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• MSI and POLE endometrial cancers (ECs) show specific mutational signatures.
• The majority of ECs and carcinosarcomas display the aging-associated signature 1.
• POLE mutations have an allele-specific impact on mutational processes.
• 15% of serous-like ECs have the defective homologous recombination DNA repair signature 3.
• Shifts in the mutational signatures take place in the progression of ECs.
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Objective. Mutational signatures provide insights into the biological processes shaping tumor genomes and
may inform patient therapy.We sought to define themutational signatures of i) endometrioid and serous endo-
metrial carcinomas (ECs), stratified into the four molecular subtypes, ii) uterine carcinosarcomas, and iii)
matched primary and metastatic ECs.

Methods. Whole-exome sequencing MC3 data from primary endometrioid and serous carcinomas (n= 232)
and uterine carcinosarcomas (n=57) fromThe Cancer GenomeAtlas (TCGA), andmatched primary andmetasta-
tic ECs (n = 61, 26 patients) were reanalyzed, subjected to mutational signature analysis using deconstructSigs,
and correlated with clinicopathologic and genomic data.

Results. POLE (ultramutated) andMSI (hypermutated)molecular subtypes displayed dominantmutational sig-
natures associated with POLEmutations (15/17 cases) and microsatellite instability (55/65 cases), respectively.
Most endometrioid and serous carcinomas of copy-number low (endometrioid) and copy-number high (serous-
like) molecular subtypes, and carcinosarcomas displayed a dominant aging-associated signature 1. Only 15% (9/
60) of copy-number high (serous-like) ECs had a dominant signature 3 (homologous recombination DNA repair
deficiency (HRD)-related), a prevalence significantly lower than that found in high-grade serous ovarian carcino-
mas (54%, p b 0.001) or basal-like breast cancers (46%, p b 0.001). Shifts from aging- or POLE- to MSI-related mu-
tational processes were observed in the progression from primary to metastatic ECs in a subset of cases.

Conclusions. Themutational processes underpinning ECs vary even among tumors of the same TCGAmolecular
subtype and in the progression fromprimary tometastatic ECs. Only aminority of copy-numberhigh (serous-like)
ECs display genomics features of HRD and would likely benefit from HRD-directed therapies.

© 2018 Published by Elsevier Inc.
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1. Introduction

Endometrial cancer (EC) is the fourth most common female malig-
nancy in the United States [1]. Since 2000, both the incidence and
death rates in EC have been steadily increasing, and despite advances
in therapy, when compared to 1975, the overall 5-year relative survival
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for patients with EC has decreased [2]. Hence, it is imperative to gain
more insights into the biology of EC to improvemanagement of the dis-
ease and advance the use of targeted therapies. In 2013, The Cancer Ge-
nome Atlas (TCGA) identified four distinct EC molecular subtypes,
which carry prognostic and predictive information, including the POLE
(ultramutated) subtype characterized by polymerase epsilon (POLE)
exonuclease domain mutations (EDMs) and very high mutation rates,
the MSI (hypermutated) subtype of microsatellite unstable tumors
with high mutation rates, the copy-number low (endometrioid) sub-
type characterized by CTNNB1 mutations, and the copy-number high
(serous-like) subtype characterized byhigh levels of copynumber alter-
ations and recurrent TP53 mutations [3]. Heterogeneity in the clinical
behavior of tumors of the same molecular subtype has been docu-
mented. For instance, patients with ECs of POLE subtype are reported
to have a favorable prognosis, however POLE ECswith recurrent disease
are on record, suggesting that molecular heterogeneity may be present
in this seemingly homogenous subtype [4]. A formal classification of
uterine carcinosarcomas into the molecular subtypes has not been re-
ported to date, however extensive copy-number alterations and recur-
rent somatic mutations akin to those observed in both endometrioid
and serous ECs have been found [5]. Whilst TCGA focused on primary
untreated ECs, whole-exome sequencing (WES) analysis of primary
ECs and matched abdominopelvic metastases revealed novel recurrent
alterations in metastatic ECs, temporal heterogeneity of driver genetic
alterations, and demonstrated that b50% of somatic mutations were
conserved from primary to metastasis within ECs [6].

