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A B S T R A C T

Over 50 % of patients with high-grade serous carcinoma (HGSC) are homologous recombination proficient,
making them refractory to platinum-based drugs and poly (ADP-ribose) polymerase (PARP) inhibitors. These
patients often develop progressive resistance within 6 months after primary treatment and tend to die early, thus
new therapies are urgently needed. In this study, we comprehensively investigated this tumor type by leveraging
a combination of machine learning analysis of a large published dataset and newly developed genetically
engineered HGSC organoid models from murine fallopian tubes. Aberrant activation of RAS/PI3K signaling was a
signature of poor prognosis in BRCA1/2 wild-type ovarian cancer, and mTOR-induced elevated p62 expression
was a robust marker of chemotherapy-induced mTOR-p62-NRF2 signal activation. mTOR inhibition with ever-
olimus decreased p62 and enhanced sensitivity to conventional chemotherapy, indicating that p62 serves as an
important biomarker for therapeutic intervention. Combination therapy with conventional chemotherapy and
mTOR inhibitors is a promising therapeutic strategy for refractory HGSC, with p62 as a biomarker.
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1. Introduction

High-grade serous carcinoma (HGSC) is the most common subtype of
epithelial ovarian cancer and is characterized by aggressive prolifera-
tion and difficulty in its early detection, resulting in poor progression
due to recurrence and acquisition of chemoresistance in many cases [1,
2]. Although the standard treatment of advanced HGSC has long been a
combination of debulking surgery and chemotherapy, such as carbo-
platin (CBDCA) and paclitaxel (PTX), progress in personalized therapy
based on the genetic profiles of each patient has been made. For
instance, poly (ADP-ribose) polymerase (PARP) inhibitors, such as ola-
parib, have been shown to extend progression-free survival (PFS) and
overall survival (OS) in patients with HGSC having BRCA1/2 pathogenic
variants, which cause homologous recombination deficiency (HRD) [3,
4]. However, in patients with HGSC without BRCA1/2 pathogenic var-
iants, the survival benefit of olaparib is modest [5]. The Cancer Genome
Atlas (TCGA) cohort, have also reported that patients with HGSC with
BRCA1/2 pathogenic variants showed a tendency for living longer than
did those with BRCA1/2 wild type (WT) [6–8]. This can be explained by
the differences in sensitivity to platinum-based drugs. However, re-
sponses of patients with HGSC with BRCA1/2 WT to treatment vary and
are heterogeneous, with some patients not relapsing for longer periods
of time and others relapsing early or during treatment and being
considered "refractory" cases. This suggests that some determinant fac-
tors other than BRCA1/2 status convert patients with HGSC into re-
fractory cases; however, no studies have explored these factors [9].
Thus, identifying the determining factor of the “refractoriness” of pa-
tients with HGSC and developing new remedies are urgently needed.

In addition, HGSCs are characterized by a high rate of recurrence,
even though they respond well to chemotherapy. Thus, minimal residual
disease (MRD) cannot be eliminated by chemotherapy; recurrence oc-
curs when MRD regrows. Although there have been reports of ovarian
cancer MRD, no treatment strategy for its clinical use has been devel-
oped [10].

In this study, we aimed to detect a poor prognostic signature in pa-
tients with BRCA1/2 WT ovarian cancer using a computational
approach; investigate the background mechanism of the poor prognostic
signature using newly developed syngeneic mouse models based on
organoid technology. We also aimed to validate this with human clinical
tumor samples, including pre- and post-chemotherapy samples; eluci-
date the nature of refractory HGSC and vulnerability of HGSCMRD; help
identify potential therapeutic interventions for increasing sensitivity of
refractory cases to chemotherapy and reducing recurrence risk in pa-
tients with HGSC.

2. Methods

2.1. Animal experiments

Themice were housed in an environmentally controlled room using a
protocol approved by the University Institutional Animal Care and Use
Committee with a project license of 20064. Normal fallopian tube
epithelium organoids were established from the fallopian tube epithe-
lium of Rb1fl/flTrp53fl/flMycLSL/LSL mice (JAX Strain #029971, RRID:
IMSR_JAX:029971) and B6J.129(B6N)-Gt(ROSA)26Sortm1(CAG-cas9**,-
EGFP)Fezh/J mice (AX Strain #026175, RRID:IMSR_JAX:026175). BALB/
cAJcl-nu/nu (RRID:IMSR_JCL:JCL:MID-0001) mice were used as re-
cipients for the transplantation of fallopian tube epithelium organoid-
derived tumor cells. Tumor cells were harvested via TrypLE and coun-
ted using trypan blue staining and a cell counter. Regarding in vivo
characterization of the fallopian tube epithelium-derived tumor cells, 1
× 106 cells suspended in 150 μL of PBS were administered intraperito-
neally (day 1). Considering in vivo treatment assay (Fig. 7b and c), 2 ×

105 cells suspended in 50 μL of medium/Matrigel (1/2 v/v) were inoc-
ulated subcutaneously into each flank (day 1). The tumor volumes were
measured every 3 days from day 7 using the following formula: V =

(large tumor dimension) × (small tumor dimension)̂2 × π/6. CBDCA: 30
mg/kg i.p.; PTX: 8 mg/kg i.p.; everolimus: 5 mg/kg p.o., in principle.

2.2. TCGA ovarian cancer dataset analysis

RNA-sequence gene expression and survival data of TCGA ovarian
cancer (422 cases, 429 files) were downloaded from the National Cancer
Institute GDC Data Portal (https://portal.gdc.cancer.gov/). According
to the clinical profiles, the data of the ovarian cancer patients who were
followed up until death or a certain date, with IIIa or greater FIGO
stages, were extracted and defined as the “WHOLE” (391 patients). On
cBioPortal for cancer genomics (https://www.cbioportal.org/), we
excluded patients with ovarian cancer with BRCA1/2 mutations from
genetically profiled WHOLE patients (258 patients) and defined the
residues as “BRCA-WT” (202 patients). We used the log-scale normalized
TPM values of each gene from a primary tumor file as gene expression
data for transcriptomic analysis, in which chrY genes and genes with
extremely low expression were excluded. We subsequently performed
an R package “GSVA” (Humans; C5; BP; gene set sizes were 50–500) in
the WHOLE patients and the BRCA-WT patients to score the activity of
each pathway and allocated the patients into positive (or equal to 0) and
negative groups according to each pathway score. Consequently, we
calculated the p-values using Log-rank tests between the two groups for
all analyzed pathways and ranked the pathways by the p-values.

2.3. Drugs

CBDCA, PTX, and olaparib are anticancer agents used to treat high-
grade serous carcinomas. Everolimus is an allosteric mTORC1 inhibitor.
Hydroxychloroquine is an autophagy inhibitor that prevents
phagosome-lysosome fusion. Regarding in vitro cell culture studies,
CBDCA (Sigma-Aldrich) and hydroxychloroquine (Sigma-Aldrich) were
diluted in water, and PTX (Sigma-Aldrich), olaparib (CEM), and ever-
olimus (CEM) were diluted in DMSO to the indicated concentrations. For
the animal studies, paclitaxel was diluted in 5 % DMSO, 40 % poly-
ethylene glycol #300, 5 % Tween 80, and 50 % water and stored in
DMSO, and everolimus was diluted in 30 % propylene glycol, 5 % Tween
80, and 65 % water and stored in propylene glycol, in principle.

2.4. Organoid cultures and viral cell engineering

To establish normal fallopian tube epithelium organoids (cas-nFTE,
nFTE), the fallopian tubes were dissected under a microscope, minced,
and digested with collagenase type I at 37 ◦C, followed by incubation in
TrypLE at 37 ◦C. Dispersed fallopian tube epithelial cells were mixed
with Matrigel (Corning), and 20–25 μL drops of the matrix cell sus-
pension were allowed to solidify on a 48-well plate at 37 ◦C. To stabilize
the Matrigel, organoid medium was added. The organoid medium used
was based on Advanced DMEM/F12 (Thermo Fisher Scientific) supple-
mented with 10 mM HEPES (Gibco), 2 mM GlutaMAX-I (Gibco), 50 ×

B27 (Gibco), 1 mM N-acetyl-L-cysteine (Sigma-Aldrich), R-spondin CM
(JSR Life Science or In-house), Noggin CM (JSR Life Science or In-
house), Afamin/Wnt3A CM (JSR Life Science), 50 ng/mL human EGF
(Peprotech), and 500 nM A83-01 (Tocris), in principle. To add the first
organoid medium at establishment or passage, the culture medium was
supplemented with 10 μM Y-27632 (Sigma-Aldrich). To establish HGSC-
modeling organoids, nFTE organoids were transfected with the pCMV-
Cre plasmid (VectorBuilder, VB190701-1025ges) (cRPM) or infected
with the Cre Lentiviral Vector (Enterobacteria phage P1) (pLenti-III)
(Applied Biological Materials Inc.) (RPM). Approximately 2 days post-
transfection or infection, the medium was replaced with a medium
containing 10 μM Nutlin-3a (Selleck). cRPM cells stably expressing p62
or EGFP (mock) were established through lentiviral infection. The
cDNAs encoding EGFP and human p62 (SQSTM1) were obtained from
the DNASU Plasmid Repository (Arizona State University) and subcl-
oned individually into the pLEX_307 lentiviral vector (RRID:
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Addgene_41392). Tumor cells stably expressing GFP-LC3-mRuby3-
LC3ΔG (a vector provided by N. Mizushima and H. Chino) were estab-
lished through retroviral infection.

