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Abstract
The TransPORTEC consortium previouslclassified high-risk endometrial cancer including poor-risk histologies such as clear
cells, into four molecular subtypes “POLE mutated,” “microsatellite unstable,” “TP53 mutated,” and “no specific molecular
profile.”We evaluated whether DNA damage response biomarkers could further refine this high-risk tumors classification, in
particular the heterogeneous “no specific molecular profile” and “TP53 mutated” subsets recently qualified as poor prognosis
in high-risk endometrial cancer. DNA damage response biomarkers including proteins involved in DNA damage (δ-H2AX),
homologous recombination (RAD51), regulators of error-prone Non Homologous End-Joining (DNA-pk, FANCD2), and
PARP-1 were evaluated in 116 high-risk tumors by immunohistochemistry. CD8 and PD-1 expression by immunochemistry
and mutation analyses were performed previously. Survival outcome were calculated using Kaplan-Meier and Log-rank test.
None of the DNA damage response biomarkers alone were prognostic. However markers were informative within molecular
subsets. Among the “no specific molecular profile” subset, δ-H2AX+ was significantly predictive of poor disease free
survival (Hazard Ratio= 2.56; p= 0.026), and among “TP53 mutated,” a DNA-pk+/FANCD2- profile (favouring error-
prone Non Homologous End-Joining) predicted worst disease free survival (Hazard Ratio= 4.95; p= 0.009) resulting in
five distinct prognostic subgroups from best to worst prognosis: group1 “POLE mutated/Microsatellite unstable” > group2
“no specific molecular profile with no DNA damage” > group3 “TP53 mutated/Non Homologous End-Joining negative” >
group4 “no specific molecular profile with high DNA damage” > group5 “TP53 mutated/Non Homologous End-Joining
positive”; p= 0.0002). Actionable targets were also different among subsets. Group3 had significantly higher infiltration of
PD-1+ immune cells (p= 0.003), segregating with group1. Group2 had frequent PI3K pathway mutations and ER
positivity. While group5, with the worst prognosis, had high DNA damage and PARP-1 expression providing a rationale for
PARP inhibition. Our findings have refined the TransPORTEC prognostic classification of high-risk endometrial cancer into
five distinct subgroups by integrating DNA damage response biomarkers and identified molecular subtype-specific
therapeutic strategies.

Introduction

The majority of epithelial endometrial cancers have an
excellent prognosis and will likely be cured after local
treatment alone [1]. Most of these tumors are low grade
endometrioid tumors, frequently express hormone receptors
and tend to present at a localized stage—their 5 year overall
survival is excellent at 85–90%. However, a subset of
endometrial cancers (15%) has a poor prognosis. Clinico-
pathological factors have been proposed to identify the
subgroup of patients at increased risk of relapse after local
treatment alone [2]. These include grade three endometrioid
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or non-endometrioid histology (high grade serous or clear
cell), lymphovascular invasion and advanced stage (II or
III). Although it is well established that a proportion of
endometrial cancers are at high-risk of relapse, there are few
data to support the use of adjuvant chemotherapy. In fact
the recently presented PORTEC-3 trial evaluating the ben-
efit of adjuvant platinum-based chemotherapy in high-risk
endometrial cancer failed to show a significant increase in
overall or failure free survival [3]. In univariate analyses the
only parameter associated with chemotherapy benefit was
stage III disease. There is clearly a need to improve the
genomic and molecular characterization of high risk endo-
metrial cancer beyond currently available clinico-
pathological factors.

Recent studies have provided valuable insight into the
genetic heterogeneity of endometrial cancers and helped
refine their prognostic classification. The TCGA performed
comprehensive genomic profiling of over 300 endometrial
tumors resulting in a new genomic prognostic classification
for endometrial cancers: POLE mutated endometrioid
tumors, microsatellite unstable tumors, microsatellite stable
copy number-low and copy number-high serous-like
endometrial cancers (mainly serous histology associated
with TP53 mutations) [4].

We and others have validated more cost-effective and
clinically applicable methods for molecular classification of
Endometrial Cancer using targeted sequencing and immu-
nohistochemistry on formalin-fixed paraffin-embedded
tumor samples [5, 6]. In addition, the TCGA analyses were
conducted on mainly low-risk endometrial tumors. How-
ever refined prognostication of endometrial cancers is most
urgently needed for its high-risk subset where this infor-
mation could guide adjuvant treatment decisions and iden-
tify novel targeted strategies. The TransPORTEC
Consortium was established for translational research in
high-risk endometrial cancer and has previously validated a
simple molecular classification resulting in four distinct
prognostic subgroups “POLE mutated,” “microsatellite
unstable,” “TP53 mutated” (as a surrogate for copy number-
high) and “no specific molecular profile” in high-risk
endometrial cancer where tumors were classified as high-
risk according to the definition used in the PORTEC3 trial
(Trial register http://www.trialregister.nl/trialreg/admin/
rctview.asp?TC=729 2014). It is noteworthy that Progres-
sion Free Survival curves almost overlap for “TP53 muta-
ted” and “no specific molecular profile” which could be
explained by high number of non endometrioid, such as
clear cells Endometrial Cancer.