Shortly after the publication of the EC TCGA study, Alexandrov and
colleagues derived ‘mutational signatures’ from the analysis of cancer
genomes [7], based on the principle that the type of nucleotide substitu-
tion and their context (i.e. the bases immediately before and after the
substitution) may provide important information about the oncogenic
processes operative in the development and progression of a cancer.
By applyingmathematical algorithms to the aggregate of somaticmuta-
tions present in individual cancers, 30 mutational signatures have been
identified. These include signatures that can be indicative of specific
forms of DNA repair defects in cancer cells (e.g. homologous recombina-
tion (HR) DNA repair defects (signature 3), DNA mismatch repair
(MMR) defects (signatures 6, 15, 20 and 26) and POLE EDMs (signatures
10 and 14)), exposure to mutagenic/carcinogenic stimuli (e.g. UV light
(signature 7) and tobacco (signatures 4 and 29)) and other forms of
genotoxic insults (e.g. activity of the APOBEC enzymes (signatures 2
and 13)) [8,9]. These phenomena leave characteristic imprints/scars in
the cancer genome in the formof specific patterns ofmutations (i.e.mu-
tational signatures) [8,9]. With variable levels of understanding and in-
terpretation of genomic test results among clinicians [10], mutational
signatures may help clarify the driving biological processes and assist
in guiding therapy [9], even in the absence of a targetable mutation.

In a recent study of gynecologic and breast cancers by TCGA, MSI-
high ECs were found to often display DNA MMR mutational signatures
[11], however a detailed systematic evaluation of the mutational signa-
tures in ECs has not been performed to date. In addition, in other cancer
types, there is evidence to suggest that the dominant mutational signa-
tures present in the primary tumors may differ from those identified in
the metastatic lesions from the same patients [12,13], a phenomenon
that has yet to be investigated in EC. Hence, in this study, we sought
to define the mutational signatures of i) endometrioid and serous ECs
stratified into the four molecular subtypes, ii) uterine carcinosarcomas,
a histologic EC subtype associated with poor outcome, and iii) primary
ECs matched to their metastatic lesions.

2. Material and methods

2.1. Whole-exome sequencing (WES) data from TCGA

The recently updatedWES-derived somatic mutation MC3 data [14]
of the 232 endometrioid and serous ECs with molecular subtype
classification [3], uterine carcinosarcomas (n = 57) [5], high-grade se-
rous ovarian cancers (HGSOC; n= 233; n= 225 with ≥20 somatic sin-
gle nucleotide variants, SNVs) [15] and basal-like breast cancers (n =
147; n = 146 with ≥20 somatic SNVs) [16] from TCGA were retrieved
from the Genomic Data Commons (GDC; https://gdc.cancer.gov/
about-data/publications/mc3-2017) [14].

2.2. Mutational signatures

Mutational signatures were defined by deconstructSigs using all
SNVs [17] at default parameters, as previously described [18], for sam-
ples with ≥20 somatic SNVs [19].

2.3. MSIsensor and MLH1 promoter methylation scores

For the quantification of microsatellite instability (MSI), MSIsensor
was employed, as described by Niu et al. [20], and samples with an
MSIsensor score ≥ 3.5 were deemed MSI-high. Level 3 Illumina
HumanMethylation450Kmethylation data for endometrioid and serous
ECs withmolecular subtype classification (n=232) [3] and uterine car-
cinosarcomas (n = 57) [5] were obtained from the TCGA GDC Legacy
Archive. A beta-value threshold of b0.3 was used for unmethylated
DNA/CpG locus, as described [21].

2.4. Large-scale state transitions (LSTs), mutations affecting homologous
recombination (HR) DNA repair genes and deletion length

LST scores, a genomic feature of HRdeficiency (cut-off ≥15) [22], and
information on bi-allelic somatic and germline pathogenic mutations in
a curated list of 102 HR-related DNA repair genes in copy-number high
(serous-like) ECs, HGSOCs and basal-like breast cancers were obtained
from Riaz et al. [23]. In addition, the length of small deletions (indels)
was assessed in these tumors, as HR-defective cancers have been
shown to have an enrichment for deletions ≥5 bp [24].