2.5. CRISPR/Cas9-mediated knockout of Trp53, Pten, Nf1, and Sqstm1

Briefly, cas-nFTE organoids were trypsinized, and the cells were
collected in electroporation cuvettes (NepaGene) with OPTI-MEM,
appropriate sgRNA, and the pCMV-Cre plasmid (VectorBuilder,
VB190701-1025ges). Electroporation was performed using NEPA21
(NepaGene). After electroporation, the cells were incubated for 30 min,
mixed with Matrigel, and covered with organoid medium containing 10
μM Y-27632. Approximately 2 days after transfection, the medium was
exchanged with the medium containing 10 μM Nutlin-3a to select for
Trp53-knockout organoids. sgTrp53 RNA was synthesized using IDT Alt-
R® CRISPR-Cas9 sgRNA Trp53 AAGTCACAGCACATGACGG. sgPten,
sgNf1, and sgSqstm1 RNAs were synthesized using FASMAC and then
cloned into the lentiCRISPR v2 vector (Addgene plasmid #52961). For
Pten knockout, the blasticidin resistance gene was subcloned into the
lentiCRISPR v2 vector (RRID: Addgene_52961) using In-Fusion (Takara)
according to the manufacturer’s instructions. For Nf1 knockout, the
zeocin resistance gene was subcloned into the lentiCRISPR v2 vector.
Pten-knocked RPM (RPMP), Nf1-knocked RPM (RPMN), Nf1-and Pten-
knocked RPM (RPMNP), and p62-knocked RPMNP (RPMNP-p62KO)
cells were established via lentiviral infection. The CRISPR Oligo and in-
fusion sequences used were as follows:

Pten CRISPR Oligo1 CACCGAGATCGTTAGCAGAAACAAA.
Pten CRISPR Oligo2 AAACTTTGTTTCTGCTAACGATCTC.
Nf1 CRISPR Oligo1 CACCGCTCGTCGAAGCGGCTGACCA.
Nf1 CRISPR Oligo2 AAACTGGTCAGCCGCTTCGACGAGC.
Sqstm1 CRISPR Oligo1 CACCGATGGTGGGCGATGTTCCCGC.
Sqstm1 CRISPR Oligo2 AAACGCGGGAACATCGCCCACCATC.
Blasticidin resistance gene Forward GAGAATCCTGGACCGACCATG

AAAACATTTAACATTTC.
Blasticidin resistance gene Reverse GTCGACTTAACGCGTTTATT

TCGGGTATATTTGAGTG.
Zeocin resistance gene Forward GAGAATCCTGGACCGATGGCCAA

GTTGACCAGTG.
Zeocin resistance gene Reverse GTCGACTTAACGCGTTCAGTCCTG

CTCCTCGGC.
CRISPR V2 Forward ACGCGTTAAGTCGACAATCAACCTCTGGAT.
CRISPR V2 Reverse CGGTCCAGGATTCTCTTCGACATCTCCGGC.
For single-organoid cloning to establish RPM, RPMN, RPMP, and

RPMNP organoids, the organoids were trypsinized and dissociated. The
dissociated cells were diluted with the medium, mixed with Matrigel,
and covered with the organoid medium containing 10 μM Y-27632.
After 7–14 days, the clonal organoids were picked, expanded, and
screened for mutations in the target genes. Clonally expanded cell lines
were confirmed using Sanger DNA sequencing and whole exome
sequencing (WES). For Sanger sequencing, genomic DNA was extracted
from the cells using the DNeasy Blood& Tissue Kit (Qiagen) according to
the manufacturer’s instructions. Subsequently, the deleted DNA regions
were PCR-amplified using primers spanning the potential deletion sites
with Prime STAR GXL Premix (Takara). After separation on an agarose
gel, the DNA fragments were excised and purified using the QIAquick
Gel Extraction Kit (Qiagen) following the manufacturer’s instructions.
Subsequently, the DNA fragments were PCR-amplified using the In-
Fusion primers. After separation on an agarose gel, the DNA fragments
were excised and purified. The DNA fragments were cloned into BamHI-
digested pUC19 (RRID: Addgene_50005) using In-Fusion (Takara). The
transformation products using DH5α were spread on LB Agar Carbeni-
cillin plates and incubated overnight at 37 ◦C. Colonies were sequenced
using FASMAC, and the data were analyzed. The sequences used were as
follows:

In-Fusion pUC-Trp53KO Forward CGACTCTAGAGGATCCTGTGC
AGTTGTGGGTCA.

In-Fusion pUC-Trp53KO Reverse CGGTACCCGGGGATCATCACCAT
CGGAGCAGCG.

Trp53 sequence primer CTGTGCAGTTGTGGGTCAGC & ATCACC
ATCGGAGCAGCG.

2.6. qPCR

Total RNA was isolated from organoids or 2D cultured cells using an
RNeasy Mini Kit (Qiagen), followed by the removal of genomic DNA and
reverse transcription using the PrimeScript RT Reagent Kit with gDNA
Eraser (Perfect Real Time) (Takara), in principle. Reverse transcription
(RT)-qPCR was performed using a StepOnePlus Real-Time PCR System
(Applied Biosystems), Thermal Cycler Dice Real Time System TP800
(Takara), or CFX Duet Real-Time PCR System (Bio-Rad). The primer
sequences used were as follows:

Trp53 Forward GCGTAAACGCTTCGAGATGTT.
Trp53 Reverse TTTTTATGGCGGGAAGTAGACTG.
Myc Forward CCTAGTGCTGCATGAGGAGA.
Myc Reverse TCTTCCTCATCTTCTTGCTCTTC.
Rb1 Forward TGCATCTTTATCGCAGCAGTT.
Rb1 Reverse GTTCACACGTCCGTTCTAATTTG.
Sqstm1 Forward AGGATGGGGACTTGGTTGC.
Sqstm1 Reverse TCACAGATCACATTGGGGTGC.
Ho-1 Forward AAGCCGAGAATGCTGAGTTCA.
Ho-1 Reverse GCCGTGTAGATATGGTACAAGGA.
Nqo1 Forward AGGATGGGAGGTACTCGAATC.
Nqo1 Reverse AGGCGTCCTTCCTTATATGCTA.
Lamp1 Forward CAGCACTCTTTGAGGTGAAAAAC.
Lamp1 Reverse ACGATCTGAGAACCATTCGCA.
Rubcn Forward CAGGGTGTAGTGCATGGTTCT.
Rubcn Reverse CCGCCAAGATCCATTCCCG.
Vcp Forward CGACCCAATCGGTTAATTGTTGA.
Vcp Reverse AGCTTCCCGTCTTTTCTTTCC.
Actb Forward GGCATAGAGGTCTTTACGGATGTC.
Actb Reverse TATTGGCAACGAGCGGTTCC.

2.7. Western blotting

Cell pellets were lysed in 2 × sodium dodecyl sulfate buffer or RIPA
lysis buffer containing 0.1 M dithiothreitol and the protease inhibitor
cOmplete MINI. The protein concentrations were determined using the
Pierce BCA protein assay kit (Thermo Fisher Scientific). Approximately
equal amounts of protein extracts were loaded and separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto
a PVDF membrane (Millipore IPFL00010). The membranes were
blocked at room temperature with 5 % non-fat milk in TBS plus 0.05 %
Tween 20 (TBS-T), followed by incubation with primary antibodies. The
blots were washed and incubated with fluorescent-labeled anti-mouse
IgG or anti-rabbit IgG at room temperature. The membranes were
analyzed by enhanced chemiluminescence (PerkinElmer) using LAS-
3000 (FujiFilm). Information regarding the antibodies is shown in
Supplementary Table 4.

2.8. Drug sensitivity assays

The tumor cells harvested using TrypLE were filtered using a 100-μm
nylon cell strainer and counted using Trypan blue with a cell counter.
The cells were seeded in 96-well plates on day 1. The indicated con-
centrations of CBDCA, PTX, olaparib, everolimus, combinations of
drugs, or vehicle were added when refreshing the culture medium on
day 2. ATP levels were measured using CellTiter-Glo 2.0 (Promega)
according to the manufacturer’s instructions, and luminescence was
measured on day 5 using an EnVision multimode plate reader (Perki-
nElmer), in principle. The results were normalized to those of the control
samples and analyzed. An extra sum-of-squares F test was used to
analyze the differences in the IC50 of each compound.
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2.9. Cell lines and cell cultures

All cell lines were cultured under 5 % CO2 at 37 ◦C. The human
ovarian cancer cell line Caov3 was cultured in culture medium (D-MEM/
Ham’s F-12 with L-glutamine and phenol red [Wako] supplemented
with approximately 10 % fetal bovine serum). SKOV3 was cultured in
RPMI Medium 1640 (Gibco) supplemented with 10 % fetal bovine
serum. After establishing HGSC-modeling organoids from nFTE orga-
noids, each organoid was cultured in culture medium (D-MEM/Ham’s F-
12 with L-glutamine and phenol red [Wako] supplemented with
approximately 10 % fetal bovine serum) as a cell line. All the cell lines
tested negative for mycoplasma contamination.

