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Editorial on the Research Topic
New molecular approaches to improve gynecological cancer management

Gynecological cancers are major contributors to women cancer burden. Deaths
estimatives for 2040, stratified by countries income level (Figure 1), unveils the lack of
access to early diagnosis and inequalities in management in countries with low Human
Development Index (HDI). In these countries, the average risk of death by gynecological
cancers in 2040 is 100% whereas in very high HDI countries the risk raises in average 33%.
This estimatives illustrates an accentuation of discrepancies related to the risk of death
from gynecological cancer. In countries with less economic resources, cervical cancer
continues to be the major cause of death, whereas in very high HDI countries ovarian and
endometrial cancer are the ones that contribute most to the mortality index. Developed
countries have the responsibility to promote and make available the treatments already
implemented that will make the difference for patients’ survival.

In very-high HDI countries, ovarian cancer is the most common cause of gynecological
cancer death, the epithelial type being the most frequent. The maximization of the success of
the treatment requires expert multidisciplinary care provided in specialised institutions. In
these dedicated hospitals, epithelial ovarian cancer patients’ therapies are nowadays guided, at
least in part, by genomic tests, such as detection of mutation in BRCA1/BRCA2 and
homologous recombination deficiency genes, which improve effectiveness of therapy (1). In
this Research Topic, Abbas-Aghababazadeh et al. identified two markers, ADRB2 and FAP,
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that were associated with increased odds of optimal debulking. Liang
et al. proposes a signature based on adenosine metabolism related
genes that could be used as a prognostic biomarker to stratify ovarian
cancer patients and Roering et al. demonstrated that Weel inhibition
can affects several critical functions related to proliferation, cell cycle
and division, apoptosis and invasion.

Endometrial Cancer is the second cause of death for
gynecological cancer in very high HDI countries but the
estimative of deaths are raising in less developed economies. One
of the main factors contributing to this trend is obesity. Despite the
prevalence of obesity, management of endometrial cancer in very-
high HDI countries have the advantage of having well-equipped
health services, and most endometrial cancers can be cured by
surgery with modern techniques of intraoperative staging.
Advances in our understanding of the molecular biology of
endometrial cancer have changed the way that we stratify the
patients in risk groups for relapse and, because of that, altered the
definition of adjuvant therapies (2). However, new biomarkers are
still needed to further stratify patients, particularly within non-
specific molecular profile group. Regarding this point, Parrish et al.
made an elegant review dissecting the role of mutant b-catenin in
endometrial cancer progression, describing how its functions may
change and drive endometrial cancer progression in CTNNBI
mutant patients.

The deaths estimatives for 2040 show that cervical cancer will be
the biggest contributor for gynecological cancers deaths. High-risk
subtypes of human papilomavirus (HPV) are the main cause of the
disease making this type of gynecological cancer preventable. It is
therefore alarming that this available preventive method of

Frontiers in Oncology

vaccination is still far from being implemented in countries with
lower incomes. Decrease in cervical cancer mortality is a powerful
example of how investment in research translates into gains in terms
of patient survival. In very high HDI countries, the mortality risk in
2040 will increase 18% mainly because of metastatic or recurrent
disease in which the overall prognosis remains poor. Nevertheless, the
incorporation of the anti-VEGF agent bevacizumab (3), and most
recent immunotherapy agents like pembrolizumab in 1** line with/
without bevacizumab and cemiplimab in 2™ line had extend patients
overall survival. In this Research Topic, Zou et al. explored the value
of miR-326 as a predictive biomarker for response to neoadjuvant
chemotherapy in locally advanced cervical cancer. Another
promising auxiliary marker was depicted by Li et al. that found
that PAX1 methylation status is highly suggestive of invasive cervical
cancer and could be useful before conization clinical decision. Finally,
Rai et al. elegantly presented a distinct mechanism of cervical cancer
cell death caused by Drug SHetA2.

Primary vaginal cancer is rare, representing only 10% of all vaginal
malignant neoplasms and only 1-2% of all gynecological cancers (4).
Vaginal cancer, like cervical cancer, is strongly associated with the HPV
(4) infection. In this section, Shi et al. performed a longitudinal study
where it was observed a potential role of vaginal microbiota in the
persistent high-risk HPV infections.

Vulvar squamous cell cancer accounts for 90% of vulvar
cancers. Next-generation sequencing studies of Vulvar squamous
cell cancer imply human papillomavirus and p53 status play
separate roles in carcinogenesis and prognosis (5). As many as
40% of patients with Vulvar squamous cell cancer who are initially
managed surgically will have a recurrence, which is often fatal.
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Patients who are not candidates for locoregional treatments, have
poor overall survival (5). Non epithelial tumours of the vulva are
rare and encompassed several histological types. Kong et al.
reported a very rare case of a patient with recurrent vulvovaginal
paraganglioma with SDHB gene mutation and review of the
literature of a recurrent paraganglioma of the vulva.

Gestational trophoblastic disease encompasses a range of
pregnancy-related disorders, consisting of premalignant disorders
including complete and partial hydatidiform mole, and malignant
disorders such as invasive mole and choriocarcinoma (6). Patients’
management has long been based on FIGO risk score stratification, but
additional studies to further improve management have been limited by
the rarity of these tumours. In this regard, Wang et al. studied the serum
peptide signatures of 65 gestational trophoblastic neoplasia patients
and, in combination with FIGO risk score, they showed its potential to
predict outcome in these patients after first-line chemotherapy.

Despite current knowledge of the molecular and genetic events
behind gynecological cancers, the field still has a lot to improve.
Development of new molecular approaches is essential to early
detect and treat in a personalised way these diseases. Another
important challenge is to guarantee equal access to gynecological
cancer treatments. The concept of global health was evidenced in
the recent COVID19 pandemic and will have to be a priority to
reduce cancer mortality rate worldwide.
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Objective: A major challenge in the treatment of platinum-resistant high-grade
serous ovarian cancer (HGSOC) is lack of effective therapies. Much of ongoing
research on drug candidates relies on HGSOC cell lines that are poorly
documented. The goal of this study was to screen for effective, state-of-the-
art drug candidates using primary HGSOC cells. In addition, our aim was to
dissect the inhibitory activities of Weel inhibitor adavosertib on primary and
conventional HGSOC cell lines.

Methods: A comprehensive drug sensitivity and resistance testing (DSRT) on
306 drug compounds was performed on three patient-derived genetically
unique HGSOC cell lines and two commonly used ovarian cancer cell lines. The
effect of adavosertib on the cell lines was tested in several assays, including
cell-cycle analysis, apoptosis induction, proliferation, wound healing, DNA
damage, and effect on nuclear integrity.

Results: Several compounds exerted cytotoxic activity toward all cell lines,
when tested in both adherent and spheroid conditions. In further cytotoxicity
tests, adavosertib exerted the most consistent cytotoxic activity. Adavosertib
affected cell-cycle control in patient-derived and conventional HGSOC cells,
inducing G2/M accumulation and reducing cyclin Bl levels. It induced
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apoptosis and inhibited proliferation and migration in all cell lines. Furthermore,
the DNA damage marker YH2AX and the number of abnormal cell nuclei were
clearly increased following adavosertib treatment. Based on the homologous
recombination (HR) signature and functional HR assays of the cell lines, the
effects of adavosertib were independent of the cells’ HR status.