2.5. WES analysis of primary and matched metastatic ECs

WES data in the form of Binary Sequence Alignment Map (BAM)
files from primary ECs and matched metastatic lesions from 26 EC pa-
tients described by Gibson et al. [6] were obtained from the database
of Genotypes and Phenotypes (dbGaP; accession phs001127.v1.p1). Se-
quencing data analysis was performed as previously described [18]
(Supplementary Methods). Only somatic mutations with ≥20 reads in
the respective normal samples were considered. Somatic copy number
alterations and loss of heterozygosity (LOH)were defined using FACETS
[25], as previously described [18]. The cancer cell fractions (CCFs) of all
mutations were computed using ABSOLUTE (v1.0.6) [26], as previously
described [18].

2.6. Phylogenetic tree construction

A given mutation was considered “shared” if it was present in both
the primary and metastatic lesion. We defined mutations “private to
the primary lesion” and “private to themetastatic lesion” as those pres-
ent only in the primary tumor or only in the metastasis, respectively.
Mutational signatures were defined for shared and private mutations
separately using deconstructSigs [17] as described above, for cases
with ≥20 shared and/or private SNVs. To reconstruct the phylogeny of
the primary and matched metastatic ECs we used Treeomics [27]
based on all synonymous and non-synonymous mutations identified,
as previously described [18].

2.7. Statistical analyses

Comparisons of LST scores and indel length between different
tumor types were performed using the Mann-Whitney U test.

https://gdc.cancer.gov/about-data/publications/mc3-2017
https://gdc.cancer.gov/about-data/publications/mc3-2017
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Associations between specific clinicopathologic features/molecular
features/molecular signatures and molecular subtypes were tested
using Fisher's exact tests. Progression-free survival curves were calcu-
lated using the Kaplan–Meier method with the log-rank test. p-values
of b0.05 were considered statistically significant. Statistical analyses
were performed using IBM SPSS v24.0.0.0 and Prism 7.

3. Results

3.1. Mutational signatures of primary endometrioid and serous ECs strati-
fied according to molecular subtypes

We first defined whether primary treatment-naïve endometrioid
and serous ECs from TCGA stratified according to the molecular sub-
types would have distinct mutational signatures. This analysis revealed
that 76% (13/17) of the ECs of POLE (ultramutated) subtype had a dom-
inant signature 10 associated with POLEmutations [28]. The majority of
ECs of MSI (hypermutated) subtype (85%; 55/65) had a dominant mu-
tational signature associated with defective DNA MMR (53/65, signa-
ture 6; 1/65, signature 15; 1/65, signature 26; Fig. 1a; Supplementary
Figs. S1 and S2). Conversely, the majority of ECs of copy-number low
(endometrioid) and copy-number high (serous-like) subtypes had the
aging-related signature 1 as the most prevalent dominant mutational
signature (88%, 79/90 and 70%, 42/60, respectively; Figs. 1 and 2, Sup-
plementary Figs. S1 and S3).
Fig. 1. Mutational signatures of primary endometrioid and serous endometrial cancers stra
endometrioid and serous endometrial carcinomas from The Cancer Genome Atlas (TCGA)
according to the legend on the right, and the number of endometrial cancers displaying a spec
the 17 endometrial cancers of the 232 endometrioid and serous endometrial cancers studied
exonuclease domain mutations, are shown. Cases are sorted by their proportion of signature
to the legend. Information on the exact POLE exonuclease domain mutation (amino acid), th
nucleotide variants (SNVs), microsatellite instability (MSIsensor score) and MLH1 promo
exonuclease domain mutation; MSI, microsatellite instability; MSS, microsatellite stable.
In the TCGA study, POLE ECs were found to have the best and copy-
number high (serous-like) ECs the worst progression-free survival [3].
As a hypothesis-generating analysis, we used the dominant mutational
signatures to categorize ECs into i) dominant POLE signatures 10 or 14,
ii) dominant MSI signatures 6, 15, 20 or 26, iii) dominant aging signa-
ture 1, copy-number low and iv) dominant aging signature 1, copy-
number high. This stratificationwas found to be significantly associated
with progression-free survival (p = 0.045, log-rank) and recapitulated
the survival curves based on the molecular subtypes reported by TCGA
[3] (Supplementary Fig. 1b).

