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an improved progression-free and overall survival in patients with
ERBB2-overexpressing uterine serous carcinoma, favoring the
trastuzumab arm compared with chemotherapy alone.* In the
subgroup analysis of a phase Il basket study (TAPUR trial), treat-
ment with pertuzumab plus trastuzumab showed evidence of anti-
tumor activity in heavily pretreated patients with uterine cancer and
focal amplification of ERBB2 on chr17q12 or certain mutations.’
However, effective drugs for endometrial carcinomas without focal
amplification of the 17q12 region are not known. In this study, we
conducted molecular profiling of endometrial carcinomas in Japa-
nese patients with poor prognosis to identify pathways that could
be potential therapeutic targets.

METHODS

Written informed consent was obtained from all patients, and the
institutional review board at the Shizuoka Cancer Center approved
all aspects of this study (authorization number 25-33). All experi-
ments using clinical samples were performed in accordance with
the approved Japanese ethical guidelines.

Clinical Samples

Endometrial carcinomas were extracted from the Japanese pan-
cancer cohort (project HOPE—High-tech Omics-based Patient Eval-
uation) comprising 5521 tumor specimens (Online supplemental
table $1).5 These samples were clinically diagnosed after surgery
by a pathologist. Tumors and their surrounding tissues (>0.1 g) were
dissected from the surgical specimens immediately after resection
of the lesion at the Shizuoka Cancer Center from January 2014 to
March 2019. Additionally, peripheral blood was collected as a pair
control to exclude germline mutations. The experimental protocols
have been described previously.®

Datasets for Analysis of Somatic Alteration

We analyzed both sequencing and microarray data derived from
freshly frozen clinical samples using our own previously constructed
pipeline.® In this study, a part of the dataset was extracted for anal-
ysis of somatic and germline alterations, including tumor muta-
tional burden, copy number variations, mutational signatures, and
gene expression signatures (Online supplemental table S2). Tiers 1
and 2 in somatic mutations were defined according to previously
reported criteria.® Mutational signature analysis was performed
based on deconstructSigs,” where deamination corresponds to
single base substitutions 1, polymerase-epsilon is the sum of single
base substitutions 10a and 10b, and microsatellite instability is the
sum of single base substitutions 6, single base substitutions 14,
single base substitutions 15, single base substitutions 20, single
base substitutions 21, single base substitutions 26, and single base
substitutions 44 in the Catalog of Somatic Mutations in Cancer
mutational signatures (v3, https://cancer.sanger.ac.uk/cosmic/
signatures).

The contribution of mutational signatures was calculated only for
tumors, excluding those with < 50 mutations. Somatic copy number
variations were detected using SAAS copy number variations.® This
method accounted for the read-depth ratio and B allele frequency,
and achieved the best performance among the six copy number
variation detection tools.® The copy number variation size was
calculated from the sum of the loss (copy number variations<1.5),

gain (copy number variations>2.5), and copy neutral loss of hetero-
zygosity in the genome, estimated by whole exome sequencing. To
compare our platform with others, mutation and expression profiles
of endometrial carcinomas were extracted from the public data-
base in The Cancer Genome Atlas project (Pan-Cancer Atlas).'

Gene Expression Analysis

For RNA analysis, tumor tissues were immediately immersed in
RNAlater (Thermo Fisher Scientific). Purified total RNA was ampli-
fied and fluorescent-labeled using a One-Color Low Input Quick
Amp Labeling Kit (Agilent Technologies, Santa Clara, CA). Cy3-
labeled cRNAs were hybridized to a SurePrint G3 Human Gene
Expression 8x60K v2 Microarray (Agilent Technologies), containing
50 599 probes, representing 29 833 genes registered in the Entrez
Gene Database. Expression signature was calculated from the
average of genes in unique gene sets corresponding to each indi-
vidual signature (TP53 inactivation,' T cell inflamed gene expres-
sion profile,'? epithelial-mesenchymal transition,”® PI3K/mTOR,™
and autophagy'®). Pathway analysis was performed based on gene
set enrichment analysis'® using the Hallmark gene set (version 7.2).