2.10. Colony formation assays

The tumor cells harvested using TrypLE were filtered using a 100-μm
nylon cell strainer and counted using Trypan blue with a cell counter or
hemocytometer (Burker-Turk board). cRPM-EGFP, RPMNP, cRPM-
p62OE, RPMNP-p62KO, Caov3 cells, and SKOV3 cells were seeded
into 6 well plates on day 1. The indicated concentrations of CBDCA, PTX,
everolimus, combinations of drugs, or vehicle were added for 6 days.
The total number of culture days and primary numbers of seeded cells
were optimized for each cell line. On the final day, after the wells were
washed with cold PBS, the cells were fixed with cold methanol. The cells
were stained with crystal violet solution and washed with water. After
drying at room temperature overnight, the stained cells were scanned
with backing white paper and analyzed using “ImageJ” software. The
sum-of-squares F test or Student’s t-test was used to evaluate the efficacy
of each compound.

2.11. RNA sequence analysis

Cultured organoids were processed for RNA extraction using an
RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s in-
structions. The NEBNext Ultra II Directional RNA Library Prep Kit (New
England Biolabs) was used to prepare the sequencing libraries. All li-
braries were assessed using a TapeStation4200 (Agilent) and quantified
using Qubit4.0 (Thermo Fisher Scientific). Multiplexed library pools
were sequenced using 50 bp PE reads on a NextSeq2000 platform
(Illumina). The sequencing reads from FASTQ files were trimmed and
mapped to the reference mouse genome “GRCm39”, and read counts
were obtained using CLC Genomics Workbench (Qiagen). Heatmap
analysis was performed using TPM values. The distance measure was
based on the Euclidean distance, and the linkage criterion was complete
linkage. We used pre-ranked gene set enrichment analysis to compare
gene expression based on log2 (normalized TPM ratio) of genes, except
for those with extremely low expression.

2.12. DIA proteomic analysis

The proteins in the cell samples were extracted in 100 mM Tris-HCl
(pH 8.5) containing 2 % sodium dodecyl sulfate (SDS) using a sonicator.
The protein extracts were reduced with 20 mM TCEP (tris(2-carbox-
yethyl)phosphine) at 80 ◦C and alkylated using 35 mM iodoacetamide at
room temperature. Proteins were purified and digested using the sample
preparation (SP3) method. Tryptic digestion was performed using 500
ng of Trypsin/Lys-C Mix (Promega) overnight at 37 ◦C. The cell digests
were purified using a GL-Tip SDB (GL Sciences) according to the man-
ufacturer’s protocol. The peptides were dissolved again in 2 % aceto-
nitrile (ACN) containing 0.1 % trifluoroacetic acid (TFA) and then
quantified for LC-MS analysis. Two mobile phases, A and B, containing
H2O and 80 % ACN/H2O (4/1 v/v) were prepared in 0.1 % formic acid
(FA). Subsequently, 300 ng of the digested peptides were loaded onto an
UltiMate 3000 RSLC nano system (Thermo Fisher Scientific). The eluted
peptides were analyzed using Q Exactive HF-X (Thermo Fisher Scienti-
fic) for overlapping window DIA. The LC-MS/MS data were analyzed

using Scaffold DIA (Proteome Software) with mouse spectral libraries
built from the mouse UniProtKB/Swiss-Prot database. Peptides and
proteins whose FDR values were 1 % or less were identified and quan-
tified. In addition, we analyzed the expression values after grouping
relative proteins, normalizing them to the median, and excluding pro-
teins with one unique peptide or with no expression in one or more
samples. To explore significant factors related to mTOR signaling, we
listed and analyzed proteins related to “mouse-ortholog hallmark
mTORC1 signaling”.

2.13. Exome sequencing and data analysis of mouse organoids

DNA was isolated from the cultured organoids using the QIAamp
DNA Mini Kit (Qiagen) according to the manufacturer’s instructions.
The DNA purity and concentration were examined using a Nano-
Drop2000 spectrophotometer. The genomic DNA samples were frag-
mented using a sonicator. The fragments were treated with End Prep
Enzyme Mix for end repair, and their sizes were selected. Poly-A tails
were added to the 3′ ends using A Tailing Mix and then purified. The
adaptors were ligated at both ends of the purified protein. After size
selection, the products were amplified using Pre-Capture PCR primers.
To capture exon regions, the Block Mix, Hybridization Buffer, and
Capture Library were poured into a 750 ng library for 24 h. Dynabeads
MyOne Streptavidin T1 magnetic beads were used to elute the capture
products. Each sample was then amplified using the PCR primers P5 and
P7. After library preparation, the size and concentration of each sample
were determined. Each captured library was then loaded onto an Illu-
mina NovaSeq for 2 × 150 paired-end sequencing, according to the
manufacturer’s instructions (Illumina). Raw image files and base calling
were conducted using the NovaSeq Control Software (NCS) + OLB +

GAPipeline-1.6 (Illumina) on the NovaSeq instrument. After removing
the adaptor reads using Cutadapt, the clean data were aligned with the
reference genome using BWA (RRID:SCR_010910), and duplications
were removed using Picard (RRID:SCR_006525). GATK (RRID:
SCR_001876) or SAMtools (RRID:SCR_00210) was used to call SNVs/
InDels, and the variants were annotated using ANNOVAR (RRID:
SCR_012821). Somatic variation analysis was performed using Mutect2
when necessary.

2.14. Autophagy assay using flow cytometry

RPM and RPMNP cells stably expressing GFP-LC3B-mRuby3-LC3ΔG
were cultured in fetal bovine serum-supplemented culture medium for
approximately 16 h. After the cell culture dishes were adequately
washed with PBS, the cells were starved in serum- and amino acid-free
culture medium (DMEM [high glucose] with sodium pyruvate without
amino acids; Wako). After the starved cells were harvested with TrypLE
at certain time points, the cells were suspended in PBS and analyzed
with an Attune Acoustic Focusing Cytometer (Thermo Fisher Scientific).
Flow cytometry data analysis was performed using the software
“FlowJo” (Becton Dicknson). The cells harvested without starvation
were used as controls, and the GFP- and mRuby3-negative controls were
the cells that did not express GFP-LC3B-mRuby3-LC3ΔG.

2.15. Human samples

Patient data and ovarian cancer tissue samples were collected at the
University Hospital with the approval of the Institutional Ethics Com-
mittee (Approval Nos. 20070081 and 20210111). This study was per-
formed in accordance with the relevant guidelines and regulations. All
participants were females. Patient information, including age and stage,
is shown in Table 1. They were informed of the study and provided
informed consent to participate. HGSC-resected tumor samples were
fixed in formalin and paraffin embedded (FFPE).
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2.16. Immunohistochemistry (IHC), immunofluorescence (IF), and
multiplex IF

For IHC and IF, organoids in Matrigel were collected from culture
plates, fixed with formalin, and embedded in paraffin. FFPE specimen
slides were deparaffinized using Clear Plus (or xylene) and ethanol.
Hematoxylin and eosin staining, IHC, IF, and multiplex IF were per-
formed. Information regarding the antibodies used and the optimized
procedures used for each protein is shown in Supplementary Table 4. For
multiplex IF, each protein was stained as follows:

We activated the antigens with AR6 or AR9 buffer diluted in water at
95 ◦C or 120 ◦C for the optimized time and placed the slides in TBS-T
after quenching. The membrane was blocked with a primary antibody
diluted in an antibody diluent/block at room temperature. The slides
were washed with TBS-T, and Opal Polymer HRP MS + Rb was added to
the slides at room temperature. After washing with TBS-T, each color
Opal Fluorophore in a 1 × Plus Amplification Diluent was added to the
slides for 10 min at room temperature. Finally, the specimens were
stained with Spectral DAPI at room temperature and washed. The slides
were scanned using Vectra Polaris, and image quantification analysis
was performed with the software “inForm.”

2.17. Statistical analysis

Statistical analyses and computational analyses were performed
using the GraphPad Prism software, R, or Python (RRID:SCR_024202).

2.18. Data availability

The RNA-sequencing data have been deposited in the Gene Expres-
sion Omnibus (GEO) (RRID:SCR_005012) with GEO accessions
GSE255127 and GSE255128.

3. Results

3.1. Aberrant RAS/PI3K signaling activation as a prominent signature of
poor prognosis in patients with BRCA1/2 WT ovarian cancer

To explore the critical biological processes that determine prognosis
in patients with advanced HGSC, we performed a gene set variation
analysis (GSVA) in 391 patients with advanced serous ovarian cancer
(WHOLE) from the TCGA ovarian cancer dataset and investigated the
relationship between prognosis and activation of pathways related to
biological processes (Fig. S1A). GSVA is a method used to score the
activity of certain pathways in each sample; we used it to allocate pa-
tients with ovarian cancer into two groups according to the scores of all
pathways [11] (Fig. 1a). As a result, the activation of 23 pathways
among the 1590 pathways significantly correlated with the prognosis in
WHOLE patients (p < 0.01); the activation of pathways such as “sterol
transport” and “inorganic anion transport” prominently correlated with
poor prognosis (Fig. 1b, Supplementary Table 1). Of note, recent studies
have reported that the membrane transportation of cholesterol induces
tumor-associated macrophages to undergo reprogramming and drives
tumor growth and that SLC34A2-XPR1-mediated phosphate homeosta-
sis is critical for the survival of ovarian cancer cells, which supports the
validity of this computational method for discovering key pathways
determining prognosis in patients with serous ovarian cancer [12,13].