Conclusion: Our study indicates that Weel inhibitor adavosertib affects several
critical functions related to proliferation, cell cycle and division, apoptosis, and
invasion. Importantly, the effects are consistent in all tested cell lines, including
primary HGSOC cells, and independent of the HR status of the cells. Weel
inhibition may thus provide treatment opportunities especially for patients,
whose cancer has acquired resistance to platinum-based chemotherapy or
PARP inhibitors.
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Introduction

There is an urgent need for effective therapies for patients
with platinum-resistant high-grade serous ovarian cancer
(HGSOC). While most HGSOC patients initially respond to
the standard first-line platinum-taxane combination
chemotherapy, relapse within 18 months is common followed
by chemoresistance (1, 2). Reasons for relapse and treatment
failure vary, and the progress in improving clinical care has been
rather slow. The heterogeneity as well as adaptability of the
HGSOC genome to chemotherapy requires new approaches to
improve the outcome of the disease (3). A molecular indicator of
platinum sensitivity is homologous recombination deficiency
(HRD), through either genetic or epigenetic alterations (4).
PARP inhibitors have been recently shown to provide a
significant clinical benefit for HGSOC patients, but they are
effective only on HRD tumors (5, 6). Therefore, there is a special
need to identify compounds that are efficient regardless of the
homologous recombination status.

In vitro models are essential for identifying effective oncology
compounds or drug combinations for any type of cancer, including
HGSOC. Until recently, most of the in vitro studies have been
conducted using publicly available ovarian cancer cell lines that may
not represent the HGSOC subtype and that may have undergone a
variety of in vitro alterations during extensive passaging (7). To
overcome this potential hurdle, we created patient-derived HGSOC
cell lines and demonstrated that the cells can be cultured and tested
under conditions that mimic their stemness properties (8). The cell
lines can provide a valuable model of the heterogenous disease and
identify personalized treatment options.
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Here we tested a panel of 306 drug compounds on HGSOC
cells and identified potential effective compounds for further
studies (9, 10). Altogether, three patient-derived and two
conventional HGSOC cell lines, containing both HRD and HR
proficient (HRP) cell types, were screened using the panel, to
reveal interesting pharmacologically active substances for
further investigation.

In this study, we have focused on drug candidates that have
shown effectiveness in most cell models and under both traditional
and stemness-like growth conditions. Our rationale was that the
selected compounds had the potential for a broader and fast
clinical translation. Another criterion was that the candidates
must and have been included in clinical trials with any type of
cancer and shown promising results in early studies. Of the tested
compounds, the Weel inhibitor adavosertib (AZD1775) showed
the most consistent inhibitory results. Weel kinase plays a crucial
role in cell-cycle regulation and DNA damage identification and
repair in malignant and non-malignant cells, and its inhibition has
shown promising results in early phase clinical trials (11-14),
including HGSOC. Therefore, we carried out a more detailed
analysis on its effects on all five cell lines.

Material and methods
Patients
Tumor and ascites material and clinical information was

collected from consenting patients treated at the Department of
Obstetrics and Gynecology, Turku University Hospital, Turku,
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Finland, as described previously (8, 15). The patients participated in
a clinical trial (NCT01276574) and were diagnosed with stage III or
IV HGSOC, verified by histopathological evaluation and imaging.
Treatment-naive ascites was collected during diagnostic
laparoscopy. Patients who were considered primarily inoperable
received three cycles of neoadjuvant chemotherapy (NACT), and
new samples were taken during the interval debulking surgery
(IDS). For this study, we used cell lines from three patients (OC002,
MO022i, and M048i). The patients' age range at the time of the
diagnosis was between 61 and 66 years. Progression-free survival
(PFS) was 3.1 to 10.1 months and overall survival (OS) 4.0 to 35.8
months. Detailed clinical information is presented in Table S1.

Cell culture

Two patient-derived cell lines were established from ascites
(OC002 and MO022i), of which OC002 was treatment-naive and
MO022i was from IDS. One cell line originated from omental
metastasis (M048i) and was from IDS (8). The cell lines were
characterized by DNA sequencing (see DNA/RNA sequencing and
functional assessment of homologous recombination capacity). In
addition to these patient-derived cell lines, two conventional
HGSOC cell lines were explored: CAOV3 (RRID:CVCL_0201,
American Type Culture Collection, ATCC, USA) and OVCARS
(RRID:CVCL_1629, National Cancer Institute, NCI, USA).

Cells were grown at 37°C, at 5% CO,. The OVCARS cell line
was cultured in an RPMI medium; OC002, M022i, M048i, and
CAOV3 cells were cultured in a DMEM-F12-based spheroid
medium as described previously (8). To sustain adherent cell
cultures for IncuCyte experiments and immunostainings, a
modified OCMI medium was used instead of a spheroid
medium: 1:1 of medium 199 (Gibco) and DMEM/E-12
(Lonza) supplemented with 5% FBS (Lonza), 2% ITS
(Corning), 100 pg/ml penicillin/streptomycin (Gibco Life
Technologies), 0.5 ng/ml 17 beta-estradiol (Merck), 0.2 pg/ml
triiodothyronine (Sigma), 0.025 pg/ml all-trans retinoic acid
(Merck), 13.75 ug/ml insulin (Sigma), 25 ng/ml cholera toxin
(Sigma), 0.5 pg/ml hydrocortisone (Sigma), and 10 ng/ml EGF
(Gibco Life Technologies).

DNA/RNA sequencing and functional
assessment of homologous
recombination capacity

To genetically characterize tumors and identify patient-
specific TP53 mutations, we sequenced available fresh frozen
tissue or ascites samples, whole-blood buffy coat samples
(germline reference), and/or cells from the cultures. Germline
reference was available for M022i and M048i, fresh frozen tumor
tissue or ascites for M048i (N = 4) and OC002 (N = 1), and
cultured cells for M022i and M048i. DNA/RNA was extracted
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from samples with AllPrep DNA/RNA Mini Kit (Qiagen).
Sequencing was performed in the BGI (Beijing Genomics
Institute) as whole-genome sequencing (WGS) with HiSeq X
Ten or with whole exome sequencing (WES) with Agilent
SureSelect Human All Exon V5 using HiSeq 2000.

Data were aligned to GRCh38.d1.vdl (median coverage 48,
Table S2), and mutations were called with Mutect2 [GATK4
(16)]. Mutation pathogenicity was evaluated using COSMIC
(17), ClinVar (18), and CADD (19) for exonic non-
synonymous mutations, indels, and splicing. Cell identity was
confirmed with contamination test (GATK4) for M022i and
MO048i where sequencing data from both cells and germline
reference were available. All patients were identified with high
variant allele frequency, pathogenic TP53 mutations, which were
used to verify cell identity in the cultures (Table S2). In addition,
the mutational status of other HR-related genes was identified
(list of genes in Table S3). Mutational signatures were fitted with
COSMIC v3.1 SBS signatures based on SigProfiler attribution
(20) to assess HRD mutational signature SBS3.