Statistical Analysis

Fisher’s exact test was performed to detect mutations and clinical
characteristics, except for age. The exact test for the mutations was
performed separately for the two groups consisting of high tumor
mutational burden and the remaining two groups because of large
bias in the tumor mutational burden of the four groups. For compar-
ison of age and expression signatures, one-way analysis of vari-
ance and Welch'’s t test were performed, respectively. The log-rank
test was performed for relapse-free survival curves. The statistical
analysis was calculated and visualized using R (version 4.0.2). To
control the false discovery rate in gene set enrichment analysis,
the Benjamini-Hochberg procedure (g<0.05) was performed, and
results were considered significant at p<0.01.

RESULTS

Molecular Classification

Eighty-five endometrial carcinomas with detailed clinical infor-
mation were extracted from the Japanese version of The Cancer
Genome Atlas data cohort, consisting of 5521 tumor specimens.”
Among these, 82% (70/85) were endometrioid carcinomas and 61%
(43/70) of the endometrioid carcinomas were grade 1 (Figure 1A).
These tumors were divided into four subgroups according to The
Cancer Genome Atlas classification’ (Figure 1B); copy number-high
was defined based on copy number variations in all chromosomes
(Online supplemental figure S1). No significant differences in clinico-
pathological factors were observed between the subgroups (Online
supplemental table S1). The endometrial carcinomas in Japanese
patients tended to have more polymerase-epsilon subgroups and
fewer copy number-highs than The Cancer Genome Atlas classi-
fication, and clear cell carcinomas were present in all subgroups
except copy number-high.

Molecular Profiling

The molecular profiling of the subgroups, classified according to
The Cancer Genome Atlas, was investigated in 85 endometrial
carcinomas. Germline and somatic mutations and mutational
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Sample profile of endometrial carcinomas. (A) Distribution of tumor type in 85 samples. LCNEC, large cell

neuroendocrine carcinoma. (B) Classification of endometrial carcinomas based on The Cancer Genome Atlas profiling of
endometrial carcinomas. CN, copy number; MSI, microsatellite instability; POLE, polymerase-epsilon; Q3, 75th percentile.

signatures were displayed based on whole exome sequencing and
target panel sequencing (Figure 2 and Online supplemental table
S2). Consistent with a previous report,’ the polymerase-epsilon
and microsatellite instability subgroups had higher tumor muta-
tional burden, and endometrial carcinomas in the copy number-low
subgroup harbored significant accumulation of somatic mutations
in PTEN and ARID1A, whereas TP53 mutations were accumulated
in the copy number-high subgroup. Accumulation of ARHGAP35
mutations observed in the normal endometrial epithelium was more
common in the polymerase-epsilon and microsatellite instability
subgroups. No specific mutational signature was detected, except
for the polymerase-epsilon and microsatellite instability signatures.

These subgroups were clinically characterized. The copy number-
high subgroup had a worse prognosis than the other subgroups
(Online supplemental figure S2A). The T cell inflamed signature,
which predicts the effect of immune checkpoint inhibition,”” was
significantly lower in copy number-high than in polymerase-epsilon
and microsatellite instability subgroups, and tended to be lower
in copy number-high than in copy number-low subgroups (Online
supplemental figure S2B). Copy number-low accounted for more

than 50% of grade 1 endometrioid carcinomas, while approxi-
mately 57% of serous carcinomas were classified as copy number-
high (Online supplemental figure S2C).

Classification Using TP53 Inactivation

We analyzed the inactivation and somatic mutations of TP53 in
endometrial carcinomas based on gene expression profiling and
whole exome sequencing. Relapses were more frequent in tumors
with a high TP53 inactivation score or TP53 mutation accumulation
(Figure 3). The copy number-high and copy number-low subgroups
in The Cancer Genome Atlas classification were altered to TP53-
active and TP53-inactive subgroups based on TP53 inactivation
score and mutations, resulting in 63% of copy number-high being
classified as TP53-inactive and 89% of copy number-low being
classified as TP53-active subgroup (Figure 4A). Furthermore, this
TP53-inactive subgroup had an extremely poor prognosis (median
survival time 20 months; Figure 4B). No significant difference in
the T cell inflamed signature was observed between the TP53-
active and TP53-inactive subgroups (Online supplemental figure
S3A). More than 65% of grade 1 endometrioid carcinomas and
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Figure 2 Molecular profiling of endometrial carcinomas. The samples are classified based on The Cancer Genome Atlas
profiling, and they are sorted in descending order according to copy number variation (CNV) size. The 75th percentile (Q3) of