In this high-risk endometrial cancer cohort, we confirmed
that the “POLE mutated” and “microsatellite unstable”
molecular subsets had a favorable prognosis and demon-
strated significantly higher immune infiltration and PD-1
and PD-L1 expression providing the rationale for immune

targeted strategies in these two molecular subgroups of
endometrial cancers [7].

Studies investigating DNA repair competency in
endometrial cancers have largely focused on the “POLE
mutated” and “microsatellite unstable” subsets which
demonstrate defects in the mismatch DNA repair pathway
resulting in high mutational burden. However much less is
known about the other genomic subgroups. In particular, the
copy number-high pattern detected in a significant propor-
tion of endometrial cancer may suggest defective DNA
repair capacity secondary to impaired homologous recom-
bination. Data suggest that contrary to High Grade Serous
Ovarian Cancer or triple negative breast cancer, high grade
endometrial cancers rarely demonstrate BRCA mutations
that could account for this genomic instability. Given the
plasticity and redundancy of DNA repair pathways, other
DNA repair pathways may be relevant. For example, tumor
cells favoring “error-prone” Non-Homologous End-Joining
over Homologous Recombination may also show similar
DNA damage repair defects, and as such measures of Non
Homologous End-Joining may offer prognostic informa-
tion. An evaluation of the DNA damage response of indi-
vidual tumors may provide valuable insight into prognosis
and sensitivity to adjuvant platinum-based chemotherapy.

The first aim of the current study was to investigate
whether DNA damage response biomarkers could further
refine the prognostic classification of high risk endometrial
cancer, in particular the “no specific molecular profile” and
“TP53 mutated” molecular subsets as they were character-
ized as poor prognosis subgroups in high-risk endometrial
tumors subpopulation. The second aim was to further
characterize the “no specific molecular profile” and “TP53
mutated” subsets in order to inform the selection of patients
for adjuvant chemotherapy, immune therapies, DNA
damage response inhibitors, or other targeted agents.

DNA damage response biomarkers involved in DNA
damage (δ-H2AX) and response (homologous recombina-
tion (RAD51), positive or negative regulators of error-prone
Non Homologous End-Joining (DNA-pk or FANCD2,
respectively), and PARP-1 were evaluated in a cohort of
116 high-risk endometrial cancers (Fig. 1) and correlated to
disease-free survival as well as to actionable alterations and
immune profiles.

Materials and methods

Patient and tissue collection

The high risk endometrial cancer cohort was composed of
116 tumors (including endometrioid, serous, and clear cells
histotypes) as previously described [6] collected from
TransPORTEC consortium partner institutions. High-risk
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criteria were as per PORTEC3 protocol. Post-operative
treatment included either radiotherapy (N= 66),
chemotherapy (N= 5), both (N= 11), or no adjuvant
therapy (N= 10). For 24 patients treatment details were
unknown.

Tissue microarray and immunohistochemistry

TMAs were constructed as previously described using tri-
plicate 1 mm cores from tumor regions selected by two
specialist gynecological pathologists (VS and TB) with
>70% tumor cellularity. Immunostaining was performed on
Tissue Microarray sections using DNA repair biomarkers
(DNA-pk, FANCD2, RAD51, and PARP-1) as well as
DNA damage biomarker, δ-H2AX as per protocols descri-
bed in Table S1.

Immunohistochemistry scoring and analysis

Biomarker scoring was performed in a blind way by two
independent anatomo-pathologists (CG and JA) using the
H-score method (range 0–300) which is the product of
intensity (1–3) and percentage of positive cells (1–100) (see
additional information on supplemental methodology).
Tumors were scored negative if H-Score < 10. Only tumors
with available data for the five DNA damage/repair bio-
markers and clinical data were included for the refined
prognostic classification (N= 102/116) (Table S2). The aim
of analyzing protein expression of DNA damage response
biomarkers by immunochemistry was to evaluate the pre-
valence and prognostic significance of complete absence of
expression of each DNA damage response biomarker
(Figure S1). Therefore the cut-off was an H-score threshold
of ≤10 out of a total possible 300 to define biomarker-
negative tumors, the hypothesis being that only the com-
plete lack of detectable DNA repair effector would be
biologically meaningful. Correlation between different

markers in individual tumors was low (for example for δ-
H2AX spearman r range: 0.002–0.286 when compare to
RAD51, DNA-pk, PARP, and FANCD2) suggesting that
tissue hypoxia, time to fixation, or other pre-analytical
conditions did not affect marker expression (See Table S3).
The three cores from each tumor were randomly distributed
throughout the Tissue microarray and scores obtained for
the three cores were remarkably consistent (e.g., for DNA-
pk (spot1&2): r= 0.80, p= 10−25; δ-H2AX (spot1&2): r=
0.84, p= 10−29) demonstrating both reproducibility of
scoring and low level intratumoral heterogeneity for the
chosen biomarkers.