Functional homologous recombination status was analyzed
for OC002 and MO048i cells as described in (21). Epithelial cells
(cytokeratin positive) in the G2 phase (cyclin A2 positive) were
stained with RAD51 to distinguish between RAD51-positive and
-negative cells. HR-score was obtained by calculating the
percentage of RADS51-positive cells. At least 300 cells were
counted per sample. HR-scores below 35% were considered
HRD (Table S2).

To investigate whether the cell lines were different regarding
multidrug resistance (MDR), we analyzed RNA expression data of
the ABC transporters (ATP-binding cassette transporters). The
results are provided as reads per kilobase per million (RPKM)
values, normalized to GAPDH expression. A heatmap was
produced using Log2+1 values at the publicly available web
software Heatmapper (heatmapper.ca) (22).

High-throughput drug sensitivity and
resistance testing

The five cell lines were subjected to high-throughput screening
(HTS) with a panel of 306 clinical FDA- and/or EMA-approved
and emerging oncology drug compounds (Table S4). Screening
was performed at the Institute for Molecular Medicine Finland
(FIMM) as described previously (9, 10). While a part of the drug
screen data has been published earlier (8), here two additional
patient-derived HGSOC cell lines are presented: M048i and
0C002. Cells were tested in five different drug concentrations
spanning a relevant 10,000-fold concentration range for each
individual drug in conventional adherent and stem-like
spheroidal cell culture conditions as was described earlier (8).
Cell viability was measured with CellTiter-Glo (Promega, Madison,
Wisconsin, USA) after 72 h of exposure to the drugs in at least five
separate experiments with triplicate wells.
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The data were analyzed with the quantitative scoring
approach, where a multiparameter area under a curve
sensitivity calculation called the drug sensitivity score (DSS)
was used (9, 10). This integration combines the model-based and
area-based drug response calculations. The DSS was calculated
for each drug, and responses were compared to human healthy
bone marrow-averaged controls to evaluate the specific selective
DSS (sDSS) as previously described (9, 10). Previously reported
cutoff values of sDSS were used: sDSS >5 for effective drugs and
sDSS >10 for highly effective drugs (23). The drug sensitivity and
resistance testing (DSRT) data were analyzed using the web-
based pipeline BREEZE (https://breeze.fimm.fi/) (24).

The cytotoxic effect of adavosertib (Selleckchem, Munich,
Germany) was further validated with a CellTiter-Glo®
(Promega) cell viability test. To test cells' sensitivity to cisplatin,
5,000 cells/well were plated on a 96-well plate in triplicates.
Cisplatin was added in concentrations of 0.01-100 pM, and cell
viability was measured after 72 h of incubation. Luminescence was
detected with a Victor2 luminometer (Wallac, Turku, Finland).
The IC50 value of adavosertib for each cell culture was calculated,
and a dose of 500 nM was selected to be used for the functional
experiments. The IC50 value for cisplatin was calculated using
log-transformed data and logarithmic trend line.

Flow cytometry

The MO048i, OC002, CAOV3, and OVCARS cells were
investigated with a BD LSRFortessa  flow cytometer (BD
Biosciences, NJ, USA). For each measurement, 10,000-30,000
events were assessed. The flow cytometry data were analyzed
with Flowing Software 2.5.1 (Mr. Perttu Terho, Turku Bioscience
Centre, Turku, Finland). Duplicates of each sample were tested,
and the experiment was repeated a minimum of three times.

Early and late apoptoses were detected after 48 and 72 h of
treatment with adavosertib with an Annexin V-FITC Apoptosis
Detection Kit (ab14085, Abcam). Samples were processed
according to the kit's protocol.

Cell-cycle phases were detected with a Click-iT EdU Flow
Cytometry Assay Kit Pacific Blue (C10425, Invitrogen). Cell-cycle
progression was studied in vehicle- and adavosertib-treated cells at
time points 24, 48, and 72 h. Samples were collected, and the protocol
was performed according to the manufacturers' instructions.

Cell proliferation

Cell proliferation of the HGSOC cell lines was inspected for
72 h at 2-h intervals with an IncuCyte S3 high-content imager
(Essen BioScience, Ann Arbor, MI). Cells were plated in 96-well
plates (Greiner Bio-One) to be 10% confluent and treated with
500 nM adavosertib. Cells treated with vehicle (DMSO) were
used as control in all the experiments. Each sample was
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measured in triplicate, and the experiments were repeated a
minimum of three times. Proliferation was measured by
confluence area by IncuCyte software (Essen BioScience).

Wound healing assay

Wound healing of the HGSOC cells was measured for 72 h at
2-h intervals with an IncuCyte S3 high-content imager (Essen
Bioscience, Ann Arbor, MI). Experiments were performed on 96-
well plates (ImageLock, Essen BioScience) with adavosertib (500
nM) or vehicle (DMSO). Each sample was measured in triplicate,
and the experiments were repeated a minimum of three times.
Relative wound density was analyzed by IncuCyte software (Essen
BioScience). The wells were precoated with Geltrex (Gibco) for
migration experiments and with Matrigel (100 pg/ml, Corning,
Bedford, MA, USA) for invasion experiments. Wells were
pretreated for 24 h with adavosertib (500 nM) before wound
making with a wound-maker provided with IncuCyte S3 (Essen
Bioscience). In the invasion experiments after wound making, the
cells were covered with 50 pl Matrigel (2 mg/ml) for 30 min in the
incubator; thereafter, adavosertib was added.

Western blotting

The effect of adavosertib on the cell cycle was investigated in
the cell cultures treated for 72 h. Cells were grown in a DMEM/
F-12 or RPMI medium and harvested and lysed with a RIPA
Buffer supplemented with protease inhibitors. Protein
concentrations were measured using a Bio-Rad protein assay
kit according to the manufacturer's instructions. Equal amounts
of proteins in the Laemmli buffer were separated in 4%-20%
polyacrylamide PROTEAN® TGX "™ Precast Protein Gels (Bio-
Rad) and transferred to the 0.2-pm PVDF membrane using the
Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were
blocked with 5% BSA (bovine serum albumin) in Tris-buffered
saline with 0.05% Tween 20 (TBST) and probed with primary
antibodies diluted in the same solution. Primary antibodies used
in the Western blotting were rabbit monoclonal anti-Cyclin Bl
(D5C10, 1:1,000, Cell Signaling), rabbit monoclonal anti-Cyclin
E1 (EP435E, 1:500, Abcam), mouse anti-PCNA (PC10, 1:2,000,
Cell Signaling), and mouse monoclonal anti-yH2AX (phospho
S139, 1:1,000, Abcam). GAPDH-HRP-conjugated (1:5,000,
Abcam) or mouse monoclonal anti-o-Tubulin (B-5-1-2,
1:1,000, Sigma) was used as control for protein loading. The
secondary antibodies were HRP-conjugated swine anti-rabbit
and rabbit anti-mouse immunoglobulins (1:2,500, Dako,
Glostrup, Denmark) diluted in a blocking solution.
Membranes were washed three times with TBST between
antibody incubations. Bound proteins were detected by
enhanced chemiluminescence using ChemiDoc ™ Gel Imaging
System (Bio-Rad), and the signals were quantified using Image].
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Immunostaining and nuclear
morphology analysis