CNV size is represented by the red dotted line.
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Figure 3 Relationship between TP53 inactivation score and
relapse in endometrial carcinomas excluding polymerase-
epsilon and microsatellite instability. The samples are sorted
in ascending order of TP53 inactivation score. Relapses

are colored other than black, and samples with TP53
nonsynonymous mutations are represented by red boxes.

approximately 71% of serous carcinomas were classified as TP53
active and TP53 inactive, respectively (Online supplemental figure
S3B).
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Figure 4 Characteristics of TP53-inactivated endometrial
carcinomas based on gene expression profiling. (A) New
classification of endometrial carcinomas. Pie charts
represent the distribution of The Cancer Genome Atlas
classification within the TP53 inactive and active subgroups.
(B) Relapse-free survival curve of patients in new subgroups,
including TP53 status. MSI, microsatellite instability; POLE,
polymerase-epsilon.

Gene Expression Between TP53-active and TP53-inactive
Carcinomas

Gene set enrichment analysis of the TP53-active and TP53-inactive
subgroups predicted the biological pathways affected by TP53
inactivation in endometrial carcinomas. Among the significantly
enriched pathways in “Hallmark” gene sets, 90% (9/10) were
reported in the TP53-inactivated population in 11 cancer types'
(Figure 5A). Moreover, oxidative phosphorylation was significantly
enriched in endometrial carcinoma. The expression of 11 core
genes that were upregulated in >1/3 of the 10 pathways found
in the gene set enrichment analysis is shown along with the copy
number variations of the cytoband in which the genes are located
(Figure 5B). Gene expression of AURKA, BUB1, CCNB2, CDK1,
KIF2C, MCM2, and MCM4 was strongly correlated with the TP53
inactivation score (r>0.8). Copy number amplification of cytobands
encoding BUBT (2q13), MYC (8q24.21), and RFC4 (3927.3) was
observed in tumors with high TP53 inactivation scores, whereas
no copy number alterations were detected in other genes. These
results suggest that gene expression of AURKA, CCNBZ2, CDK1,
KIF2C, MCM2, and MCM4, but not BUB1, is associated with TP53
inactivation independent of copy number gain in Japanese patients
with endometrial carcinoma.

To clarify the biological pathways that activate oxidative phos-
phorylationin TP53-inactivated tumors, we examined the correlation
between TP53 inactivation and known oxidative phosphorylation
related expression signatures (epithelial-mesenchymal transition,
PI3K/mTOR and autophagy). A significant correlation between
TP53 inactivation and the oxidative phosphorylation-related signa-
tures, excluding epithelial-mesenchymal transition, was observed
(Figure 5C and Online supplemental table S2).

Validation of TP53-active and TP53-inactive Subgroups

We reclassified endometrial carcinomas using The Cancer Genome
Atlas dataset. The TP53-inactive subgroup accounted for 31.2%
of all tumors, which was more than that observed in our cohort,
reflecting the frequency of copy number-high in the Cancer
Genome Atlas dataset (Online supplemental figure S4A). In The
Cancer Genome Atlas dataset, the TP53-inactive subgroup had
poor prognosis compared with the other subgroups (Online supple-
mental figure S4B). Furthermore, the expression patterns of the
core genes identified from the gene set enrichment analysis were
strongly correlated with the TP53 inactivation score (Online supple-
mental figure S4C).

DISCUSSION

Summary of Main Results

Based on The Cancer Genome Atlas classification, the ratio of
polymerase-epsilon to copy number-high subgroups was different
in Japanese patients, and ARHGAP35 mutations observed in normal
endometrium were accumulated in the polymerase-epsilon and
microsatellite instability subgroups. copy number-high reflected
TP53 inactivation in endometrial carcinomas, and the TP53-inactive
subgroup had extremely poor prognosis. Furthermore, oxidative
phosphorylation was activated in TP53-inactive endometrial carci-
nomas, and AURKA, a potential drug target, was highly expressed
regardless of copy number gain. The mutation profile and prognosis
of Japanese patients were consistent with those in The Cancer
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Figure 5 Characteristics of the TP53-inactive subgroup based on gene expression profiling. (A) Gene set enrichment analysis
(GSEA) between TP53-active and TP53-inactive tumors. (B) gene expression and copy number variation (CNV) of core genes in
the gene set of GSEA. The CNVs were selected from the cytobands where those genes were located. (C) correlation with TP53
inactivation signature. epithelial-mesenchymal transition (EMT), PI3K/mTOR, and autophagy signatures were calculated using

the corresponding gene sets.