To identify essential biological pathways that uniquely determine
prognosis in patients with advanced BRCA1/2 WT HGSC, we performed
GSVA in 202 patients with advanced BRCA1/2 WT serous ovarian
cancer (BRCA-WT) from the TCGA ovarian cancer dataset and investi-
gated the relationship between prognosis in BRCA-WT patients and the
activation of each pathway in the same way. Consequently, the activa-
tion of GTPase-related pathways such as “regulation of small GTPase-
mediated signal transduction” was identified as the most prominent
poor prognostic factor in BRCA-WT patients rather than in WHOLE pa-
tients (Fig. 1c, Supplementary Table 2). Notably, in GTPase-family

Table 1
Clinical profiles of 15 pairs of high-grade serous carcinoma samples. Age: at an interval debulking surgery (IDS). Progression-free survival: elapsed days from last
platinum treatment to progression or the last follow-up day (the day of computed tomography or CA125 monitoring by blood test). A refractory case is indicated in red
letters. BRCA1/2 status: the pathogenic mutation profile of genome (g) or tumor (t) BRCA1/2 from the most reliable medical resources at that time (+: pathogenic
mutation-positive; -: pathogenic mutation-negative). HRD status: the level of homologous recombination (HR) deficiency determined by the BRCA1/2 status and
genome instability score (if the score is equal to or less than 42, HRD positive). In the regimen, TC: carboplatin + paclitaxel, BEV: bevacizumab, OLA: olaparib, PLD:
doxorubicin; maintenance therapy indicated chemotherapy after IDS until progression. Progression: + indicated recurrence confirmed by computed tomography in
principle.

Case
No.

Histology Age Stage PFS BRCA1/2
status

HRD
status

Regimen Surgery progression

Neoadjuvant
chemotherapy

Chemotherapy post
surgery

Maintenance
therapy

pSOC-1 HGSC 58 IIIC 1018* t (− ) + TC, BEV TC, BEV BEV, OLA complete –
pSOC-2 HGSC 75 IIIC 415 t (− ) – TC, BEV TC, BEV BEV complete +

pSOC-3 HGSC 68 IIIC 673* t (+) g (− ) + TC, BEV TC OLA complete –
pSOC-4 HGSC 71 IVB Ref t (− ) – TC, BEV TC – optimal +

pSOC-5 HGSC 60 IVB 322 t (− ) + TC, BEV TC OLA optimal +

pSOC-6 HGSC 77 IVB 609* t (+) g (+) + TC TC, BEV BEV, OLA complete –
pSOC-7 HGSC 41 IIIC 305 t (− ) + TC TC Niraparib complete +

pSOC-8 HGSC 60 IIIA1
(ii)

15 t (− ) – TC TC – complete +

pSOC-9 HGSC 49 IIIC 535 g(− ) NA TC, BEV TC, BEV BEV complete +

pSOC-
10

HGSC 62 IIIC 333 g(− ) NA TC, BEV TC, BEV BEV complete +

pSOC-
11

HGSC 75 IVB 250* t (+) + TC TC Niraparib optimal –

pSOC-
12

HGSC 73 IIIC 464 t (+) g (+) + TC TC Niraparib optimal +

pSOC-
13

HGSC 44 IVB 296* t (− ) + TC TC, BEV BEV complete –

pSOC-
14

HGSC 46 IIIC 496 t (− ) – TC, BEV TC, BEV BEV complete +

pSOC-
15

HGSC 76 IIIC 191 t (− ) – TC TC Niraparib optimal +

PFS: Progression free survival (Day 0: Last platinum treatment), *No progression , HRD = {BRCA1/2 pathogenic variant(+) or GIS ≥ 42}
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signal transduction pathways, the activation of “RAS protein signal
transduction” correlated with poor prognosis in BRCA-WT patients
(Fig. 1d). Consequently, to visualize the coordination of significant
pathways in BRCA-WT patients (p < 0.05), we grouped the significant

pathways using the variational Bayesian Gaussian mixture model by
GSVA score, which showed that only seven pathways corresponded to
GTPase-related pathways, including inositol lipid metabolism pathways
such as “phosphatidylinositol 3 kinase signaling” (Fig. 1e, Fig. S1B and

(caption on next page)
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C). Clustering analysis suggested that the activation of phosphatidyli-
nositol 3 kinase (PI3K) signaling corresponded to that of RAS signaling
and that aberrant RAS/PI3K pathways could contribute to poor pro-
gression in patients with BRCA1/2 WT ovarian cancer. As a supplement,
we also investigated the relationships between the activation of the RAS
and PI3K pathways and prognosis in patients with BRCA1/2-mutated
advanced serous ovarian cancer (BRCA-MU), which showed that the
activation of either the RAS or the PI3K pathway did not affect the
prognosis of BRCA-MU patients (Fig. S1D and E).

As previously reported by the TCGA research network, copy number
alterations and gene expression changes that upregulate the RAS/PI3K
pathway are common events in patients with HGSC [8]. In BRCA-WT
patients, driver mutations in KRAS and PIK3CA were rarely detected,
whereas copy number alterations in KRAS, PIK3CA,NF1, and PTENwere
frequently detected (Fig. S1F and G). We assumed that the aberrant
RAS/PI3K signaling activation triggered by these copy number alter-
ations was a poor prognostic signature in patients with BRCA1/2 WT
HGSC and utilized our newly established experimental models for the
pursuit of background mechanisms.

3.2. Generation of organoid model mimicking human HGSC derived from
murine fallopian tubes

After confirming that the murine fallopian tube epithelium
comprised secretory and ciliated cells, similar to the human fallopian
tube epithelium [14] (Fig. 2a, Fig. S2A), we established a normal fal-
lopian tube epithelium organoid (cas-nFTE) from a B6J.129(B6N)-Gt
(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/Jmouse [15]. We knocked out Trp53
by introducing sgRNA into cas-nFTE organoids, nutlin selection, and
single-organoid cloning. The Trp53-knockout cas-nFTE organoids (casP)
grew faster than did the cas-nFTE organoids (Fig. 2b, Fig. S2B). After
confirming clonality by whole exome sequencing (WES), we analyzed
the transcriptomic differences caused by Trp53 knockout by RNA
sequencing and gene set enrichment analysis (GSEA) [16], which indi-
cated that casP organoids exhibited reduced expression of cilium-related
gene sets (Fig. 2c, Fig. S2C). In human HGSC precancerous lesions, such
as serous tubal intraepithelial carcinoma (STIC), differentiation into
ciliated cells has been reported to be down-regulated [17]; therefore,
genetic manipulation to cas-nFTE is thought to mimic the process of
carcinogenesis of HGSC. Consequently, we evaluated the tumorigenesis
of casP in vivo by transplanting casP cells into nude mice subcutane-
ously; however, casP cells could not develop any subcutaneous tumor
mass, suggesting that inactivation of the p53 pathway is not sufficient
for oncogenic transformation of the fallopian tube epithelium.

Since frequent genetic alterations related to TP53, RB1, and MYC in
HGSC have been reported in TCGA studies, we adopted a normal fallo-
pian tube epithelium organoid (nFTE) established from an Rb1fl/
flTrp53fl/flMycLSL/LSL mouse as the source for the HGSC organoid model
[8,18] (Fig. 2d). After confirming that nFTE organoids were composed
of secretory and ciliated cells (Fig. S2D), Rb1 and Trp53 were knocked

out, and Myc was overexpressed in nFTE organoids by introducing Cre
(mFTE and cRPM). The genetic manipulation used to generate mFTE
organoids resulted in depletion of Rb1 and Trp53 and overexpression
(OE) of Myc at the RNA level and an increase in MKI67-expressing cells
(Fig. 2e, Fig. S2E). Moreover, mFTE organoids were able to develop
subcutaneous tumors well-stained with human HGSC marker proteins,
such as PAX8 and WT1 in nude mice (Fig. 2f). As the subcutaneous
tumor mimicked human HGSC pathology characterized by papillary
morphology and high nuclear grade, an Rb1− /− Trp53− /− MycOE

HGSC-modeling organoid (RPM) was established from the subcutaneous
tumor. Thus, to investigate how the aberrant RAS/PI3K pathway affects
the phenotypes of BRCA1/2 WT HGSC, we generated HGSC-modeling
organoids with different genetic alterations from the RPM organoid by
stepwise genetic engineering. We knocked out Nf1, Pten, or both of them
from the RPM organoid using the CRISPR/Cas9 system and successfully
generated various HGSC-modeling organoids (Rb1− /− Trp53− /− MycOE

with Nf1 knocked: RPMN; Rb1− /− Trp53− /− MycOE with Pten knocked:
RPMP; and Rb1− /− Trp53− /− MycOE with Nf1 and Pten knocked: RPMNP)
(Fig. 2g). The activation of the RAS and PI3K pathways and the clonality
of all the established organoids were confirmed using western blotting
(WB) and WES, respectively (Fig. 2h, Fig. S2F). We also performed RNA
sequencing and unsupervised hierarchical clustering based on the
transcriptomic profiles of the nFTE, RPM, RPMN, RPMP, and RPMNP
organoids, which indicated that the four HGSC-modeling organoids
were transcriptionally distant from the nFTE organoid (Fig. 2I).