3.2. POLE EDM type and POLE mutational signatures

Of the 17 cases within the POLE (ultramutated) molecular subtype,
all of which harbored a POLE EDM, 13 ECs displayed a dominant signa-
ture 10 associated with POLE mutations, one a dominant aging-related
signature 1, one a dominant DNA MMR signature 6, and two ECs had a
dominant signature 14 (Fig. 1b). In the latter two cases, co-occurrence
of POLE EDMs with either MLH1 gene promoter methylation or MSH6
mutations were detected, consistent with the notion that signature 14
is present in tumors with concurrent loss of POLE and MMR function
[29,30]. We also observed that the percentage of signature 10 present
in a given EC varied according to the specific POLE EDM. ECs with
M444K or P286R POLE hotspot EDMs had the highest percentage of mu-
tational signature 10 (median 91%, range 87–100%), followed by ECs
tified according to molecular subtype. A) The dominant mutational signatures of 232
[3] stratified according to molecular subtype. Mutational signatures are color-coded
ific dominant mutational signature is shown in each bar. B) The mutational signatures of
by TCGA [3] and classified as of POLE (ultramutated) molecular subtype, harboring POLE
10 associated with POLE alterations, and molecular signatures are color-coded according
e primary and secondary molecular signatures, the number of non-synonymous single
ter methylation is provided for each case on the right. AA, amino acid change; EDM,
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with V411L mutations (median 74%, range 30–76%). By contrast, the
three ECs with POLE EDMs not affecting known hotspots either had a
dominant aging-related signature 1 (R305C) or a dominant signature
14 (i.e. S297F and L424I; Fig. 1b). Furthermore, POLE ECs with a domi-
nant signature 10 were significantly less likely to be MSI-high, as de-
fined by MSISensor, than those with dominant signatures 1, 6 or 14
(8% vs 75% MSI-high, p = 0.02, Fisher's exact test; Fig. 1b) [30]. Of
note, we identified one copy-number low (endometrioid) EC with a
dominant molecular signature 10 (Fig. 1a; Supplementary Figs. S1 and
S3); this case harbored a POLE L424V EDM, a known pathogenic muta-
tion associated with familial colonic polyposis and colorectal cancer
[31], but not considered to constitute a POLE hotspot mutation in ECs.

3.3. HR DNA repair defects in copy-number high (serous-like) ECs

Nine copy-number high (serous-like) cancers (15%) had a dominant
mutational signature 3 associated with defective homologous recombi-
nation DNA repair (HRD), andwere of endometrioid (n=3) and serous
(n=6)histologic subtypes. Of the remaining 51 copy-number high (se-
rous-like) ECs, ten (10/51; 20%) had a secondary signature 3; of these,
seven were of serous, two of endometrioid and one of mixed histologic
subtype (Fig. 2).
Fig. 2.Mutational signatures and homologous recombination DNA repair defects in endometrial
endometrioid and serous endometrial carcinomas of copy-number high (serous-like) molecul
mutational signatures 3 and 1. Mutational signatures are color-coded according to the legen
somatic mutations, large-scale state transition (LST) scores, bi-allelic homologous recombina
mixed endometrial carcinomas are provided for each case on the right.
Of the nine ECs with a dominant signature 3, six (67%) displayed
high LST scores [22], another genomic feature associated with HR defi-
ciency. Furthermore, three of these nine ECs, all with high LST scores,
harbored bi-allelic pathogenic germline BRCA1 mutations, and were of
endometrioid histology (Fig. 2). Also, five ECs with a secondary signa-
ture 3 (50%) had high LST scores, however no bi-allelic genetic alter-
ations affecting HRD genes were found.