Genome Atlas' suggesting that The Cancer Genome Atlas classifi-
cation could be reproduced in Japanese patients with endometrial
carcinoma using our next generation sequencing pipeline.

Results in the Context of Published Literature

Asians tend to harbor fewer TP53 mutations and more PTEN muta-
tions according to a reanalysis based on The Cancer Genome
Atlas data.'® Somatic mutations in PTEN are often observed in
colorectal cancers and endometrial carcinomas with dysfunctional
polymerase-epsilon,” and 7P53 mutations in endometrial carci-
noma are common in the copy number-high subgroup. Therefore,
the difference in the proportions of polymerase-epsilon and copy
number-high subgroups may be a characteristic of Japanese or
Asian populations.

In endometrial carcinomas, germline and somatic mutations were
investigated based on blood and tumor whole exome sequencing.
No subgroup harbored specific germline mutations, whereas
somatic mutations in ARHGAP35 accumulated in the polymerase-
epsilon and microsatellite instability subgroups. ARHGAP35 was
reported to be altered in endometriosis and normal endometrium.'®
Although ARHGAP35 is associated with the promoter region of
the glucocorticoid receptor gene,' its relationship with defective
polymerase-epsilon and chromosomal instability, including micro-
satellite instability, has not been reported. Hence, ARHGAP35 muta-
tions in endometrial carcinoma may accumulate in normal cells,
even before cancer development.

A combination of tumor mutational burden and T-cell activation
related gene expression creates a signature that can improve the
prediction of responses to immune checkpoint inhibitors.'> We
found that this signature was higher in the polymerase-epsilon
and microsatellite instability subgroups with high tumor muta-
tional burden, suggesting that immune checkpoint inhibitors may
be effective against grade 3 endometrioid carcinomas, of which
these subgroups account for 70%. Therefore, the application of a
combination of immune checkpoint inhibitors and antiangiogenics

for endometrial carcinoma may be effective in the treatment of
grade 3 endometrioid carcinomas.

We found predominantly TP53-inactive tumors in the copy
number-high subgroup, and the TP53-inactive subgroup showed
an extremely poor prognosis. Although clear cell carcinomas were
not included in the copy number-high subgroup, TP53 inactiva-
tion progressed in these tumors (Figures 2 and 4B). TP53 muta-
tion is related to malignancy in endometrial carcinomas without
polymerase-epsilon mutations or mismatch repair deficiencies.’
As TP53 dysfunction is one of the triggers for chromosomal aber-
rations in various cancers,'" ?' it is reasonable to assume that TP53
pathway inactivation is involved in endometrial carcinoma malig-
nancy before chromosomal instability. Additionally, the prognosis
of the TP53-active subgroup was similar to that of the microsat-
ellite instability subgroup, with few recurrences, whereas the
TP53-inactive subgroup had poor prognosis, with many grade 3,
serous, and clear cell carcinomas. In The Cancer Genome Atlas
cohort, grade 3 endometrioid carcinomas also accumulated TP53
mutations,’ and in another Japanese cohort, grade 3 with TP53
aberrations showed a poor prognosis.?? Therefore, drug discovery
focusing on TP53-inactive populations with or without 7P53 muta-
tions will provide a new perspective for the treatment of endome-
trial carcinoma.