Cells were grown on glass slides with a Geltrex (Gibco)
coating and a modified OCMI or RPMI medium. After 72 h of
incubation with 500 nM adavosertib, the cells were fixed for 10
min in 4% paraformaldehyde and washed with PBS. Blocking
was performed with 5% BSA and 0.5% Triton X-100 in PBS for
30 min. Slides were incubated at room temperature for 60 min
with a primary antibody diluted in a blocking buffer and
thereafter for 60 min with a secondary antibody. The slides
were washed twice after the antibody incubations with PBS and
embedded in a mounting medium containing DAPI for staining
nuclei (ProLong Gold Antifade Mountant with DAPI, Thermo
Fisher). The following primary antibodies were diluted in the
blocking buffer: mouse monoclonal anti-a-Tubulin (B-5-1-2,
1:100, Sigma) and mouse monoclonal anti-yH2AX (phospho
$139, 1:500, Abcam). Alexa Fluor 555 Donkey anti-Mouse
(1:400, Invitrogen) was used as a secondary antibody together
with Alexa Fluor 488-conjugated phalloidin (1:300, Invitrogen,
Carlsbad, CA) for actin filament visualization.

Nuclear morphology was assessed after 72 h after treatment
with vehicle or 500 nM adavosertib by staining the tubulin for cell
structure and embedding in mounting medium containing DAPI
for the cell nucleus staining. At least 100 cells were counted in each
sample, and the nuclei were categorized as normal, abnormal, or
multinuclear. Images were taken with a Nikon Eclipse Ni
fluorescence microscope, and different channels were merged
using ImageJ v1.53a software (http://rsbweb.nih.gov/ij/).

Statistics

The IC50 values for the adavosertib cytotoxicity validation
were acquired using a sigmoidal dose-response curve. The
differences in proliferation, wound healing, cell cycle,
apoptosis, nuclear abnormalities frequencies, and protein levels
between vehicle- and adavosertib-treated cells were compared
using the two-sided t-test on freely available VassarStats:
Website for Statistical Computation (www.vassarstats.net). P
values <0.05 were considered statistically significant.

Results

Several compounds effectively Kill
HGSOC cells

The drug sensitivity testing was performed under two
growth conditions, i.e., conventional adherent and spheroid
conditions inducing stemness features and mimicking the
environment of the malignant cells in ascitic fluid. We
employed a correlation plot analysis for sDSS to assess the
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condition-related variations in drug sensitivity (Figure S5).
The number of effective (sDSS >5) drugs from the whole
screen of 306 drug compounds varied between screened cell
lines and was partially dependent on growth conditions. Of the
primary HGSOC cell lines, M048i was sensitive to 28
compounds in adherent cell culture conditions, OC002 to 59
compounds, and M022i to 72 compounds. Of the conventional
cell lines, OVCARS showed sensitivity to 74 compounds and
CAOV3 to 102 compounds (Figure 1A and Table S6). The
results demonstrate that compounds target cancer cells from
individual patients differently, possibly reflecting the variability
of individual patients' response to chemotherapy/targeted
therapy. While there was variation between the patient-derived
cell lines, they were generally more resistant than the
conventional HGSOC cell lines.

Ten clinically interesting drug compounds from the initial
screen were selected for further investigation according to two
criteria: literature search and ongoing clinical studies in HGSOC
or other cancers (Figure 1A). In more detailed cytotoxicity assays,
the cellular responses to these 10 drug compounds were variable
(Figure 1B). The patient-derived MO048i cells were relatively
resistant to all of the 10 oncology compounds. Similarly, M048i
cells were extremely resistant to cisplatin (IC50 >100 uM) while in
other cell lines IC50 varied between 1.3 and 11.7 uM (Figure S7
and Table S8). Five of the drug compounds were categorized as
highly effective (sDSS >10) in the majority of the HGSOC lines:
Weel inhibitor adavosertib and four Hsp90 (heat shock protein
90) inhibitors BIIB021, tanespimycin, luminespib, and
alvespimycin (Figure 1B). Of these compounds, the Weel
inhibitor adavosertib was chosen for further research due to its
ongoing clinical interest and the validation results. Table S9 shows
the sDSS values for the 10 investigated compounds tested in
adherent or spheroid culture conditions. Adavosertib was
cytotoxic for all cells except M048i, with IC50s between 578 and
785 nM (Figure 2A and Table S9).

Adavosertib induces apoptosis and
causes G2/M arrest in HGSOC cells

To study whether adavosertib induces apoptosis, HGSOC
cells were treated for 48-72 h before labeling with Annexin V.
Adavosertib-induced apoptosis was evident in all of the examined
cell lines, surprisingly also including M048i, the most resistant cell
line in viability tests (Figures 2B, C, Table S10). The total number
of apoptotic cells after a 72-h treatment with adavosertib (500 nM)
increased from 8.9% to 26.7% in OVCARS, from 12.6% to 31.5%
in CAOV3, and from 11.9% to 25.2% in the M048i cell line.

The effect of adavosertib on the cell cycle was examined after
treatment for 24, 48, and 72 h. When compared with control
cells, significant G2/M accumulation and a reduction in the G1
cell-cycle phase were found in all four evaluated cell lines
(Figure 3B). As compared to vehicle-treated cells, adavosertib
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FIGURE 1

High-throughput drug sensitivity and resistance testing (DSRT) with 306 drug compounds. (A) Study design and basis for selection of small
molecules for further analyses. DSRT was performed with five HGSOC cell lines in adherent and spheroidal culture conditions. The number of
effective compounds varied between 28 (M048i) and 102 (CAOV3). Based on literature search and ongoing clinical trials, 10 compounds were
selected for further cytotoxicity tests, which divided compounds into three categories: highly effective, effective, and ineffective. (B) Heatmap of the
selected drug compounds based on sDSS (selective drug sensitivity score) values tested in adherent and spheroidal conditions. Bright yellow =
sensitive, dark blue = resistant; sDSS >5 effective, sDSS >10 highly effective. M0O48i spheroidal data not available.