In the EC study by TCGA [3], it was reported that copy-number high
(serous-like) ECs shared many molecular features with both HGSOCs
and basal-like breast cancers, and, therefore, some of the treatment par-
adigms applicable to these cancers could also be extended to copy-
number high (serous-like) ECs. HGSOCs and basal-like breast cancers
frequently harbor alterations affecting the HRD pathway [15,16,23].
Mutational signature analysis performed here revealed that 55% of
HGSOCs (132/225) [15] and 46% of basal-like breast cancers (67/146)
[16] harbored a dominant HRD-related signature 3, as compared to
15%of copy-number high (serous-like) ECs (p b 0.001 and p=0.007, re-
spectively, Fisher's exact test; Fig. 3). Consistent with this observation,
other features of defective HRD, including LST scores, the average
length of small deletions [24] and bi-allelic genetic alterations in
HRD genes were significantly lower in ECs of copy-number high (se-
rous-like) molecular subtype than in HGSOCs and basal-like breast
cancers of copy-number high (serous-like)molecular subtype.Mutational signatures of 60
ar subtype from The Cancer Genome Atlas (TCGA), sorted according to the proportion of
d on the bottom. Information on the primary and secondary signatures, total number of
tion DNA repair (HRD) gene mutations, histology and FIGO grade for endometrioid and
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cancers (Supplementary Fig. S4). These data suggest that despite
the high prevalence of TP53 mutations and high levels of copy
number alterations in copy-number high (serous-like) ECs, the
DNA repair defects and mutational processes involved in the
tumorigenesis of the majority of copy-number high (serous-
like) ECs may differ from those of HGSOCs and basal-like breast
cancers.

3.4. Mutational signatures of uterine carcinosarcoma

Uterine carcinosarcomas are aggressive biphasic neoplasms with
high-grade malignant epithelial and mesenchymal elements. We
sought to define whether the mutational processes underlying uterine
carcinosarcomas would differ from those of endometrioid and serous
carcinomas. Mutational signature analysis of the 57 uterine carcinosar-
comas from TCGA [5] revealed a dominant aging-related signature 1 in
77% (44/57) of cases (Fig. 4). In addition, 4/57 (7%) uterine carcinosar-
comas had a dominantmutational signature 3 associatedwith defective
HRD, and 12/57 (21%) had a secondary signature 3; however, none of
these harbored bi-allelic genomic alterations affecting HR-related
genes [23]. One uterine carcinosarcoma had a dominant POLE-related
signature 10 and a P286R POLE hotspot EDM, and six cases had a dom-
inant defective DNAMMR signature (signatures 6 and 15; Fig. 4). No as-
sociations between histologic type (e.g. homologous/heterologous),
histologic classification (e.g. endometrioid/serous), percentage of carci-
noma/sarcoma present in the frozen tissue subjected to WES and the
mutational signatures were found (Fig. 4).

Taken together, uterine carcinosarcomas not only harbor mutations
found in both endometrioid and serous carcinomas, but also the muta-
tional processes that shaped the genomes of uterine carcinosarcomas
were similar to those found in endometrioid and serous carcinomas of
copy-number low (endometrioid) and copy-number high (serous-
like) subtypes.

3.5. Mutational signatures in the progression fromprimary tometastatic EC

To define whether the mutational spectra of ECs change with the
progression from primary to metastatic disease, we retrieved WES
data from26 primary ECs (19 endometrioid, three serous, three carcino-
sarcomas and one clear cell carcinoma) and 35 matched metastases
from Gibson et al. [6]. We performed mutational signature analysis of
i) all mutations in a given primary tumor/metastasis, ii) mutations
Fig. 3.Mutational signature 3 associated with homologous recombination DNA repair defects in
and basal-like breast cancers from The Cancer Genome Atlas. Mutational signatures were defin
ovarian cancers (n = 225) and basal-like breast cancers (n = 146) with ≥20 single nucleotid
legend. Cases are sorted by the proportion of signatures 3 and 1. The percentage of each domin
are shown below. HRD, homologous recombination DNA repair deficiency; MSI, microsatellite
shared between primary tumors and metastases, iii) mutations private
to the primary tumor or iv) mutations private to the metastasis of a
given case. We reasoned that these private mutations may stem from
mutational processes playing a role in tumormaintenance and progres-
sion.When assessing all mutations present in a given tumor/metastasis,
we observed changes in the dominant mutational signature from pri-
mary tumor to metastasis in eight of the 26 ECs (31%; Fig. 5); these in-
cluded changes from a dominant aging-related signature 1 in the
primary to a dominant DNAMMR-related signature 6 in the metastasis
(e.g. EC10, EC27) or changes from a dominant POLE-related signature 10
in the primary to dominant signatures 1 and 6 in two and onemetasta-
ses of the same case, respectively (EC28; Fig. 5).