Other biomarker analyses

TP53, POLE mutations, and microsatellite instability status
were evaluated as previously described [6]. In the case of
concomitant molecular alterations tumors were classified as
“POLE mutated” if a mutation was detected, regardless of
microsatellite instability or TP53 mutation and then as
“Microsatellite unstable” regardless of TP53 status. In
addition, results from targeted next generation sequencing
was available for 159 hotspot mutations in 13 genes (BRAF,
CDKNA2, CTNNB1, FBXW7, FGFR2, FGFR3, FOXL2,
HRAS, KRAS, NRAS, PIK3CA, PPP2R1A, and PTEN) as
previously published in Stelloo et al. [6].

Statistics analysis

Differences in medians between two groups were assessed
using Mann-Whitney and using ANOVA for three groups
or more. Overall survival and disease free survival were
calculated using the Kaplan-Meier method and Log-rank
test starting at the date of diagnosis. For Disease Free
Survival analysis, all recurrences irrespective of type (local,
regional, and distal) and death were considered as an event.
For Overall Survival, all deaths irrespective of cause were

DNA Repair
Pathway BER HR NHEJ NER MMR

DNA damage 
sensing and 
checkpoint 

signalling
proteins

Types of 
DNA damage SSB DSB

(detected by δ-H2AX )
Bulky

adducts
MissMatches,

indels

C

T

DNA

RAD51 DNA-pk FANCD2

+ + + -
PARP-1

Fig. 1 DNA damage response
biomarkers (in red). SSB Single
Strand Break, DSB Double
Strand Break, NHEJ Non
Homologous End-joining, HR
Homologous Recombination,
BER Base Excision Repair, NER
Nucleotide Excision Repair,
MMR Mismatch Repair
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considered as an event. Differences between survival curves
were evaluated using Mantel-Cox. Graph Pad Prism
5.0 software was used for all statistical analyses. Maximal
follow-up was capped at 120 months.

Results

DNA damage in high risk endometrial cancer

The H-score for each biomarker was assessed in the whole
cohort (N= 116; see supplemental Figure S2) and analysis
performed on tumors with available data on all DNA
damage response biomarkers (N= 102) (Table S2). High-
risk endometrial cancers were categorized according to the
previously published TransPORTEC refined classification
for High-risk endometrial as “Microsatellite unstable/POLE
mutated” (N= 28), “TP53 mutated” (N= 37), and “no
specific molecular profile” (N= 37) in the cohort with data
available on all biomarkers. Among the cohort of 102
patients with data available on all biomarkers, POLE
mutation and Microsatellite instability remained predictive
of improved Disease Free Survival (Hazard Ratio= 2.60; p
= 0.007 and Hazard Ratio= 2.75; p= 0.04, respectively),
while TP53 mutations were markers of poor prognosis
(Hazard Ratio= 2.06; p= 0.03) (Table 1). Among high-
risk endometrial cancer tumors evaluable for all markers,
69% (70/102) demonstrated detectable δ-H2AX (Fig. 2), a
measure of double strand break DNA damage. Gamma-
H2AX did not correlate with grade, histology, or patient age
in this cohort, however median δ-H2AX levels were sig-
nificantly higher in “TP53 mutated” high-risk endometrial
cancer than in the “Microsatellite unstable/POLE mutated”
(p= 0.03) or “no specific molecular profile” (p < 0.0001,
Figure S3).