diminished the proportion of G1 cells by 27%-54%, dependent
on the cell line. The accumulation of G2 cells was clear in all
tested cell lines. In OVCARS, the percentage of G2 cells of total
cell amount after adavosertib treatment was 58.3% as compared
to 14.4% in untreated cells. In CAOV3, M048i, and OC002 cell
lines, the percentages of G2 cells in treated cells and vehicle were
45.3% and 16.0%; 54.0% and 23.9%; and 57.2% and 24.8%,
respectively. In addition, a trend toward a reduced S phase was
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seen in all cell lines, but the difference was statistically significant
only in CAOV3 and OC002 (Figure 3B, Table S11).
Interestingly, the cell-cycle regulation of the most resistant
cell line M048i appeared abnormal. In the untreated samples,
very few cells were in the S phase and the same trend was
observed in the adavosertib-treated cells (Figure 3B). However, a
drift from GI to G2/M in the treated cells was detected, as
expected. Although the result of the cell viability test showed
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Effects of adavosertib on cell viability and apoptosis. (A) Viability was assessed after a 72-h treatment with adavosertib in five different
concentrations (1-10,000 nM) (+SD). (B) Apoptosis was measured in three HGSOC cell lines (OVCAR8, CAOV3, and M048i) with annexin V
staining detected by flow cytometry. Apoptotic cell populations (% of total cell amount, +SD) were significantly elevated in all cell lines after 48
and 72 h of treatment with 500 nM adavosertib as compared with the control cells (p-value: ns = p > 0.05, *p < 0.05, **p < 0.01, and ****p <
0.0001). (C) Distribution of early and late apoptotic cell populations (% of total number of cells).
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monitored with flow cytometry. The distribution of cells in the G1, S, and G2/M phases is shown after 72 h of treatment with adavosertib (500
nM) or vehicle. White bars = vehicle and black bars = adavosertib treated (average, +SD). Dot blots present the distribution of cells with EAU
staining. (C) Western blot analysis of cyclin B1, cyclin E1, and Weel pathway regulating CHK1 protein in adavosertib- (500 nM) and vehicle-
treated cells after 72 (h) The bars show quantitative analysis of cyclin B1, cyclin E1, and CHK1, normalized to GAPDH, using ImageJ software
The values shown are the mean + SE of three separate experiments. Significant difference between vehicle and adavosertib treatment was
determined by the t-test at ns = p > 0.05, *p < 0.05, **p < 0.01 and ****p < 0.0001.
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relative resistance of M048i cells to adavosertib (Figure 2A), the
increased apoptosis and G2/M accumulation suggest that
adavosertib has some beneficial effect on these patient-derived
HGSOC cells.

The cell-cycle alterations were further explored by Western
blot analysis of cyclin E1 and cyclin B1, which regulate the G1/S
and G2/M transition, respectively (Figure 3A). The level of
cyclin Bl was reduced in most cell lines after adavosertib
treatment, although it remained normal in OVCARS cells
(Figure 3C). Cyclin E1 expression was reduced in CAOV3 and
Mo022i following 72 h of adavosertib treatment (Figure 3C).
Similarly, the CHK1 protein, which is a key regulator upstream
of the Weel pathway (Figure 3A), was studied. After adavosertib
therapy, there was a reduction in CHKI expression (Figure 3C)
in all cell lines. It is worth noting that the amounts of both
cyclins and CHK1 differed greatly among the studied cell types,
with M048i and OC002 expressing very low levels (Figure 3C).

Adavosertib reduces proliferation and
migration in HGSOC cells

Proliferation was studied by measuring the confluence area
of cell cultures at 2-h intervals. Adavosertib significantly reduced
proliferation in all the tested cells (P < 0.0001; t-test) (Figure 4A).
Although two of the patient-derived cell lines (M022i and
0C002) proliferated very slowly, a clear (58.1% and 67.0%)
inhibition of proliferation was observed after 72 h of treatment.
For the faster proliferating M048i, CAOV3, and OVCARS, the
reduction was 55.2%, 38.0%, and 82.3%, respectively. Here, again
we were not able to show any difference in proliferation between
the adavosertib-resistant cell model M048i as compared to the
more sensitive HGSOC lines.

The expression of the proliferation marker PCNA
(proliferating cell nuclear antigen) was detected with Western
blotting to confirm the confluence area-based proliferation
result. The amount of PCNA decreased after 72 h of
adavosertib treatment in the tested HGSOC lines (Figure 4B),
except for OVCARS in which PCNA remained unchanged.

Weel inhibition reduced the mobility of all HGSOC lines as
evaluated by both migration and invasion assays (Figure 4C and
Figure S12), with migration showing a greater reduction than
invasion through the extracellular matrix.

Adavosertib induces DNA damage
regardless of HR status

The impact of Weel inhibition on DNA damage and nuclear
morphology was further addressed. Apart from MO022i,
adavosertib induced a significant increase in the number of
aberrant nuclei (multinucleated, bud, and micronuclei) in the
HGSOC lines (Figure 5A). Similarly, using both Western and
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immunofluorescence imaging, the DNA-damage marker YH2AX
(phospho S-139) was clearly upregulated in all the tested cells
(Figures 5B, C).

The efficacy of many current HGSOC drugs depends on the
homologous recombination DNA repair capacity of the cancer
cells. Therefore, we wanted to evaluate whether this is also the
case for adavosertib. The HGSOC lines were evaluated for
homologous recombination (HR) capacity using both genomic
(Table S2) and functional (Figure S13 and Table S14) tests. Of
the cell lines, OC002 and OVCARS8 were HR-deficient (HRD)
while M022i, M048i, and CAOV3 were HR-proficient (HRP)
(Table S2, Figure S13, and Table S14). The result suggests that
the effects of adavosertib are independent of the HR status of
the cells.

Discussion

Despite the advances in understanding the molecular
background of HGSOC, patients who do not initially respond
or acquire resistance to platinum compounds or PARP
inhibitors have limited treatment options. Based on the high-
throughput screen of HGSOC cell lines, and with a focus on
compounds in the clinical development, we identified two
compound groups cytotoxic to HGSOC independent of the
cell culture method: Weel inhibitor (adavosertib, AZD1775)
and Hsp90 inhibitors (BIIB021, alvespimycin, luminespib, and
tanespimycin). In a further validation using three patient-
derived and two conventionally available HGSOC cell lines,
adavosertib provided the best cytotoxicity result. Weel has
already proven to be a potential target in genomically unstable
cancers, including HGSOC, due to its role in cell-cycle control
and DNA-damage response (DDR) pathways [reviewed in
(25-28)]. Our findings presented here indicate that adavosertib
inhibits HGSOC cell growth at multiple levels. Importantly, the
effect in our study material is independent of the homologous
recombination capacity of the cells and thus potentially effective
in patients who do not benefit from current treatments.