Patients with TP53-inactivated tumors with upregulated oxidative
phosphorylation had an extremely poor prognosis and a reduced
T-cell inflamed gene expression profile signature (including CD8
expression) in the tumor microenvironment. Oxidative phosphoryla-
tion activation in a tumor invokes metabolic insufficiency by nutrient
competition and intercellular exchanges in the tumor microenviron-
ment, leading to CD8 + T cell dysfunction.2® Patients with oxidative
phosphorylation and CD8+ squamous cell carcinoma of the lung
and craniocervical region have a poor prognosis.** Tumor micro-
environment and oxidative phosphorylation may have an important
role in endometrial carcinoma tumor progression.
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Pathway analysis revealed that oxidative phosphorylation related
genes are enriched in the TP53-inactive subgroup of endometrial
carcinomas, which was not found in a previous report on TP53 inac-
tivation in multiple cancer types."" The pathway involved in oxida-
tive phosphorylation is underutilized in many cancer cells because
of alterations in intracellular metabolism, as exemplified by the
Warburg effect.25 Our analysis found that the expression of several
core genes, including AURKA, correlated strongly with the TP53
inactivation score, independent of copy number. AURKA is incorpo-
rated into the mitochondrial matrix during interphase, influencing
mitochondrial morphology,®® and its overexpression promotes
metabolic reprogramming by increasing the mitochondrial inter-
connectivity involved in oxidative phosphorylation progression.?’
Taken together, AURKA is highly upregulated in endometrial carci-
nomas with TP53-inactive cells, resulting in oxidative phosphoryla-
tion activation.

In lung cancer, SWI/SNF deficiencies caused by ARID1A and
SMARCA4 mutations induce oxidative phosphorylation.?® However,
accumulation of somatic mutations in these genes was not found in
the TP53-mutated endometrial carcinomas (Figure 5B). Epithelial-
mesenchymal transition, which is negatively correlated with oxida-
tive phosphorylation based on profiling of several cancers®® was not
significantly correlated with the TP53 inactivation signature. Inter-
estingly, the signatures of the activated PI3K/mTOR and autophagy
pathways that can induce oxidative phosphorylation®® were posi-
tively correlated with that of TP53 inactivation. Based on whole-
genome sequencing analysis of 2658 cancers, TP53 inactivation is
estimated to occur early in uterine cancer development, followed
by amplification in the MYC-containing chromosome 8q and other
genomic alterations.®' Therefore, oxidative phosphorylation may be
proceeded by PI3K/mTOR and autophagy activation triggered by
TP53 inactivation in endometrial carcinoma.

Strengths and Weaknesses

Our classification allowed us to extract a population with a worse
prognosis than chromosomal instability and to propose a new drug
candidate for oxidative phosphorylation in endometrial carcinoma.
This molecular profiling approach can provide a bird’s eye view of
the genomic features in the tumor, but needs to be further validated
using TP53-inactivated cell lines and mouse models to evaluate the
efficacy of candidate drugs.

Implications for Practice and Future Research

In TP53-inactivated endometrial carcinoma, oxidative phosphoryl-
ation was not only activated by over-expression of AURKA, but also
by the PI3K/mTOR and autophagy pathways, suggesting its impor-
tant role in this tumor. Recently, the combination of paclitaxel and
alisertib, an AURKA inhibitor, prolonged progression-free survival in
ovarian cancer.*? The efficacy of alisertib in human papillomavirus-
positive cervical cancer has also been reported.*® Additionally,
IACS-010759, a clinical-grade small molecule targeting mito-
chondrial respiratory chain complex I, was recently reported as an
oxidative phosphorylation inhibitor.? Therefore, a combination of
AURKA and oxidative phosphorylation inhibitors may be effective in
TP53-inactivated endometrial carcinomas with high AURKA expres-
sion and activated oxidative phosphorylation by the PI3K/mTOR and
autophagy pathways. Further experiments using a xenograft model
of TP53-inactivated cell lines are needed in future studies.

Recently, WEE1-like protein kinase inhibitors have also attracted
attention as promising drugs for serous endometrial carcinomas.®*
Inhibition of WEE1 with adavocertib disrupts the Gap2/Mitotic
phase arrest required for DNA damage repair and increases repli-
cation stress.®® In cells with altered Gap1/Synthesis checkpoints
with occurring p53 dysfunction, adavocertib induces premature
mitosis and subsequent apoptosis due to unrepaired DNA damage
because of the high reliance on the Gap2/Mitotic checkpoint.
Therefore, an accurate understanding of the inactivation state of
TP53 in endometrial carcinomas is important in determining the
therapeutic strategy for this new agent as well as for AURKA and
oxidative phosphorylation inhibitors.

CONCLUSION

Our analysis showed that the The Cancer Genome Atlas classifica-
tion is reproducible in Japanese patients with endometrial carci-
noma, revealed a relationship between pathways involved in oxida-
tive phosphorylation and poor prognosis, and provided insights into
potential drug targets.
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