DNA repair biomarkers in high-risk endometrial
cancer

A high proportion of high-risk endometrial cancer showed
complete loss of DNA repair proteins with 27% (28/102)
negative for RAD51, 43% (44/102) for DNA-pk and 44%
(45/102) for FANCD2 (Table S2, Fig. 2 & S2). In con-
trast most (95%) tumors retained detectable levels
of PARP-1 and median PARP-1 H-score was 175
(Figure S2). Not surprisingly, δ-H2AX and RAD51 levels
were positively correlated (R= 0.318; p= 0.001), how-
ever, among RAD51 null tumors 57% (16/28) demon-
strated DNA damage. Neither δ-H2AX nor individual
DNA repair proteins were prognostic for Disease Free
Survival or Overall Survival, although loss of RAD51
expression (candidate biomarker for Homologous
Recombination deficiency) was associated with a trend

towards improved Disease Free Survival (Table 1). Given
the amount of redundancy among DNA repair pathways,
we sought to investigate whether a combined approach
would be more informative. Non-homologous end-joining
is an alternative but error-prone repair pathway for
double strand break, which may be particularly relevant
in the setting of Homologous Recombination deficiency.
We conducted a combined analysis of DNA-pk
and FANCD2, positive and negative regulators of
Non Homologous End-Joining, respectively. Among
DNA-pk+ /FANCD2- (Non Homologous End-Joining -
proficient) tumors, RAD51 loss was associated with
significantly improved Disease Free Survival (Hazard
Ratio= 0.18; p= 0.024).

Table 1 Biomarker status and survival outcome in high-risk
endometrial cancer (N= 102)

Pathways Marker Number
of tumors

Median
survival
(months)

Hazard
Ratio for
DFS

p-Value

MMR POLE *

+ 9 unreached 2.600 0.0379

− 93 45.4

MSI **

+ 21 unreached 2.755 0.0067

− 79 39.7

Cell cycle TP53m *

+ 38 36.5 2.056 0.028

− 64 unreached

DSB DNA
damage

δ-H2AX
+ 70 39.7 1.786 0.0829

− 32 unreached

HR RAD51

+ 74 45.0 1.489 0.2448

− 28 unreached

NHEJ DNA-pk

+ 58 22.6 1.541 0.1043

− 44 52.0

FANCD2

+ 57 52.0 1.116 0.7274

− 45 45.4

NER PARP-1

+ 97 45.4 2.983 0.0659

− 5 unreached

P53 and POLE: + mutated, − unmutated, MSI microsatellite
instability; δ-H2AX, RAD51, DNA-pk, FANCD2, and PARP-1: +
protein expressed (positive H-score), − negative H-score.

DSB Double Strand Breaks, HR Homologous Recombination, NHEJ
Non Homologous End-Joining, NER Nucleotide excision repair,
MMR Mismatch Repai, DFS Disease Free Survival. P value *P <
0.05; **P < 0.01 and ***P < 0.001
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Prognostic value of DNA damage and repair
biomarkers within molecular subsets of high-risk
endometrial cancer

The “TP53 mutated” subset demonstrated significantly
higher levels of DNA damage (δ-H2AX) and a significantly
worse prognosis with a median Disease Free Survival of
36.5 months (Hazard Ratio for Disease Free Survival=
2.06; p= 0.03 compared to the rest of High-risk endo-
metrial tumors). We therefore sought to determine whether
DNA damage response biomarkers could offer further
prognostic information above and beyond TP53 alone.
Combined TP53 mutation/δ-H2AX+ identified a subset (N
= 30) with the worst Disease free survival (24.4 months,
Hazard Ratio.= 2.7; p= 0.005) and Overall survival
(Hazard Ratio= 2.2; p= 0.021) suggesting that the incor-
poration of a measure of DNA damage could further refine
the prognostication of “TP53 mutated” high-risk endo-
metrial cancer (Figure S4.A). RAD51 status did not provide

discriminatory prognostic information within the “TP53
mutated” subgroup. However, combining an evaluation of
Non Homologous End-Joining-proficiency (DNA-pk
+/FANCD2−) with TP53 status had an important impact,
with this subgroup showing a drastically worse Disease
Free Survival (19.9 months, Hazard Ratio= 4.95; p=
0.009) demonstrating that incorporation of DNA-pk and
FANCD2 with TP53 mutation offered significantly more
prognostic information than TP53 mutation alone (Fig-
ure S4.A). This resulted in significant refinement of our
previously reported classification of high-risk endometrial
cancer (Fig. 3).

Classification into “no specific molecular profile” alone
was only non-significantly associated with worse Disease
Free Survival (31.8 months, Hazard Ratio= 1.7; p= 0.11).
These tumors tended to have lower levels of δ-H2AX than
TP53m or the “Microsatellite unstable/POLE mutated”
subset. However, those “no specific molecular profile”
tumors showing detectable DNA damage at diagnosis (no

Molecular Subgroups

POLE
MSI
P53

Histology
Grade

Age

DNA damage
NHEJ

PARP-1
HR

n =

POLE /MSI Histology
mutated wild type Clear cell Endometrioid Serous

MSI Grade
MSI MSS NA grade 3 grade 2 grade 1

DNA damage / NHEJ / PARP-1 / HR Age
p 06<07-0607>negativeevitiso

P53 NHEJ- NSMP -H2AX+ P53 NHEJ+

9

POLE MSI NSMP -H2AX-

028271919

CEdioirtemodnECEslleCraelCCEsuoreS

A. 