We also noticed generally similar effects on the three HRP
and two HRD cell lines. Additionally, adavosertib inhibited
equally well patient-derived HGSOC cells and the publicly
available HGSOC cell lines. One of the patient-derived
HGSOC cell lines, M048i, was less responsive than the other
cell lines in the high-throughput cytotoxicity assay to most of the
306 drugs including adavosertib for reasons that remain unclear.
No significant difference was found in the DNA sequencing or
RNA expression data of the multidrug resistance (MDR) ABC
transporters (ATP-binding cassette transporters) compared to
other cell lines (Figure S15). ABC transporters are known to play
a role in the MDR mechanism in cancer, and they are
responsible for the increased efflux rate of anticancer drugs in
the MDR phenomena (29, 30). In spite of the relative resistance
in the conventional cytotoxic assay, M048i responded to
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Adavosertib induces nuclear abnormalities and DNA damage (A) Nuclear morphology of cells treated with adavosertib or vehicle. Percentage of
normal, multinucleated, and abnormal nuclei (micronucleus and buds of OVCARS8, CAOV3, OC002, and M022i cell cultures). Examples of
nuclear abnormalities present in the samples: first picture of cells with normal nuclei, the second of a multinuclear cell, the third with a cell with
nuclear buds, and the fourth of a cell with several micronuclei caused by the adavosertib treatment. (B) Protein levels of DNA-damage marker
YH2AX (phosphor S-139) after 72 h of treatment with adavosertib (500 nM). The bars show quantitative analysis of PCNA normalized to o.-tubulin
using ImageJ software. The values shown are the mean + SE of three separate experiments. Significant difference between vehicle and
adavosertib treatment was determined by the t-test at ns = p > 0.05, *p < 0.05,**p < 0.01, ***p < 0.001, and ****p < 0.0001). (C) OVCARS8 and
MO048i cells were cultured on coverslips and treated with 500 nM adavosertib for 72h. Cells were fixed and stained with yYH2AX (phosphor S-139)
for DNA damage, DAPI for cell nuclei, and phalloidin for the actin filament (green, actin; blue, nucleus; and red, DNA damage)
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adavosertib in other assays, indicating that none of the
investigated cell lines were unresponsive to Weel inhibition.

Our study supports several mechanisms of action for
adavosertib. Mechanistically, Weel regulates the G2/M
checkpoint via inhibiting CDK1 and delays the mitosis entry
of cells with DNA damage. Its inhibition in cells with DNA
damage allows these cells to enter mitosis prematurely, which
leads to mitotic catastrophe and apoptosis. Weel is also involved
in regulating the G1/S checkpoint via CDK2 and thereby DNA
replication by phosphorylating CDK2-bound cyclin A/E during
the S phase (31, 32). The exact mechanisms of Weel inhibition
in addition to the G2/M checkpoint is not yet completely
understood. Heijink et al. (2015) found in their study that
Weel inhibitor sensitivity is controlled by the status of several
S-phase entry genes including CDK2 (33). In line with our
results, they correspondingly report elevated YH2AX after Weel
inhibition. We also found that adavosertib induced increased
levels of the YH2AX DNA damage marker and shortened the S
phase together with the abnormalities in the nuclei, which are
indicators of increased replication stress. We found a reduction
in CHK1 and an increase in YH2AX following adavosertib
therapy, which was consistent with two earlier investigations
using breast cancer, pancreatic, and osteosarcoma cell lines
(34, 35).

In our study, Weel inhibition effectively reduced
proliferation and increased apoptosis of all the tested cell lines
including the less sensitive patient-derived cell line M048i. An
exception was the OVCARS cell line that had no change in the
PCNA levels compared to the other cells. PCNA plays an
important role in replication and interacts with the cell-cycle
progression machinery (36). We observed an accumulation of
cells in the G2/M phases and a decrease in the S phase after
adavosertib treatment. This is also in line with Heijink et al.'s
study where they observed a shortened S phase (33). In addition,
a similar increase in the G2/M phase has been shown in
OVCARS cells in a recent study (37). A decreased cyclin Bl
expression in all cell lines except in OVCARS might indicate the
cytotoxic effect to be in the S phase rather than at the G2/M
checkpoint. In a normal cell cycle, cyclin B expression peaks in
the late G2 phase and radically declines in mitosis (38). The
unchanged levels of PCNA and cyclin Bl expression in
OVCARS cells might indicate that the cytotoxic effect in this
cell line lies more in the mitotic catastrophe than in the S phase,
compared to the other cells investigated.

Our study demonstrates that adavosertib treatment impairs
migration and invasion in HGSOC cell lines, which could in part
be interpreted as a consequence of cell-cycle arrest. Other studies
have shown similar results in gastric cancer cell lines after Weel
siRNA-mediated knockdown (39) or adavosertib treatment,
although the mechanism of action was not elucidated (40).
More recently, Bi et al. (2019) described that targeting Weel
by shRNA or adavosertib significantly diminished the migration
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and invasion in esophageal squamous cell carcinoma by
suppression of metalloproteinases MMP-2 and MMP-9 (41).

Several clinical trials have shown encouraging cytotoxic
efficacy by adavosertib both as a single agent treatment and as
a combination therapy in several solid tumors (11-14, 42-45).
Thus, a combination therapy approach with platinum
compounds or PARP inhibitors has been taken into clinical
trials (NCT01357161, NCT03579316, NCT03345784,
NCT02272790) (12-14). However, patients that are HRP and
platinum resistant do not benefit from these drug combinations.
Several other drug combinations have been studied in both in
vitro and clinical trials. A recent clinical trial reported promising
results with adavosertib in combination with nucleoside analog
gemcitabine in treatment of platinum-resistant ovarian cancer
(14). In an in vitro study, a similar result was reported that
suggested that Weel inhibition sensitizes cells to gemcitabine
but also reduced the ATR/CHKI activity (35).

According to our knowledge, a thorough validation and
mechanistic evaluation of Weel inhibition mechanisms in
patient-derived HGSOC cells has been lacking. The current
findings and our previous results showing that adavosertib is
also effective against HGSOC cells with stemness features and
had an observed cytotoxic effect in all of the studied HGSOC
lines including the generally quite resistant M048i cells have
increased our understanding of its broad mechanisms of action
during the cell cycle.

Importantly, we observed that adavosertib inhibits HGSOC
cells regardless of their HR status. A study by Garcia and others
(2017) found that adavosertib impairs HR and may work as a
combination therapy with PARP inhibitor olaparib in BRCA1/2-
mutant leukemias (46). Another study with HRD and HRP
murine cell lines demonstrated that Weel inhibitor in
combination with olaparib had no difference in effectiveness
between the HR-deficient and -proficient cells (47). Both of these
studies were performed in combination with PARP inhibitor
olaparib. We were able to demonstrate that adavosertib has
efficacy toward HRP cells also as a single agent.

Our findings lay the basis for treatment of HRP patients,
with whom treatment strategies are scarce. It is especially
important to find an effective DNA-damaging agent to be used
in combination with adavosertib for the platinum-resistant
HGSOC patients. In this regard, gemcitabine has already
shown promising results.

In conclusion, our study suggests Weel inhibitor
adavosertib as a candidate compound to treat HGSOC patients
independent of the HR status of the tumor.
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Recurrent paraganglioma of the
vulva: A rare case report and
review of the literature

Wenzhi Kong, Qingxi Qu and Shigian Zhang*

Department of Obstetrics and Gynaecology, Qilu Hospital of Shandong University, Jinan, China

Purpose: Vulva paragangliomas are rare and usually misdiagnosed or missed,
especially in juveniles. Our aim was to summarize the clinical characteristics
and treatments of vulva paragangliomas.