3.3. Aberrant RAS/PI3K signaling activation deteriorates prognosis and
hampers autophagy

To characterize our HGSC models in vivo, we inoculated RPM,
RPMN, RPMP, and RPMNP cells intraperitoneally and compared the
survival of the recipient mice. All cells formed a tumor mass, and the
mice that received RPMNP cells had the worst survival (Fig. 3a).
Consistent with in vivo growth, in vitro growth was accelerated by
aberrant RAS/PI3K pathway activity in RPMNP cells (Fig. 3b). Chemo-
sensitivity tests showed that RPMN cells were more resistant to CBDCA
and PTX, and that RPMP cells were more resistant to CBDCA compared
with RPM cells. Notably, RPMNP cells showed robust resistance to
CBDCA, PTX, and olaparib (Fig. 3c–e), suggesting that aberrant RAS/
PI3K pathway activity caused by Nf1 or Pten loss contributes to the poor
progression of BRCA1/2 WT HGSC, which is consistent with the results
of our computational analysis.

To investigate the transcriptomic changes following genetic manip-
ulation in the organoid lines, we performed GSEA on mSigDB hallmark
gene sets between the RPM and RPMNP organoids. The analysis showed
that, in the RPMNP organoids, cell growth-related gene sets such as
“MYC targets v1/2,” “E2F targets,” and “G2M checkpoint” were acti-
vated, and the gene set “apoptosis” was suppressed, which supported the
transcriptomic features of the poor progression of the RPMNP cells
(Fig. 3f).

Fig. 1. Computational approaches revealed new pathways strongly associated with progression in TCGA advanced ovarian cancer cases.
A, Schematic representation of the computational approach using an R package “GSVA” (gene set variation analysis) and transcriptomic data sets of TCGA advanced
ovarian cancer cases; B, Heatmap depicted by GSVA scores of pathways with p < 0.01 in biological process ontology, ranked by log-scale p-values from log-rank tests
which examined the correlation between GSVA scores and prognosis in whole advanced ovarian cancer patients (n = 391). Each column indicates GSVA score of one
case. Cases were ordered according to the GSVA scores of the most significant pathway “sterol transport”; C, Heatmap depicted by GSVA scores of pathways with p <

0.05 (only pathways with p < 0.01 were listed) in biological process ontology, ranked by log-scale p-values from log-rank tests which examined the correlation
between the GSVA score and prognosis in BRCA1/2-WT advanced ovarian cancer patients (n = 202) rather than in whole advanced ovarian cancer patients (n =

391). Each column indicates GSVA score of one case. Cases were ordered according to the GSVA scores of the most significant pathway “regulation of small GTPase
mediated signal transduction”. The pathways emphasized by red boxes are related to GTPase activity; D, Kaplan–Meier survival curves depicted according to RAS-
relating signaling transduction score (RAS-score) calculated using the GSVA score and prognosis of BRCA1/2-WT advanced ovarian cancer patients (a blue line
including patients with RAS-score less than 0; a red line including patients with RAS-score more than or equal to 0). Log-rank test; E, UMAP scatter plot using GSVA
scores of significant pathways (p < 0.05) in BRCA1/2-WT advanced ovarian cancer patients rather than in whole advanced ovarian cancer patients. Variational
Bayesian Gaussian Mixture Model (VBGMM) was used for gene set clustering, and the cluster including “regulation of small GTPase mediated signal transduction”
was named and listed as “GTPase-corresponding gene set cluster”. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Importantly, the analysis indicated simultaneous activation of the
“mTORC1 signaling” and “unfolded protein response” pathways, which
are known to inversely regulate autophagy, in the RPMNP organoids
(Fig. S3A and B) [19]. GSEA between RPM and RPMNP organoids
regarding a gene set “autophagosomematuration” showed that the early
phase of autophagy was significantly downregulated in the RPMNP
organoids (Fig. 3g); therefore, we assumed that aberrant RAS/PI3K
signaling activation inhibits autophagy in the RPMNP organoids. We
validated some genes in “autophagosome maturation” using qPCR
(Fig. S3C). To visualize autophagy flux in vitro, we generated RPM and
RPMNP cells stably expressing a fluorescent probe to evaluate auto-
phagic flux, GFP-LC3-mRuby3-LC3ΔG, and analyzed autophagy flux
under starvation conditions by the relative fluorescence intensity of GFP
to that of mRuby3 (Fig. S3D) [20]. Flow cytometry showed that GFP-LC3
was well retained in RPMNP cells compared with that in RPM cells
during starvation, and the mTOR inhibitor everolimus (EVL) induced
the degradation of GFP-LC3 in RPMNP cells (Fig. 3h–j). These findings
suggest that autophagy flux is hampered by aberrant RAS/PI3K path-
ways that lead to mTOR signaling activation in RPMNP cells and that
pharmacological inhibition of mTOR results in the induction of
autophagy.

3.4. Autophagic degradation of p62 is attenuated by mTOR, leading to
platinum resistance

To examine whether the activation of mTOR signaling could influ-
ence HGSC tumor progression, we evaluated the effects of EVL on the
proliferation of RPM, RPMN, RPMP, and RPMNP cells. The proliferation
of RPM, RPMN, and RPMP cells was inhibited to some extent by EVL
treatment; however, the proliferation of RPMNP cells, the HGSC model
in which mTOR signaling was activated, was not affected (Fig. S4A and
B). To evaluate the influence of mTOR signaling on chemosensitivity, we
treated RPMNP cells with CBDCA and EVL; as a result, EVL enhanced the
antitumor efficacy of CBDCA in RPMNP cells (Fig. 4a). In addition, the
combined effect of EVL against the human BRCA1/2 WT ovarian cancer
cell line Caov3 and SKOV3 was shown (Fig. 4b) [21].

To investigate the molecular mechanism of the combined effect, we
performed proteomic exploration in RPM, RPMNP, and EVL-treated
RPMNP cells regarding proteins included in a gene set “mTORC1
signaling” (Supplementary Table 3). Consequently, p62 (SQSTM1) was
detected as a potential protein whose expression was increased by
aberrant RAS/PI3K signaling activation and decreased by EVL-induced
pharmacological inhibition of mTOR (Fig. 4c and d). Immunoblot
analysis revealed that the abundance of the p62 protein and the phos-
phorylation status of the S6 protein, a marker of mTOR signaling acti-
vation, were greater in the RPMN, RPMP, and RPMNP cells than in the
RPM cells (Fig. 4e). These findings suggest that genetic manipulation to
activate RAS or PI3K signaling leads to an increase in the abundance of
p62 protein through mTOR signaling activation.

To investigate the effects of p62 expression on chemosensitivity, we
generated RPMNP cells with p62 knocked down (RPMNP-p62KO) and

cRPM cells overexpressing p62 (cRPM-p62OE) (Fig. S4C). Chemo-
sensitivity tests revealed that, compared with RPMNP cells, RPMNP-
p62KO cells were more sensitive to CBDCA and TC treatments
(CBDCA + PTX), the standard treatment in patients with HGSC (Fig. 4f,
Fig. S4D). In addition, cRPM-p62OE cells were more resistant to CBDCA
than cRPM cells expressing EGFP (Fig. 4g). Next, we investigated the
regulation of p62 expression in HGSC; p62 is known to function as a
ubiquitin-binding protein that induces the aggregation of unnecessary
proteins and is degraded during autophagy. Thus, we quantified the
level of intracellular p62 when EVL alone or EVL along with hydroxy-
chloroquine, an autophagy inhibitor, were added. The degradation of
p62 by EVL was recovered by inhibiting autophagy; autophagy inhibi-
tion slightly activated mTOR signaling (Fig. 4h). These results suggest
that EVL enhances the efficacy of platinum-based chemotherapy in re-
fractory BRCA1/2 WT HGSC by promoting the autophagic degradation
of p62.

3.5. p62-mediated NRF2 antioxidant pathway activation driven by RAS/
PI3K-mTOR triggers poor PFS in ovarian cancer

To investigate the mTOR-p62 pathway in a patient with refractory
HGSC, we performed multiplex immunofluorescence analysis of tumor
samples from patients with refractory BRCA1/2 WT HGSC. We found
that p62 and phospho-S6 (pS6) colocalized in CK-positive tumor regions,
which supported our findings in murine HGSC models (Fig. 5a,
Fig. S5A).