B. 

Fig. 2 DNA damage and response landscape of high-risk endometrial
cancer. a Immunohistological analysis focusing on DDR biomarkers
results in the identification of six molecular subgroups within high-risk
endometrial cancer: (1) “POLE mutated” (POLE), (2) “microsatellite
instable” (MSI), (3) “no specific molecular profile/ -H2AX positive”
(NSMP -H2AX-), (4) “TP53 mutated/Non Homologous End-Joining
negative” (P53 NHEH-), (5) “no specific molecular profile/-H2AX

positive” (NSMP -H2AX+), and (6) “TP53 mutated/Non Homologous
End-Joining positive” (P53 NHEH+). Tumors FANCD2−/DNA-pk+
were defined as Non Homologous End-Joining positive (NHEJ+);
RAD51+ as Homologous Recombination proficient (HR+), -H2AX+
as DNA damage positive. b Representative Hematoxylin Eosin stained
picture of the three endometrial carcinomas histotypes included in our
cohort: Serous, Clear cells and Endometrioid
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specific molecular profile/δ-H2AX+) had significantly
shorter Disease Free Survival (22.6 months, Hazard Ratio=
2.56; p= 0.026) (Figure S4.B). Incorporating an evaluation of
δ-H2AX significantly refined the high-risk endometrial cancer
into distinct prognostic subgroups (Fig. 3).

Taken together DNA-pk, FANCD2, and δ-H2AX
resulted in a new refined classification of the two poor
prognostic subsets of high-risk endometrial cancer resulting
in five subgroups with significantly different outcomes in
terms of Disease free survival (Mantel-Cox test p= 0.0002)
(Fig. 3a).

Practically speaking, this new classification might provide
useful prognostic information for individual patients. For
example, in the case of a “no specific molecular profile”
patient, δ-H2AX would allow us to determine whether she is
in the good or poor prognosis subgroup: if she is δ-H2AX−,
then her Hazard Ratio for disease free survival is 2.01

compared to a “no specific molecular profile” δ-H2AX+, this
information could be incorporated into risk stratification and
clinical decision making regarding the need for adjuvant
therapy.

Importantly, the inclusion of DNA damage response
biomarkers also significantly refined the prognostic classi-
fication when using Overall Survival as an endpoint
(Fig. 3).

Actionable alterations and immune infiltration
within DNA Damage Repair biomarker-refined High-
Risk Endometrial Cancer molecular subgroups

Targeted sequencing using Next Generation Sequencing
and immunohistochemistry have been previously conducted
on this cohort focusing on oncogenic pathways for which
inhibitors are currently available (Table S4). The “no
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Fig. 3 Poor prognosis endometrial cancer molecular subclasses
refinement using DNA Damage and Response bio-markers. Combin-
ing an evaluation of Non Homologous End-Joining proficiency (DNA-
pk+/FANCD2−) with “TP53 mutated” status and δ-H2AX with “no
specific molecular profile” subgroup significantly refined the high-risk
endometrial cancer into distinct prognostic subgroups in disease free
survival and overall Survival (a graphs and b statistical data).

δ-H2AX + Tumors with DNA damage; δ-H2AX− Tumors without
DNA damage, NHEJ+ tumors error prone Non Homologous End-
Joining proficient, NHEJ− tumors error prone Non Homologous End-
Joining not proficient, MSI microsatellite instability, POLE Poly-
merase Epsilon mutated, P53 TP53 mutated, DF Sease Free Survival,
OS Overall Survival. P value *P < 0.05; **P < 0.01 and ***P < 0.001
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specific molecular profile” δ-H2AX negative subgroup
showed the greatest enrichment for PI3K pathway altera-
tions (50%) and combined estrogen and progesterone
receptor (ER+/PR+) positivity (71%) suggesting these
tumors may benefit from the association of mTOR or AKT
inhibitors with endocrine therapies. The “no specific
molecular profile” δ-H2AX positive High Risk-Endometrial
Cancer had lower levels of actionable PI3K alterations and
ER+/PR+ positivity, however both “no specific molecular
profile” δ-H2AX-positive and -negative tumors demon-
strated frequent ARID1A mutations (25 and 31%, respec-
tively). ARID1A is implicated in ATM/ATR initiated DNA
repair and ARID1A loss of function mutations have been
associated with increased reliance on ATR mediated
checkpoint regulation with resulting increased sensitivity to
both ATR and PARP inhibitors [8, 9].