Methods and results: We present a case of a 17-year-old Chinese patient with
functional paraganglioma from the vulva that was misdiagnosed as clear cell
carcinoma. She had suffered from severe headaches, palpitations, sweating,
pallor and hypertension. The vaginal wall was invaded by this mass. The tumour
was surgically removed smoothly. However, the disease recurred 7 years after
surgery, and the patient was treated again. Personalized genetic testing was
performed while recovering, and the results suggested that the patient had a
germline mutation in the Succinate Dehydrogenase subunit B (SDHB) gene.
Now, the patient has been discharged successfully, her blood pressure has
returned to normal and some of her clinical symptoms disappeared. A review of
the literature concerning the topic is also presented, there have been only 2
cases of paraganglioma of the vulva and 11 cases of vaginal paraganglioma
since 1955.

Conclusion: Our case describes a recurrent vulvovaginal paraganglioma with
SDHB gene mutation and the largest tumor diameter to date. The diagnosis and
treatment process of this case can provide reference for the management of
other similar patients.

KEYWORDS

valval paraganglioma, functional tumour, diagnosis, treatment, SDHB genes

Introduction

Pheochromocytomas (PCCs) and paragangliomas (PGLs) (together referred to as
PPGLs) are endocrine tumours originating from neural crest-derived cells of the adrenal
medulla or from the sympathetic or parasympathetic paraganglia. Traditionally
considered a “one in a million” disease, PPGLs have shown a rising incidence during
the last 40 years, from 1.4 per million person-years in 1977 to 6.6 in 2015, constituting a
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4.8-fold increase (1). PPGLs have the highest reported degree of
heritability among all tumors. When currently known germline
mutations are taken into account, around 30% to 40% of patients
with PPGLs are affected by germline mutations in various
susceptibility genes, and a further 35% to 40% show somatic
driver mutations (2), and 50%-70% of childhood PPGL is
associated with germline mutations. More than 20 germline
mutations are known to be associated with PPGLs (3), Krebs
cycle-related PPGLs are currently regarded as the most
aggressive paraganglionic tumours, with germline Succinate
Dehydrogenase subunit B (SDHB) mutations being among the
strongest genetic risk factor for in development of metastatic
PPGLs. The therapy of choice is surgery whenever possible; for
inoperable disease, systemic therapy options include
chemotherapy, radionuclide therapy, and tyrosine kinase
inhibitors. PPGLs are mostly distributed in the adrenal glands,
neck, mediastinum, and retroperitoneum, but they rarely occur
in the vaginal wall and vulva. They are even rarer in juveniles.
According to previous reports, there have been only 2 cases of
PGLs of the vulva and 11 cases of vaginal PGLs since 1955 (4-
16) (Table 1). Herein, we reported a vulval functional
recurrent PGL.

10.3389/fonc.2022.961666

Case presentation

A 17-year-old girl who had regular menstrual periods and no
history of marriage or sexual activity was referred to the hospital
for a hard lump located on the right side of the vulva for
approximately 2 years. The lump progressively increased in
size, with mild pain after mild physical activity. She had
suffered from severe headaches, palpitations, sweating, and
pallor after intense physical activity, such as sports and
physical labor. These symptoms were especially common after
activities involving local compression (e.g. cycling and
defecation). Upon gynaecologic examination, an immobile,
solid, and involved mass with no bleeding was found on the
inferior margin of the right labia majora and the lateral margin
of the hymen (Figure 1). Digital rectal examination (DRE)
showed this mass to be closely associated with the vaginal wall
and rectal wall. At the same time, inpatient evaluation revealed a
blood pressure of 140-170/100-120 mmHg and a pulse rate of
90-120 beats/minute. These issues were not relieved by either
metoprolol prolonged-release tablets or nifedipine tablets.

A magnetic resonance imaging (MRI) scan of the pelvis with
intravenous contrast revealed a mass on the right vulva

TABLE 1 The summarized table of all vulva and vaginal paraganglioma cases reported.

author Year Age location size  functional symptoms gene mutation  Recurrene during
follow-up
Plate, W. P 1955 66  vaginal walnut size  nonfunctional vaginal hemorrhage Not run no
(6).
Pezeshkpour 1981 22 vaginal 3*2.5*1.5 nonfunctional asymptomatic Not run no
G (7). cm
Colgan,TJ (4). 1991 58  vulva lcm nonfunctional vulua pain and tenderness Not run no
Parkes, S. E 1998 11 vaginal 5cm nonfunctional vaginal bleeding Not run no
(8).
Hassan, A (9). 2003 24  vaginal 2.5 cm functional hypertension, tachycardia and heart ~ Not run no
failure
Brustmann, H 2007 33  vaginal 1.9 and 1.4 nonfunctional vaginal bleeding Not run no
(10). cm
Shen, J. G 2008 38  vaginal 3.0 cm functional Paroxysmal headaches, chest distress, Not run no
(11). palpitation
Akl, M. N 2010 65  vaginal 2.5%2.3*2cm  nonfunctional asymptomatic Not run no
(12).
LiwY (5). 2013 vulva 3.2%2.3*1.5  nonfunctional asymptomatic Not run no
cm
Cai, T (13). 2014 17 vaginal 3.5%3.0"2.5  functional vaginal bleeding Not run no
cm
Sharma, S 2018 28  vaginal 3*3 cm nonfunctional asymptomatic Not run no
(14).
Wong, R W 2020 15 vaginal 3 cm nonfunctional Irregular heavy menses, dysmenorrha, Finding genetic no
(15). and anemia mutations
Wang, Z (16). 2021 44  vaginal 3.5 cm functional hypertension, palpitations and No mutations were Under follow up
dizziness found
Kong W. 2022 vulva 6*4*4cm functional hypertension,headaches, palpitations, ~Finding genetic Recurrence 7 years later
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FIGURE 1

The tumour was found to be located below the right labia majora, and its surface was covered with massive, engorged blood vessels

measuring 6.0 cm*5.5 cm*4.3 c¢m in size, involving the right
levator ani muscle. In addition, the tumour invaded the vaginal
wall and disrupted the continuity of its mucous (Figure 2).
Computed tomography (CT) scanning of the abdominal and
female tumour markers were normal, while plasma and
catecholamine concentrations were measured and found to be
significantly higher than normal (Table 2). Fine needle
aspiration cytology (FNAC) of the mass performed in other
centres revealed clear cell carcinoma, but our centre denied this
conclusion. To make a clear diagnosis and determine a suitable

care plan, the patient underwent core needle biopsy (CNB) again
in our centre. The biopsy tissue was sent for pathological and
immunohistochemical examination, and the diagnosis was
confirmed to be PGLs, synaptophysin (Syn)+, chromogranin A
(CgA)+, S100+, Desmin+, HMB45 -, MelanA -, cyto-keratin
(CK)-, CD10 -, CD68 -, CD34 -, CD31 -, PAX-8 -.