Signature analysis of shared vs private mutations was performed in
the 13 cases with ≥20 shared/private mutations (n= 12 endometrioid,
n = 1 clear cell histology), which revealed that distinct DNA repair
mechanisms might play a role in the progression from primary EC to
metastatic disease in a subset of cases. In the V411L POLE-mutant
EC17, themutations shared between the primary tumor andmetastasis
had a dominant POLE signature 10, whereas the dominant mutational
processes underpinning the primary tumor and metastasis itself were
MSI-related (signatures 6/15; Fig. 6). In this case EC17, a somatic
MLH1 missense mutation not associated with loss of heterozygosity
(LOH) of the wild-type allele was found in the shared mutations
(root), whereas two additional MLH1, two MSH6 and one MSH2 muta-
tions were found in the primary tumor only and additional MLH1 and
MSH2 mutations in the metastasis only, suggesting that the somatic
DNA MMR gene mutations in this tumor may be secondary to the
ultramutator POLE EDM [30,32]. Furthermore, we observed a dominant
aging mutational process (signature 1) in the shared mutations of EC4
and EC6 but themutations private to the primary andmatchedmetasta-
tic tumors had dominant MSI-related signatures (signatures 6/15/20)
and an increase in the fraction of small indels (Fig. 6, Supplementary
Fig. S5). No genetic alterations in DNAMMR genes restricted to themu-
tations unique to the primary or metastatic tumors were found in these
two cases; it is plausible that the MSI and shift in mutational signature
may be due to methylation of MLH1 in these cases, a common event in
endometrioid ECs [3]. EC7, EC13, EC23 and EC34 displayed a dominant
MSI signature 6 and a secondary signature 1 when assessing the shared
mutations; in these cases, an even further increase in the proportion of
different MSI signatures (6/15/20) and in the fraction of small indels
was observed in the mutations private in the primary tumor and the
metastases (Fig. 6, Supplementary Fig. S5).
copy-number high (serous-like) endometrial cancers, high-grade serous ovarian cancers
ed for copy-number high (serous-like) endometrial cancers (n = 60), high-grade serous
e variants from The Cancer Genome Atlas (TCGA) [3,15,16], color-coded according to the
ant signature and the total number of non-synonymous somatic mutations for each case
instability.



Fig. 4.Mutational signatures of uterine carcinosarcomas.Mutational signatures for 57 primary treatment-naïve uterine carcinosarcomas from The Cancer GenomeAtlas (TCGA) [5], sorted
by the proportion of signature 1, and color-coded according to the legend. The number of non-synonymous somatic mutations per case, age at diagnosis, stage, histologic subtype,
histologic classification, percentage of carcinoma in the frozen tissue subjected to whole-exome sequencing, percentage of sarcoma in the frozen tissue subjected to whole-exome
sequencing, MSIsensor score, MLH1 promoter methylation and POLE mutations are provided below the signatures. HRD, homologous recombination DNA repair deficiency; MSI,
microsatellite instability; NOS, not otherwise specified.
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Finally, the shared mutations of EC22 displayed a dominant signa-
ture 6, as well as APOBEC signatures 2 and 13 and the HRD-related sig-
nature 3. Whilst a shift in the mutational signatures was observed and
the primary tumor mutations displayed a dominant APOBEC-related
signature 13, the mutations private in the metastasis had a dominant
HRD-related signature 3. Both the primary tumor and itsmetastasis har-
bored a p.R15W germlinemutation affectingUIMC1, which encodes the
BRCA1-interacting protein RAP80 and plays a role in BRCA1-mediated
DNA damage responses by recruiting BRCA1 to DNA double-strand
breaks [33]. Importantly, bi-allelic inactivation of UIMC1, through LOH
of the wild-type allele, was only detected in the metastasis. Consistent
with this finding, we found that the LST score was only high in the me-
tastasis of EC22 (LST score 20), but not in the primary tumor (LST score
14), providing evidence to suggest that defective HR, likely driven by
UIMC1 bi-allelic inactivation, may have contributed to the progression
to metastatic disease in this EC.

Taken together, the acquisition of additional genetic instability,
through defects in DNA repair mechanisms including DNA MMR,
APOBEC and HR, may play a role in the progression from primary EC
to metastatic disease and may have therapeutic implications.