Next, we investigated the ability of p62 to reduce the toxicity of
platinum-based chemotherapy. p62 has been reported to possess several
domains that trigger the activation of several pathways, such as the
NRF2 signaling pathway [22]. We previously reported that high
expression of p62 was associated with poor prognosis in patients with
ovarian cancer [23]; however, the role of p62 in the chemoresistance of
HGSC has not been determined. To investigate how p62 induces che-
moresistance in HGSC, we analyzed the expression of genes that p62
regulates as downstream targets of NRF2 signaling, such as Ho-1 and
Nqo1, in RPMNP and RPMNP-p62KO cells. The expression of Ho-1 and
Nqo1 was reduced by the depletion of p62 in RPMNP cells (Fig. 5b and
c). Additionally, the expression of Ho-1 and Nqo1 in RPMNP cells was
downregulated by treatment with EVL (Fig. 5d). The TCGA dataset also
indicated that the expression of HO-1 positively correlated with RAS
signaling and PI3K signaling scores according to GSVA (Fig. 5e and f).
These results suggest that NRF2 signaling is deregulated downstream of
RAS/PI3K-mTOR-p62 signaling. We used Kaplan‒Meier plotter to
analyze the correlation between the expression of NRF2-downstream
genes and prognosis [24]. High levels of NQO1 and HO-1 strongly
correlated with poor OS and PFS (Fig. 5g–j). Furthermore, after
reviewing the significant biological processes in patients with BRCA-WT
ovarian cancer analyzed by GSVA (Fig. 1a), we found that the activation
of the “cellular response to reactive oxygen species” (ROS) correlated
with poor PFS in patients with BRCA-WT ovarian cancer and RAS/PI3K
signaling activation (Fig. S5B-D). The upregulated expression of other

Fig. 2. Generation of organoid model mimicking human HGSC derived from murine fallopian tubes.
A, Immunofluorescence of normal fallopian tube epithelium dissected from a nude mouse stained with PAX8 (red), α-tubulin (green), and DAPI (blue). Scale-bar
indicated 50 μm; B, Brightfield image of organoids established from B6J.129(B6N)-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J mice. cas-nFTE: normal fallopian tube
epithelium organoids. casP: Trp53-knocked out cas-nFTE organoids. Scale-bars indicated 500 μm; C, RNA-sequencing analysis by pre-ranked Gene Set Enrichment
Analysis (GSEA) indicating enrichment of mSigDB gene ontologies in cellular component in casP organoids compared with cas-nFTE organoids. The y-axis represents
gene sets, and the x-axis represents normalized enrichment score (NES); D, Schematic representations of the procedure of murine HGSC-modeling organoid
establishment from an Rb1fl/flTrp53fl/flMycLSL/LSLmouse; E, Representative immunohistochemistry image of nFTE organoids and mFTE organoids stained with MKI67;
F, In vivo imaging of mFTE-derived subcutaneous tumor taken on day 13 by intravenous injection of luciferin. H&E stain and IHC of mFTE-derived subcutaneous
tumors harvested on day 50 stained with WT1, PAX8, MYC, and MKI67; G, Representative brightfield image of the organoid spheres (RPM: Rb1− /− Trp53− /− MycOE,
RPMN: Rb1− /− Trp53− /− MycOE + Nf1KO, RPMP: Rb1− /− Trp53− /− MycOE + PtenKO, RPMNP: Rb1− /− Trp53− /− MycOE + Nf1KO + PtenKO). Normal fallopian tube
epithelium (nFTE) organoids were established from an oviduct of an Rb1fl/flTrp53fl/flMycLSL/LSL mouse. Scale-bar indicated 100 μm; H, Western blotting of RPM,
RPMN, RPMP, and RPMNP cells. GAPDH, NF1, PTEN, MEK, pMEK, AKT, and pAKT(Ser473); i, Unsupervised hierarchical clustering of RNA-seq expression data from
nFTE (RPM_normal), RPM, RPMN, RPMP, RPMNP organoids. The below color bar indicated corresponding z-score to each color. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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antioxidant genes downstream of NRF2 signaling, such as GPX4 and
SOD2, was also correlated with poor PFS in patients with ovarian cancer
(Fig. S5E and F). These results suggest that the NRF2-ROS response
pathway is upregulated by mTOR-p62 signaling, which is critical for
poor progression in patients with ovarian cancer.

3.6. The reinforced mTOR-p62 pathway by chemical-induced NRF2
activation is a potential prognostic biomarker

As a clinical enigma, patients with HGSC are usually initially sensi-
tive to chemotherapy; however, they frequently acquire chemo-
resistance. We assumed that the mTOR-p62 pathway might be relevant
to the acquisition of chemoresistance; therefore, we performed multi-
plex immunofluorescence analysis of 15 pairs of tumor samples resected
before and after neoadjuvant chemotherapy (NAC) from patients with
HGSC (PreNAC and PostNAC), including the refractory case mentioned
above (Fig. S6A and B; Table 1). According to the immunofluorescence
analysis, BRCA1/2-mutated HGSC tumors seemed to exhibit slight
changes in p62 distribution; however, drastic increases in p62 distri-
bution through NAC were observed in some BRCA1/2-WT HGSC tumors
(Fig. 6a–c). Importantly, patients with drastic increases in p62 distri-
bution (top 7 patients) had worse PFS than did patients with stable p62
expression (bottom 8 patients) (Fig. 6d). These findings indicated the
dynamic distribution of p62 after conventional chemotherapy in HGSC
patients, suggesting that the increase in p62 expression in HGSC MRD
patients could be a biomarker for poor progression after chemotherapy.
Using this sample, we analyzed whether pS6, an aberrant RAS/PI3K
signaling activation, could be associated with PFS in 9 patients with
BRCA1/2-WT HGSC tumors. Although patients with higher pS6 protein
levels tended to have poorer PFS, no significant difference was observed,
likely due to the limited sample size (Fig. S6C).

The transcription of SQSTM1 is known to be regulated by NRF2 and
to form a positive feedback loop in some cell lines [25]. To investigate
the transcriptomic changes in Sqstm1 following chemotherapy-induced
NRF2 signaling activation, we quantified the expression of Sqstm1 in
RPM cells treated with CBDCA at various concentrations; as a result, the
transcription of Sqstm1 was increased by CBDCA treatment in accor-
dance with the activation of NRF2 signaling (Fig. 6e–g). To recapitulate
residual disease after chemotherapy in our HGSC model in vivo, we
subcutaneously inoculated RPMNP cells into nude mice and adminis-
tered CBDCA. Platinum treatment increased the expression of p62 and
pS6 in subcutaneous tumors (Fig. 6h–k). Furthermore, we validated the
upregulation of p62 at the protein level by treatment with CBDCA and
found that this upregulation was inhibited by the EVL-induced phar-
macological inhibition of mTOR and activation of autophagy (Fig. 6l).
These results suggest that the expression of p62 and mTOR signaling are
conversely increased by chemotherapy-driven NRF2 signaling activa-
tion, which can be blocked by the mTOR inhibitor EVL.

3.7. Refractory HGSC with RAS/PI3K signaling activation harbors
therapeutic vulnerability to mTOR inhibition

Taken together, these results showed that aberrant RAS/PI3K
signaling activation in BRCA1/2 WT HGSC worsened patient prognosis
via the mTOR-p62-NRF2 pathway, and that conventional chemotherapy
increased p62 expression conversely via NRF2 in a transcriptomic
manner. Therefore, an mTOR inhibitor has potential as a novel combi-
nation remedy for TC treatment. To evaluate the potential of EVL in
HGSC, we performed in vitro and in vivo evaluations. Regarding in vitro
validation, we compared the sensitivity of RPMNP cells with TC treat-
ment with or without EVL using a colony formation assay. Similar to the
combination of EVL and CBDCA, EVL increased the sensitivity of RPMNP
cells to TC treatment (Fig. 7a). Considering in vivo validation, we sub-
cutaneously inoculated nude mice with RPMNPs and treated the mice
with vehicle, TC, EVL, or EVL supplemented with TC (Fig. 7b). Although
the total administration of CBDCA and PTX every 3 weeks did not sub-
stantially differ from that of TC treatment in patients with HGSC ac-
cording to calculated human equivalent volumes, the subcutaneous
tumors derived from RPMNP cells exhibited robust resistance to TC
treatment on day 31 (Fig. 7c). These findings suggest that the presence
of RPMNPs reflects the characteristics of refractory HGSC in humans.
Consistent with our in vitro results, combination therapy with EVL and
TC had markedly greater antitumor efficacy than did TC treatment alone
on day 31. Of note, EVL alone suppressed tumor growth, and the anti-
tumor effect persisted until day 31. However, subcutaneous tumors
treated with only EVL started to grow gradually afterwards; on day 40,
subcutaneous tumors treated according to the EVL-supplemented TC
treatment regimen had the smallest tumor volumes. These in vitro and in
vivo findings suggest that the combination of mTOR inhibitors and TC
treatment is a powerful therapeutic strategy for chemotherapy-resistant
BRCA1/2 WT HGSC.