The “TP53 mutated” Non Homologous End-joining
positive subgroup lacked actionable mutations and only
22% showed combined ER/PR expression. However δ-
H2AX levels were high (median H-score= 55) and all
expressed high levels of PARP-1 (H-score range: 87–270)
suggesting that these tumors harboring high levels of
endogenous DNA damage and favouring the error-prone
non homologous end-joining pathway of DNA repair may
be particularly responsive to platinum-based chemotherapy
or PARP inhibitors.

In addition, we compared T-cell immune infiltrates
across our refined high-risk endometrial cancer molecular
subgroups (Fig. 4a). As previously published “Micro-
satellite unstable/POLE mutated” tumors had the highest
levels of CD8+ immune cells and PD-1 expression. How-
ever, within the “no specific molecular profile” subset, δ-
H2AX tumors had significantly higher CD8+ cells (med-
ian: 82 vs. 44 months; p= 0.017, vs. the “no specific
molecular profile” δ-H2AX+) suggesting that these may
benefit from immune therapies alone or in combination with
targeted therapies. The “TP53 mutated” Non Homologous
End-Joining negative subgroup showed high levels of CD8
+ mmune cell infiltration and higher PD-1 expression than
the “no specific molecular profile” and “TP53 mutated”
Non Homologous End-Joining positive subsets (Fig. 4). In
fact, the level of CD8 and PD-1 expression in “TP53
mutated” Non Homologous End-Joining negative tumors
was comparable to the “Microsatellite unstable/POLE
mutated” subgroup, providing a rationale for PD-1/PD-L1
inhibitors in this group.

Discussion

The TransPORTEC consortium was established to refine
the prognostic classification and identify novel therapeutic
strategies in High-Risk Endometrial Cancer. The TCGA has

generated important advances into the genomic character-
ization of Endometrial Cancer, however these studies were
conducted in unselected endometrial Cancers, mainly low
risk tumors (69% stage I and 53% G1/2 endometrioid his-
tology). The current TransPORTEC High-Risk Endometrial
Cancer cohort included 45% stages III/IV and mainly high-
risk histologies (85% Grade 3 endometrioid, serous or clear
cells). We have previously described a clinically applicable
molecular classification for endometrial cancers and con-
firmed the important survival advantage for the “Micro-
satellite unstable/POLE mutated” molecular subsets in high-

B.

A.

Fig. 4 T-cell immune infiltrates (CD8+) (a) and PD-1 expression (b)
across our refined high-risk endometrial cancer five molecular sub-
groups: (1) POLE mutated (POLE), (2) microsatellite instable (MSI), (3)
no specific molecular profile/-H2AX positive (NSMP -H2AX-), (4)
TP53 mutated/Non Homologous End-Joining negative (P53 NHEJ-), (5)
no specific molecular profile/-H2AX positive (NSMP -H2AX+), and (6)
TP53 mutated/Non Homologous End-Joining positive (P53 NHEJ+). #:
Out of range data were excluded for graphical representation (NCD8= 7,
NPD-1= 1 tumors), but were included for statistical analysis (Mann
Whitney test: p-value *p < 0.05; **p < 0.01)
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risk endometrial cancer. In the current study, the “Micro-
satellite unstable/POLE mutated” subsets demonstrate
overlapping Disease free survival curves, whereas in the
TCGA cohort, the “POLE mutated” displayed a better
prognosis than the “Microsatellite unstable.” Most of the
patients in the TCGA dataset did not receive adjuvant
treatment. Eightynine percent (82/92) of Endometrial Can-
cer included in the TransPORTEC series received post-
operative treatment. The outcome of the “Microsatellite
unstable” subset may have been improved by adjuvant
strategies, thus converting an aggressive Microsatellite
unstable tumor into a clinically favorable one [10]. How-
ever, within high-risk endometrial cancer and in contrast to
“Microsatellite unstable” and “POLE mutated” subgroups,
the “TP53 mutated” and “no specific molecular profile”
subgroups had remarkably similar poor disease free survival
(median disease free survival= 36 and 32 months, respec-
tively), which may be attributed to the much higher pro-
portion of non endometrioid histologies (Clear Cells and
serous) compared to the TCGA cohort. DNA repair defects
via Mismatch Repair have been clearly implicated in both
POLE and MSI endometrial tumors and result in high
mutation loads. TP53 mutated endometrial tumor is typi-
cally genomically unstable which could be attributed to
impaired double strand DNA breaks repair. The first aim of
the current study was to investigate whether biomarkers
implicated in double strand break detection and repair could
further refine the prognostic classification of the “no specific
molecular profile” and “TP53 mutated” molecular subsets.