4. Discussion

Herewe demonstrate that the genomes of endometrioid ECs of POLE
(ultramutated) and MSI (hypermutated) molecular subtypes are
shaped by specific mutational processes (i.e. loss of polymerase proof-
reading and MSI), whilst in endometrioid and serous ECs of copy-
number low/high subtypes and uterine carcinosarcomas aging-related
mutational processes are the most dominant. The mutational signature
Fig. 5.Mutational signatures of primary endometrial cancers andmatchedmetastases. Mutation
et al. [6], sorted according tomolecular subtype, color-coded according to the legend. Informatio
below each case along with the number of non-synonymous somatic mutations and MSIsen
instability. †P286R POLE somatic mutation; ¥V411L POLE somatic mutation.
analysis performed here expands on the TCGA molecular classification,
demonstrating that there is heterogeneity in the mutational processes
even among tumors of the samemolecular subtype. In fact,MSI-high tu-
mors were found to lack a dominantMSImutational signature in 15% of
cases and only 15% of copy-number high (serous-like) cancers had an
HRD signature. In addition, we have observed that whilst the TCGA
molecular subtype of an EC is generally stable from primary tumor to
metastasis, mutational signature shifts from primary to metastatic en-
dometrial cancer take place in N25% of ECs, suggesting that additional
defects in DNA repair mechanisms may drive or be acquired in the pro-
gression of ECs. These findings support the notion that the biological
processes that drive the development of ECs may differ from those
that result in their progression. Furthermore, these results impact on
the delivery of precision medicine approaches for EC patients, given
that mutational signatures and a clear understanding of the underlying
mutagenic processes/pathways present in a given cancer may inform
treatment options, in particular in the absence of a targetable mutation
or gene copy number alteration (e.g. genomic features of HRD even in
the absence of bi-allelic BRCA1/BRCA2 inactivation). Importantly, given
the shifts observed in the mutational signatures between the primary
tumor and metastasis in a subset of cases, one could speculate that in
the advanced setting, genomics analyses should be performed on the
metastasis rather than the primary tumor.

Specific POLE and POLD1 mutations have been shown to lead to
ultramutation [29]. Here we observed that specific POLE EDMs might
have a distinct impact on the mutational processes, given that the mu-
tational signature 10 was more abundant in ECs harboring M444K or
P286R EDMs than in those harboring V411L or other EDMs. This is con-
sistent with recent observations that the V411L mutation reduces
al signatures of primary andmetastatic endometrial cancers from 26 patients fromGibson
n on histology andmolecular subtype was obtained fromGibson et al. [6] and is displayed
sor scores. HRD, homologous recombination DNA repair deficiency; MSI, microsatellite
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exonuclease activity without completely abolishing it, whereas the
P286R mutation essentially inactivates proofreading [29]. Mutational
signature analysis also identified a copy-number low (endometrioid) EC
with a POLE L424V EDMmutation that was not classified as of POLE sub-
type by TCGA, and a uterine carcinosarcoma with a POLE P286R hotspot
mutation. On the other hand, we identified two MSI (hypermutated)
and one copy-number high (serous-like) EC with POLE EDMmutations
Fig. 6. Mutational signatures of shared and private mutations identified in primary endomet
mutations identified in primary endometrial cancers and metastases using ABSOLUTE [26], c
identified in a given lesion is shown in parentheses on the right. Pie charts represent the muta
(root, R) in mutations private to the primary lesion (P) and in mutations private to the metast
to the number of somatic mutations that are shared/unique to a given lesion, and the numbe
deletions (indels, I) are included within parentheses next the R, P or M labels. Selected pathog
scores are shown below the pie charts. EC, endometrial cancer; LST, large-scale state transition
Fig. S5.
not affecting hotspot residues lacking POLEmutational signatures. In the
process of translating the molecular classification into the clinical setting
[34], POLE gene sequencing is required. With increasing evidence that
POLEmutations are an early event in endometrial and colorectal cancers
[28,30] and that ECs harboring POLE hotspot EDMs may be sensitive to
nucleoside analogs [35] or immune checkpoint inhibitors [28,36], pro-
spective clinical trials focusing on the treatment of advanced POLE ECs
rial cancers and matched metastases. Cancer cell fractions of non-synonymous somatic
olor-coded according to the legend. The number of non-synonymous somatic mutations
tional signatures identified in mutations shared between primary tumors and metastases
ases (M), color-coded according to the legend. The length of the branches is proportional
r of mutations is shown alongside the branches. The percentage of small insertions and
enic somatic mutations are shown along their corresponding branches. For EC22, the LST
; M, metastasis; P, primary tumor; R, root. Additional plots are shown in Supplementary
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are warranted. In this setting, mutational signature analysis may help to
determine whether the POLE mutation not only shaped the primary
tumor genome but also continues to act as the tumor driver itself, as we
observed that metastases from primary POLE-mutant ECs were poten-
tially driven by DNA MMR-related mutational processes.