4. Discussion

In patients with HGSC, BRCA1/2 pathogenic variants and homolo-
gous recombination defects have been utilized as biomarkers for PARP
inhibitors, with reported prolongation of OS and PFS; however, the ef-
fects of PARP inhibitors on patients with HGSC with BRCA1/2 WT or
homologous recombination-proficient (HRP) are limited [5,26]. Our
findings provide clinically significant insights into HGSC with BRCA1/2
WT or HRP and could lead to the development of a new classification of
patients with HGSC and improve the choice of treatment in patients with
refractory conditions. The integration of omics analysis and newly
developed HGSC mouse models revealed that aberrant RAS/PI3K
signaling activation enhanced resistance to conventional chemotherapy,
followed by autophagy failure owing to the activation of mTOR
signaling, which resulted in the downstream accumulation of p62 and
activation of NRF2 signaling. Validated by murine HGSC organoid

Fig. 3. Genotypes activating RAS/PI3K signaling result in poor prognosis and chemoresistance, and inhibit autophagy through mTOR activation.
A, Kaplan–Meier survival curves of nude mice transplanted 1 × 106 RPM (5 mice, blue), RPMN (5 mice, orange), RPMP (5 mice, green), or RPMNP (5 mice, red) cells
intraperitoneally in principle. Log-rank test; B, Normalized proliferation measured using the CellTiter-Glo 2.0 of RPM, RPMN, RPMP, and RPMNP cells on day 2.
Normalization was performed based on the proliferation on day 1. One-way ANOVA test; C-E, Dose-response curves of RPM (blue), RPMN (orange), RPMP (green), or
RPMNP (red) cells with the treatment of carboplatin (CBDCA, C), paclitaxel (PTX, D), and Olaparib (E). Extra sum-of-squares F test; F, RNA-seq analysis by pre-
ranked Gene Set Enrichment Analysis (GSEA) indicating enrichment of mSigDB hallmark gene sets in RPMNP cells compared with RPM cells. The y-axis repre-
sents gene sets, and the x-axis represents normalized enrichment score (NES); G, An enrichment plot and a nominal p-value of an autophagosome maturation
pathway depicted by pre-ranked GSEA investigating enrichment of gene sets in biological process ontology in RPMNP cells compared to RPM cells;H, Visualization of
autophagy flux by flow cytometry of RPM and RPMNP cells transfected with the vector GFP-LC3-mRuby-LC3ΔG. While GFP-labeled LC3 was degraded through
autophagy, mRuby-labeled LC3ΔG was stable regardless of the activation of autophagy to be an internal control. After 16 h of culture, the transfected cells were
exposed to a culture medium lacking FBS and amino acids; I, Relative GFP/mRuby values were normalized, and the control value was measured without starvation.
The y-axis indicated relative LC3 degradation by the ratio (%) of relative fluorescence intensity (RFI) of GFP to RFI of mRuby, and the x-axis showed starvation time.
The ratios at 0 h (no-starvation, n = 5), 1 h (n = 5), 2h (n = 5), 4 h (n = 5), and 6 h (n = 4) were depicted. Two-tailed student’s t-test; J, Visualization of autophagy by
flow cytometry of RPMNP cells transfected with the vector GFP-LC3-mRuby-LC3ΔG under the treatment with DMSO or an mTOR inhibitor, everolimus. Starvation
time was 4 h; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as mean ± SEM, in principle. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Pharmacological inhibition of mTORC1 augments an antitumor efficacy of carboplatin to BRCA-WT HGSC by inducing autophagic p62-degra-
dation.
A, Dose–response curves of RPMNP cells treated with CBDCA +0.1 % DMSO, and RPMNP cells treated with CBDCA +100 nM everolimus. Cell viability was measured
by crystal violet staining and normalized by cells cultured without CBDCA. Representative stained wells are shown. Extra sum-of-squares F test; B, Dose-response
quantification of BRCA1/2-WT human ovarian cancer cell lines Caov3 and SKOV3. Caov3 and SKOV3 were treated with DMSO, everolimus, 2 μM CBDCA, 2 μM
CBDCA and 100 nM EVL, 10 μM CBDCA, and 10 μM CBDCA and 100 nM EVL. Two-talied student’s t-test; C, A left bar chart represented proteomic expression
comparison between RPM cultured with DMSO and RPMNP cultured with DMSO. Proteins included in mSigDB hallmark gene set “mTORC1 signaling” were listed on
the y-axis, and upregulated proteins in RPMNP were surrounded by a red box; D, A right dot plot represents proteomic expression comparison between RPMNP
cultured with DMSO and RPMNP cultured with everolimus. Proteins included in the red box were plotted, and downregulated proteins in EVL-treated RPMNP were
surrounded by a blue box; E, Western blotting of RPM, RPMN, RPMP, and RPMNP cells. GAPDH, p62, S6, and mTOR signaling activation marker phosphor-S6 (pS6);
F, Dose-response curves of RPMNP cells with p62 knockout (RPMNP-p62KO) treated with CBDCA compared to that of RPMNP cells. Cell viability was normalized by
vehicle-treated cells respectively. Representative stained wells are shown. Extra sum-of-squares F test; G, Dose-response quantification of cRPM cells (an Rb1− /
− Trp53− /− MycOE HGSC model generated in a different way from mFTE cell) overexpressing p62 (cRPM-p62OE) compared to that of cRPM cells expressing EGFP for
control. The results with vehicle, 5 μM, and 10 μM CBDCA are shown. Two-tailed student’s t-test; H, Western blotting of RPMNP cells treated with vehicle, EVL, both
EVL and hydroxychloroquine, which is an autophagy inhibitor. Actin, p62, LC-3B, and pS6; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are rep-
resented as mean ± SEM, in principle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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models and human HGSC tumor samples, the p62 distribution was
shown to be a clue for the aggressive phenotype and chemoresistance
triggered by the mTOR-p62-NRF2 linkage (Fig. 7d). Although NRF2
signaling is associated with treatment resistance in HGSC, effective
therapeutic strategies have not been developed [27]. This study
demonstrated that the distribution of p62 was a clue for the aggressive
phenotype and chemotherapy resistance caused by the mTOR-p62-NRF2
linkage, and that the use of mTOR inhibitors as a potent strategy against
refractory HGSC with increased p62 expression and NRF2 activation
could increase p62 degradation and response to TC treatment. Further
studies are needed to determine whether p62 could affect invasion and
metastasis of HGSC.

In the context of ovarian cancer, the utilization of mTOR inhibitors
has been investigated in clinical trials, revealing acceptable toxicity but

limited efficacy when used as a monotherapy [28]. A primary challenge
is the absence of effective biomarkers. Thus, efforts are ongoing to
explore combination therapies, including various mTOR inhibitors and
new biomarkers. The dual mTORC1/2 inhibitor vistusertib (AZD2014)
has emerged as a prominent candidate for these combination ap-
proaches. In a phase I trial (NCT02193633) evaluating the combination
of vistusertib and weekly PTX for recurrent/resistant HGSC, the
observed overall response rate was encouraging at 52 % (13 of 25 cases).
Importantly, despite the absence of significant findings in single gene
mutation analysis, a notable discrepancy in BRCA1/2 mutation rates
was observed; the BRCA1/2 mutation rate of 7.6 % in the partial
response arm was markedly lower than that of 30 % observed in the
stable disease arm. This observation suggests a potential association
between BRCA status and treatment response, implying that the efficacy

Fig. 5. p62-NRF2 antioxidant pathway activation driven by RAS/PI3K-mTOR, leading to poor prognosis of patients with ovarian cancer.
A, Representative multiplex immunofluorescence of a refractory HGSC tumor sample acquired using Opal Multiplex IHC. An enlarged image and fluorescence-
separated images are also shown. Orange: pS6, cyan: CK, red: p62, blue: DAPI. Scale-bar indicated 100 μm; B, RNA expression of Ho-1 in RPMNP and RPMNP-
p62KO cells quantified by qPCR. Two-tailed student’s t-test; C, RNA expression of Nqo1 in RPMNP and RPMNP-p62KO cells quantified by qPCR. Two-tailed stu-
dent’s t-test; D, RNA expression of Ho-1 and Nqo1 in RPMNP cells under the treatment with vehicle or 1 μM EVL quantified by qPCR. Two-tailed student’s t-test; E,
Violin plots of RNA expression of HO-1 in the high RAS-score group and the low group defined in Fig. 1d. Two-tailed student’s t-test; F, Violin plots of RNA expression
of HO-1 in the high PI3K-score group and the low group defined in Extended Data Fig. 1b. Two-tailed student’s t-test; G, Kaplan-Meier curves depicted according to
HO-1 (bK286B10) RNA expression and OS of ovarian cancer patients, plotted using “Kaplan-Meier Plotter”; H, Kaplan-Meier curves depicted according to HO-1
(bK286B10) RNA expression and PFS of ovarian cancer patients, plotted using “Kaplan-Meier Plotter”; I, Kaplan-Meier curves depicted according to NQO1 RNA
expression and OS of ovarian cancer patients, plotted using “Kaplan-Meier Plotter”; J, Kaplan-Meier curves depicted according to NQO1 RNA expression and PFS of
ovarian cancer patients, plotted using “Kaplan-Meier Plotter”. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as mean ± SEM, in
principle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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of this combination therapy may be more pronounced in BRCAWT cases
[29]. The OCTOPUS is a phase II randomized clinical trial evaluating
whether adding vistusertib to weekly PTX improves PFS and OS in 140
patients with platinum-resistant HGSC [30]. There was a small
improvement in PFS (hazard ratio: 0.84) in the experimental arm;
however, the biomarker analysis using whole-genome sequencing
showed that in the group with copy number signature 4, vistusertib was
associated with a significant improvement in PFS and OS in the exper-
imental arm. Copy number signature 4 is predominantly associated with
whole-genome duplications and mutations in the PI3K/AKT pathway
[30]. This finding was consistent with our data showing that patients
with HGSC with mTOR activation had a worse prognosis and that in-
hibition of the mTOR pathway improved the prognosis.