We have shown for the first time that incorporation of
DNA damage response biomarkers results in significant
refinement of the TransPORTEC molecular classification of
high-risk endometrial cancer using affordable and clinically
feasible biomarkers. This new DNA damage response-
refined molecular classification produced 5 distinct DNA
damage response driven prognostic subgroups with wor-
sening survival: group1 “Microsatellite unstable/POLE
mutated”; group2 “no specific molecular profile/δ-H2AX
negative”; group3 “TP53 mutated/Non Homologous End-
Joining negative”; group4 “no specific molecular profile/δ-
H2AX positive”; and group5 “TP53 mutated/Non Homo-
logous End-Joining positive” (p= 0.0002).

In this study we analyzed double strand breaks DNA
damage (δ-H2AX) [11, 12] and repair (RAD51, DNA-pk
and FANCD2) biomarkers, as well as PARP-1 as a target
for PARP inhibitors (PARPi). TP53 mutated high-risk
endometrial cancer showed significantly higher levels of δ-
H2AX, providing evidence of its value as a marker of DNA
damage.

DNA damage response pathways protect the genome by
repairing lesions, such as double strand breaks which are
common events caused by endogenous and exogenous
DNA damage. Here, we demonstrated for the first time that

at diagnosis a significant proportion of high-risk endo-
metrial cancer were deficient for DNA Damage Response
biomarkers. RAD51 recombinase is the key downstream
effector of the homologous recombination pathway of
double strand breaks repair, and 27% of high-risk endo-
metrial cancer demonstrated complete loss of nuclear
RAD51, suggesting possible Homologous Recombination
deficiency. In contrast fewer than 5% showed loss of the
target for PARP inhibitors, nuclear PARP-1. Forty percent
showed lack of DNA-dependent protein kinase (DNA-pk)
[13], an important regulator of the cellular response to
double strand DNA breaks that promotes Non Homologous
End-Joining. A similar number of high-risk-endometrial
cancer demonstrated loss of FANCD2, a suppressor of
inappropriate DNA repair by the Non Homologous End-
Joining machinery [14, 15]. Thus, combined DNA-pk-
positivity with FANCD2 loss was used as surrogate marker
for error prone Non Homologous End-Joining.

TP53 mutation is a powerful prognostic marker both in
unselected, mainly low risk Endometrial Cancer (TCGA)
and remains significant among high-risk endometrial can-
cer. However, not all TP53 mutations are equal, as sup-
ported by the significant number of TP53 mutations
described among good prognosis “POLE mutated” endo-
metrial tumors [16, 17]. Including markers of Non Homo-
logous End-Joining (DNA-pk+/FANCD2−) significantly
added to the prognostic information provided by TP53
mutation alone segregating the “TP53 mutated” tumors into
two classes with widely divergent outcomes (20 months vs.
48 months—Fig. 3b)

Similarly, the “no specific molecular profile” group taken
as a whole had an equivalent prognosis to “TP53 mutated,”
however among those “no specific molecular profile”
tumors exhibiting detectable endogenous DNA damage,
Disease free survival was significantly worse (23 months vs.
45 months—Fig. 3b). The inclusion of DNA damage
response biomarkers allowed a refined prognostic classifi-
cation that predicted disease free survival as well as overall
survival (Fig. 3).

We have previously shown that the two good prog-
nostic subgroups, “Microsatellite unstable/POLE muta-
ted” show significantly higher immune infiltration and
PD-1 and PD-L1 expression and could benefit from
immune targeted strategies. Here the second objective was
to further characterize the “no specific molecular profile”
and “TP53 mutated” subsets in an effort to determine
which of these poor prognosis tumors could be selected
for chemotherapy, immune therapies or other targeted
agents.

Firstly, our findings generate the hypothesis that DNA
damage response biomarkers may be informative to select
patients for chemotherapy or DNA damaging agents such as
PARP inhibitors. Functional RAD51 foci formation assays
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have been validated as a surrogate functional read-out for
Homologous Recombination competency. Lack of RAD51
foci formation has been shown to correlate with high grade,
chemotherapy sensitivity and PARP inhibitor sensitivity
[18, 19]. While RAD51 is usually evaluated post DNA
damaging treatment, the fact that most RAD51 null tumors
in our study also showed detectable endogenous DNA
damage (δ-H2AX+) suggests that they were unable to
recruit HR in the face of Double-Strand DNA Breaks. In
lung cancer, RAD51 loss has been associated with poor
prognosis in untreated tumors, but predictive of benefit
from adjuvant platinum-based chemotherapy or radio-
therapy [20, 21]. Whether RAD51 loss by immunohis-
tochemistry might identify high-risk endometrial cancer
most likely to benefit from platinum-based chemotherapy or
PARP inhibitors merits further investigation.

