mutation. The endometrioid EC with clear cell features and primarily
clear cell OC both display a dominant mutational signature related to DNA mismatch repair
defects (Signature 20), and harbor a clonal P/IK3CA mutation. (C) Lynch syndrome case
LS4 harboring a homozygous germline PMS2 p.Q30* mutation. The endometrioid EC and
endometrioid OC both display a dominant mutational signature related to DNA mismatch
repair defects (Signature 15), and harbor a clonal APC mutation. CCF, cancer cell fraction;
EC, endometrial carcinoma; OC, ovarian carcinoma.
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Figure 4: Clonal composition analysis and directionality of progression of sporadic synchronous

endometrioid endometrial and endometrioid ovarian cancers.

Re-analysis of sporadic synchronous endometrial (ECs) and ovarian cancers (OCs) [12]
subjected to whole-exome sequencing (SYN2, SYN5) or targeted MSK-IMPACT
sequencing (SP1, SP2, SP3, SP9, SV5, SP5). Cases for which chronology of development

could be inferred based on clonal composition analysis are shown. For

each case, cancer cell

fractions of somatic mutations identified in the EC and synchronous OC are depicted, color
coded according to the legend, with detailed view of subclonal mutations in the EC that
became clonal in the OC on the right. Total number of somatic mutations identified in a
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given EC and OC are below the heatmaps. Directionality of progression from the EC to the
OC based on the clonality of mutations (capital letters, clonal; lower case letters, subclonal)
are shown in the bottom right. CCF, cancer cell fraction; EC, endometrial carcinoma; OC,
ovarian carcinoma.
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Figure 5. Model of synchronous endometrial and ovarian cancer development in the Lynch
syndrome and spor adic settings.

One could hypothesize a model in the setting of Lynch syndrome, where the likelihood of
transformation happening in the endometrium, either eutopic or ectopic, is high (£).
Synchronous endometrial carcinomas (ECs) and ovarian carcinomas (OCs) can either
constitute independent lesions, whereby the endometrium and the ectopic endometrial cells
would transform independently and have no somatic genetic alterations in common (left) or
be clonally related lesions in the form of a primary EC giving rise to the OC (middle). In the
context of sporadic cancers, the likelihood of transformation of the eutopic or ectopic
endometrium is lower; therefore, the majority of synchronous ECs/OCs are clonally related
and likely derived from a primary EC “metastasizing” to the ovary (middle). It should be
noted, however, that in the context of clonally related synchronous ECs/OCs, both in the
sporadic and Lynch/CMMRD settings, another possibility that could be entertained includes
one where the endometrium that gave rise to the endometriosis, albeit not entirely
transformed, already harbored somatic genetic alterations acquired early in the development
of ECs. In this case, there would be a subset of somatic genetic alterations shared between
the EC and the OC, hence the lesions would be clonal, however a high number of genetic
alterations that diverge between the two lesions would be expected. CMMRD, constitutional
mismatch repair deficiency.
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