In this study, we found that EVL, an mTOR inhibitor that stimulates
autophagy, inhibited the p62-NRF2 antioxidant defense system and
sensitized HGSCmodel RPMNP cells to conventional chemotherapy. The
results showed that EVL, as a single agent, was ineffective against
RPMNPs in vitro (Fig. S4A) but had some effect in vivo (Fig. 7c), which
could be owing to the timing of treatment. In other words, the mTOR
pathway might play an important role in the tumor initiation process
before the tumor fully developed, which might have resulted in the
tumor-inhibitory effect of EVL-only therapy. However, the tumors
eventually relapsed; the single-agent effect was limited.

With regard to autophagy and ovarian cancer treatment, our results
are consistent with previous reports stating that the concomitant use of
autophagy-promoting agents increases sensitivity to CBDCA in ovarian
cancer [31]. However, some reports have shown that in patients with
ovarian cancer, the inhibition of autophagy, using agents such as by
chloroquine, is effective in combination with chemotherapy. In addi-
tion, DIRAS3, a small GTPase that belongs to the RAS superfamily and
inhibits RAS function, induces autophagy and is involved in cell
dormancy [32,33]. Therefore, the effect of autophagy on cancer cell
survival may vary among individuals and under different cell condi-
tions; the evaluation of appropriate biomarkers is necessary for clinical
applications. In this study, we found that p62 may be used as a
biomarker for assessing mTOR-dependent autophagy defects and is
indicated for combination therapy with mTOR inhibitors in appropriate
patients.

In summary, by integrating omics analysis and the newly developed
BRCA1/2 WT HGSC mouse model, we found that elevated p62 expres-
sion might be a biomarker for poor prognosis. Moreover, combination
therapy comprising TC and mTOR inhibitors might be a novel treatment
of refractory HGSC. This study could lead to the proposal of a new
treatment strategy for managing patients with ovarian cancer with high
levels of unmet needs. That is, in patients with advanced ovarian cancer
with BRCA1/2 WT, using cancer tissue collected at the time of interval
debulking surgery after neoadjuvant chemotherapy, patients with

elevated expression of p62 as a biomarker could be treated with the
addition of an mTOR inhibitor as a strategy for increasing the sensitivity
of ovarian cancer cells to chemotherapy.

A limitation of this study is that the universality of the biomarkers
was not fully demonstrated owing to the limited sample size. Addi-
tionally, whether these findings could be applicable to other cancer
types remains unclear, including breast cancer. However, further
multicenter studies are needed to evaluate biomarkers and patient
prognosis across various cancer types. Ultimately, the relationship be-
tween biomarkers and treatment efficacy should be further investigated
in clinical trials.
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5. Research in context

5.1. Evidence before this study

Over 50 % of high-grade serous carcinomas (HGSC) are homologous
recombination repair proficient, making patients with HGSC refractory
to traditional chemotherapy or poly (ADP-ribose) polymerase (PARP)
inhibitors. These patients often develop progressive resistance within 6
months after primary treatment with early-tendency death. However,
the molecular mechanisms and therapeutic approach for refractory
HGSC with BRCA1/2 wild-type were not identified.

Fig. 6. Chemotherapy-induced reinforcement of an mTOR-p62 pathway by NRF2 signaling activation as a potential prognostic biomarker.
A, Representative images of PreNAC and PostNAC HGSC tumor samples of pSOC-6 (BRCA1/2 mutated HGSC) acquired using Opal Multiplex IHC. Fluorescence-
separated images are also shown. Orange: pS6, cyan: CK, red: p62, blue: DAPI. Scale-bars indicated 100 μm; B, Representative images of PreNAC and PostNAC
HGSC tumor samples of pSOC-8 (BRCA1/2WT HGSC) acquired using Opal Multiplex IHC. Fluorescence-separated images are also shown. Orange: pS6, cyan: CK, red:
p62, blue: DAPI. Scale-bars indicated 100 μm; C, Bar charts of “p62-index” defined by PostNAC/PreNAC ratio of fluorescence intensity of p62 acquired using Opal
Multiplex IHC. Cyan bars indicate cases without pathogenic BRCA1/2 mutation, blue bars indicate cases with genome BRCA1/2 WT (without tumor genomic
profiles), and brown bars indicate cases with pathogenic BRCA1/2 mutation; D, Kaplan-Meier survival curves depicted according to the p62-index and PFS of the
HGSC cases. PFS is defined as elapsed days from last platinum date to progression, in principle. (a blue line including cases with the p62-index less than or equal to
the median; a red line including cases with the p62-index more than the median). Log-rank test; E, RNA expression of Ho-1 in RPM cells treated with vehicle, 1.25 μM
CBDCA, 2.5 μM CBDCA, and 5 μM CBDCA quantified by qPCR. One-way ANOVA test; F, RNA expression of Nqo1 in RPM cells treated with vehicle, 1.25 μM CBDCA,
2.5 μM CBDCA, and 5 μM CBDCA quantified by qPCR. One-way ANOVA test; G, RNA expression of Sqstm1 in RPM cells treated with vehicle, 1.25 μM CBDCA, 2.5 μM
CBDCA, and 5 μM CBDCA quantified by qPCR. One-way ANOVA test; H, IHC of a subcutaneous tumor sample from an untreated nude mouse stained with p62; I, IHC
of a subcutaneous tumor sample from a CBDCA-treated nude mouse stained with p62; J, IHC of a subcutaneous tumor sample from an untreated nude mouse stained
with pS6; K, IHC of a subcutaneous tumor sample from a CBDCA-treated nude mouse stained with pS6; L, Western blotting of LAMP1, LAMP2, p62, LC-3B, S6, pS6,
ACTIN in RPMNP cells. RPMNP cells were treated with nothing, 1.25 μM CBDCA (low), or 2.5 μM CBDCA (high) for the long-term. EVL treatment (1 μM) was for
short-term. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as mean ± SEM, in principle. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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5.2. Added value of this study

In this study, we comprehensively investigated this tumor type
leveraging a combination of machine learning analysis of large pub-
lished datasets and newly developed genetically engineered models of

HGSC formed from murine oviducts. Our findings revealed a previously
unrecognized role of mTOR-mediated suppression of autophagy in re-
sidual disease following chemotherapy. They also showed that mTOR-
induced p62 upregulation was a robust marker for chemotherapy-
induced upregulation of mTOR in relevant tumor models and in

Fig. 7. Impact of the combination therapy of TC treatment and an mTOR inhibitor to HGSC.
A, Dose-response curves of RPMNP cells co-treated with CBDCA, PTX (TC treatment) and DMSO and RPMNP cells co-treated with TC treatment and 100 nM EVL. Cell
viability was measured by crystal violet staining and representative stained wells are shown. Extra sum-of-squares F-test; B, Treatment regimens in the four groups.
Each group started with 5 nude mice receiving bilateral subcutaneous inoculation of 2 × 105 RPMNP cells suspended in 50 μL medium/Matrigel (1:2 v/v) to each
flank at day 1, and the tumor volume was evaluated every 3 days from day 7. CBDCA: 30 mg/kg, i.p.; PTX: 8 mg/kg, i.p.; EVL: 5 mg/kg, p.o.; in principle. C, Growth
curves of subcutaneous tumors under vehicle treatment (blue), TC (orange), EVL (green), or TC and EVL (red). #Incidence of death. Tumor volumes at days 31 and 40
were analyzed statistically by one-way ANOVA test and two-tailed student’s t-test, respectively; D, Schematic representation of mTORC1-p62-NRF2 linkage and new
combinational chemotherapy with TC treatment and an mTOR inhibitor; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as mean ± SEM,
in principle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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patients with ovarian cancer. We found that p62 could act as an
important biomarker for therapeutic intervention since mTOR inhibi-
tion using everolimus was associated with significant reduction of p62.
Finally, using mouse models, our findings showed that treating re-
fractory HGSCs characterized by elevated p62 levels induced robust
tumor suppression.

5.3. Implications of all available evidence

The implications of our study are profound, offering novel insights
into the molecular mechanisms underlying refractory HGSC with
BRCA1/2 wild-type and providing a promising avenue for developing
personalized therapeutic approaches. Elucidating the interplay between
RAS/PI3K signaling, autophagy dysregulation, and p62-mediated
pathways, we present a prominent case of the integration of mTOR in-
hibitors with the treatment paradigm for this aggressive malignancy.
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Glossary

CBDCA, carboplatin; TCGA, Cancer Genome Atlas; EVL, everolimus;
HRD, homologous recombination deficiency; HRP, homologous
recombination-proficient; FFPE, formalin and paraffin embedded;
GSEA, gene set enrichment analysis; GSVA, gene set variation analysis;
HGSC, High-grade serous carcinoma; IHC, immunohistochemistry; IF,
immunofluorescence; MRD, minimal residual disease; NAC, neo-
adjuvant chemotherapy; OS, overall survival; OE, overexpression; PTX,
paclitaxel; PARP, poly(ADP-ribose) polymerase; TC, CBDCA+ PTX; PFS,
progression-free survival; ROS, reactive oxygen species; WES, whole
exome sequencing; WT, wild type.
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