Defining the mutational signatures of ECs may assist in refining the
classification and therapy of EC patients. With the approval of the im-
mune checkpoint inhibitor pembrolizumab for advanced MSI-high/
DNA MMR-deficient cancers [37], accurate identification of MSI-driven
tumors is paramount.MSI immunohistochemistry in EC has a sensitivity
of 86–100% and specificity of 48–81% [38]. Using a combination of
MSIsensor and MLH1 promoter hypermethylation analysis, we identi-
fied all ECs classified by TCGA within the MSI (hypermutated) molecu-
lar subtype. In ten of the MSI (hypermutated) tumors, however, MSI-
related mutational processes accounted only for a minority of the so-
matic mutations detected (Supplementary Fig. S2). Further studies are
warranted to assess whether MSI-high ECs with a dominant aging mu-
tational signature are less sensitive to immune checkpoint inhibitors
than those with a dominant MSI mutational signature.

HGSOCs and basal-like and/or triple-negative breast cancers often
show defects in HRD and due to genetic alterations affecting this path-
way, including germline and somatic BRCA1 and BRCA2 mutations, and
are sensitive to platinum-based chemotherapy and poly(ADP-ribose)
polymerase (PARP) inhibitors [39]. Based on the similarity in copy num-
ber alterations between HGSOCs, basal-like breast cancers and copy-
number high (serous-like) ECs, it has been suggested that copy-
number high (serous-like) ECsmay also be candidates for therapies cur-
rently employed for the management of HGSOCs and basal-like breast
cancers [3]. We noted, however, that despite similar levels of gene
copy number alterations, the underlyingDNA repair defects that shaped
the genomes of themajority of copy-number high (serous-like) ECs are
likely distinct from those of HGSOCs and basal-like breast cancers, given
their lower levels of mutational signature 3, LST scores, average indel
length and number of cases harboring bi-allelic HR-related gene alter-
ations. This is further supported by the relative reduced response rates
to platinum agents of uterine serous carcinomas as compared to
HGSOCs [40]. Importantly, however, we did identify three endometrioid
ECs with a dominant signature 3, high LSTs and bi-allelic BRCA1 alter-
ations, features consistent with HRD and potential benefit from thera-
pies targeting this type of DNA repair defects.

Our study has several limitations. This is a retrospective analysis
of publicly available data. The sequencing depth of the primary and
metastatic samples was on average 77× [6], thus we cannot rule
out that subclonal mutations were missed. In addition, we could per-
form mutational signature analysis separately only in the subset of
the matched primary and metastatic ECs with sufficient shared and
private mutations. More comprehensive analyses including whole-
genome sequencing may better define the mutational processes
that are driving the progression from primary to metastatic disease
in EC.

Despite these limitations, our study demonstrated that EC is a het-
erogeneous disease with multiple mutational processes shaping the
mutational spectra of these lesions. Although the molecular subtype
classification proposed by TCGA for endometrioid and serous carcino-
mas captures someof this heterogeneity, ourmutational signature anal-
ysis identified examples that would result in their reclassification. We
also observed a shift from aging- or POLE- to MSI-related mutational
processes in the progression from primary to metastatic ECs in a subset
of cases. With the decreasing costs of genomic sequencing, routine
whole-genome or even multiple-site sequencing of tumors is rapidly
becoming reality in the clinical setting. In the era of precision medicine,
information on themutational processes shaping the genome of a given
ECmay provide important information in addition to the specific muta-
tions and gene copy number alteration.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygyno.2018.10.032.
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