In addition, it is likely that a comprehensive evaluation
of DNA repair competency may be more discriminatory.
For example, functional Non Homologous End-Joining has

been identified as a requirement for PARP inhibitor sensi-
tivity, and Non Homologous End-Joining defective cancers
are resistant to PARP inhibitors, even in the setting of
BRCA mutation [22–24]. PARP-1 overexpression has been
associated with poor prognosis, resistance to platinum
chemotherapy but increased responsiveness to PARP inhi-
bitors [25, 26]. As such the “TP53 mutated”/Non Homo-
logous End-Joining negative subset are likely to be resistant
to PARP inhibitors, while the combined RAD51-/Non
Homologous End-Joining+/PARP-1+ tumors may be the
most responsive.

Intriguingly we have previously reported that despite low
neoantigen loads, a subset of “no specific molecular profile”
and “TP53 mutated” high-risk endometrial tumors displayed
high CD8+ immune infiltrates including PD-1+ immune
cells. Within the “no specific molecular profile” subset, lack
of endogenous double-strand breaks DNA damage (δ-
H2AX-negative) was significantly associated with higher
CD8+ T cells and improved prognosis (compared to “no
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Fig. 5 Refined classification of high-risk endometrial cancer based on
DNA damage response biomarkers with specific therapeutic strategies
associated. High-risk endometrial cancer molecular subgroups char-
acteristics (a) and algorithm (b) using DNA damage response bio-
markers. “No specific molecular profile” and “TP53 mutated”
molecular subgroups were refined according to their DNA damage
response positivity/negativity using respectively “DNA damage” and
“error prone Non Homologous End-Joining” biomarkers: (1) POLE

mutated (POLE)/microsatellite instable (MSI), (2) no specific mole-
cular profile/δ-H2AX negative (NSMP δ-H2AX-), (3) TP53 mutated/
Non Homologous End-Joining negative (P53 NHEJ−), (4) no specific
molecular profile/δ-H2AX positive (NSMP δ-H2AX+), and (5) TP53
mutated/Non Homologous End-Joining positive (P53 NHEJ+).
«Error-prone Non Homologous End-Joining» positive defined as
“DNA-pk+/FANCD2−»; «DNA damaged» defined as δ-H2AX
positive
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specific molecular profile”/δ-H2AX+). Among “TP53
mutated” tumors, Non Homologous End-Joining negative
tumors showed dense CD8 infiltration, markedly elevated
PD-1 expression and significantly improved prognosis
compared to “TP53 mutated”/Non Homologous End-Joining
positive. These data suggest that DNA damage response-
refined classification of high-risk endometrial cancer can
provide prognostic information as well as define molecular
subsets beyond “Microsatellite unstable/POLE mutated”
tumors who could benefit from immune strategies.

In conclusion, we present a refined classification of high-
risk endometrial cancer based on DNA damage response
biomarkers which offers both prognostic as well as mole-
cular subtype specific therapeutic strategies. In addition to
the well described “Microsatellite unstable/POLE mutated”
subsets who may benefit from PD-1/PD-L1 inhibitors,
Fig. 5 illustrates how one could envision including DNA
damage response biomarkers to orient high-risk Endo-
metrial Cancer patients toward selected therapeutic strate-
gies. These are merely speculative but could be tested in
future molecularly guided trials:

The intermediate prognosis lymphocyte-rich “No Speci-
fic Molecular Profile/δ-H2AX negative” tumors may be
oriented toward hormonal or immune-oncology treat-
ments,
The intermediate prognosis PD1-high “TP53 mutated/
Non Homologous End-Joining negative” likely to be
resistant to PARP inhibitors may be offered PD-L1/PD-1
inhibitors,
The poor prognosis lymphocyte poor “No Specific
Molecular Profile/δ-H2AX positive” showing high levels
of endogenous DNA damage and frequent ARID1A or
PTEN alteration may be suited to ATR or PARP
inhibitors, and
The worst prognosis lymphocyte-poor “TP53 mutated/
Non Homologous End-Joining positive” harboring high
levels of endogenous DNA damage, favouring the error-
prone Non Homologous End-Joining pathway of DNA
repair may be responsive to platinums or PARP
inhibitors.

As part of a continued collaboration within the Trans-
PORTEC consortium, a comprehensive evaluation of pro-
teomic and genomic DNA Damage Repair biomarkers will
be conducted on high-risk endometrial cancer tumor sam-
ples from the recently completed randomized PORTEC3
trial in order to identify predictors of poor prognosis but
preferential benefit from adjuvant chemotherapy and iden-
tify candidate biomarkers for PARP inhibitor sensitivity.
These will then require prospective validation in the
ongoing and planned trials of PARP inhibitors in advanced
Endometrial Cancer.
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