After oral administration of carvedilol and phenoxybenzamine
for 14 days and intravenous fluids for 5 days, the effective circulating
blood volume improved. Tumour resection was performed under
general anaesthesia. During the operation, the tumour was found to

FIGURE 2

(Primary Treatment) Magnetic resonance imaging (MRI) scans: A mass on the right vulva measuring 6.0 cm*5.5 cm*4.3 cm in size, involving the
right levator ani muscle, was observed. The tumour invaded the vaginal wall and disrupted the continuity of its mucous. (A) T1 weighted imaging

(T1WI); (B) Diffusion Weighted Imaging (DWI); (C) Enhanced; (D) Enhanced.
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TABLE 2 Plasma catecholamine concentrations (primary treatment).

Item Result Unit
E 40.23 Pg/mL
NE 3747.16 Pg/mL
DA 167.85 Pg/mL

E, epinephrine; NE, norepinephrine; DA, dopamine.
1 Indicates that the result is higher than the normal reference range.

be located below the right labia majora, and its surface was covered
with massive, engorged blood vessels (Figure 1). The right posterior
lateral vaginal mucosa was involved. At the moment that the
surgeon touched the tumour during the operation, the patient’s
arterial blood pressure and heart rate increased dramatically to 203/
132 mmHg and 114 beats/min, respectively. However, she suffered
from severe hypotension (40/30 mmHg) after complete tumour
excision. This was managed by blood transfusion and vasopressor
administration until her vital signs became stable. After surgery,
blood pressure and heart rate were 100-110/60-70 mmHg and 90—
100 beats/min, respectively, and the patient showed no
manifestations suggestive of catecholamine release.

The patient did not have any active complaints in the
following 2-year period. In a routine examination 7 years later,
a mass was detected again at the same place, and the patient’s
blood pressure was increased. In the interval between the initial
onset and recurrence, the patient completed childbirth. The
levels of plasma catecholamines and their metabolite were
examined to determine disease recurrence (Table 3). Whole-
body CT examination was performed to exclude primary
tumours in other sites, and pelvic scan plus enhanced MRI
(Figure 3) and transanal ultrasound were used to clarify the
extent of tumour invasion. The patient underwent surgery again.
At this time, the resected mass was approximately 6*4*4 ¢cm in
size, hard and have a greyish white myxoma-like cut
surface (Figure 4).

Comparing the pathology of the two excised tissues, the
tumour cells were composed of chief cells and sustentacular
cells, and they were clustered in small nests, here called
zellballen, demarcated by delicate fibrous stroma and
capillaries. The uninvolved margin around the neoplasm
was at least 5 mm. The immunohistochemistry results at

TABLE 3 Plasma catecholamine concentrations (recurrence treatment).

Item Result Unit
NE 35.00 nmol/L
E 0.14 nmol/L
NMN 14.40 nmol/L
MN 0.14 nmol/L
DA <0.14 nmol/L
HVA 69.40 nmol/L
VMA 243.00 nmol/L

10.3389/fonc.2022.961666

Hint Reference Value
0.00-100.00

1 0.00-600.00

1 0.00-100.00

the time of primary treatment were as follows: the tumour
was found to be positive for Syn, CgA, and Desmin but
negative for protein S-100, human melanoma-associated
antigen, MelanA, CK, CD10, CD68, CD31, and PAX-8
(Figure 5). The immunohistochemistry results at the time of
recurrence treatment were as follows: CgA (+), CD56 (+), Syn
(+), somatostatin receptor (SSTR2) (+), S-100 (+), SOX-10
(individual cells +), CK (-), and P53 (-), with a Ki-67 positive
rate of approximately 2-3% (Figure 6). According to the
Grading System for Adrenal Pheochromocytoma and
Paraganglioma (GAPP) score which published in 2014 by
Dr Kimura and co-workers (3), the patient can be rated 6
points, including 1 point for large and irregular cell nests, 2
points for high cellularity (> 250 cells/U), 1 point for capsular
or vascular invasion, 1 point for Ki-67 labelling index 2-3%,
and 1 point for catecholamine-type was NE.

After recurrence treatment, personalized genetic testing was
performed during recovery, and the results suggested that the
patient had a germline mutation in the SDHB gene. Assessment
by Medical Genetics identifed a germline SDHB exon 7 splice
site mutation (NM_003000.3(SDHB):c.765+1G>A). The minor
allale frequency is 51%. According to American College of
Medical Genetics and Genomics (ACMG) guidelines (17), the
variation was preliminarily determined as pathogenic variation
PVSI+PS4+PM2. The germline SDHB exon 7 splice site
mutation described in the case has not been reported
previously, which was predicted to disrupt splicing and lead to
an altered and likely non-functional protein product. On this
basis, genetic testing was performed for her immediate family.
The genetic test results of the patient’s son were normal without
phenotype and did not carry the same pathogenic mutation as
the patient, suggesting that the patient’s son is less likely to

Hint Reference Value
1 0-5.17
0-0.34
1 0-0.71
0-0.42
0-0.31
14.27-163
1 0-62

NE, norepinephrine; E, epinephrine; DA, dopamine; NMN, normetanephrine; MN, metanephrine; DA, dopamine; HVA, homovanillic acid; VMA,vanillylmandelic acid.

1 indicates that the result is higher than the normal reference range.
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FIGURE 3

(Recurrence Treatment) Pelvic MRI showing a mass measuring 4.3 cm*3.6 cm*5.4 cm in size, suggesting that the lesion was closely related to
the right posterior vaginal wall and anterior rectal wall. (A) T1 weighted imaging (TIWI); (B) T2 weighted imaging (T2WI); (C) Diffusion Weighted

Imaging (DWI); (D) T2 weighted imaging (T2WI).

develop the disease. The genetic test results of the patient’s
mother were normal as well. As for the patient’s father, he did
not perform the genetic test because of some personal reasons.
Since the mode of inheritance is autosomal dominant, if the
patient has another child, there is a 50% chance of the offspring
having the disease, and prenatal counselling is recommended for
another child.

Discussion

PPGLs are rarely reported along the genital tract and are
even rarer in juveniles. Only three cases of juvenile vaginal PGLs
have been reported, with the patients” aged 11, 17 and 15 years
(8, 13, 15). The latter involved functional tumours (13). The
largest diameter of any previously reported PGL of the vagina or

vulva was 5 cm, making the current case the largest functional
PGL of the vulva ever reported by diameter (8). Only 2 genetic
investigations were documented in the reported cases (15, 16).

The clinical manifestations of PPGLs are associated with
unregulated secretion of catecholamines and with the location
of the tumour. Excessive secretion of catecholamines by functional
tumours is largely responsible for paroxysmal or persistent
hypertension and symptoms such as palpitations, headaches,
and hyperhidrosis. It can even lead to lethal cardiovascular
complications, including shock and hypertensive crisis, which
classically characterize these tumours (18). There have been
only 4 cases of functional tumours among vaginal and vulval
PGLs reported since 1955 (9, 11, 13, 16). The 2 reported patients
with vaginal PGLs suffered from a cascade of events, including
acute pulmonary oedema, hypertensive crisis, severe headaches,
and other symptoms, after an attempted biopsy or excision of the

FIGURE 4

(A) The mass was dissected under the table and was approximately 6*4*4 cm in size, (B)The mass was hard and have a greyish white myxoma-

like cut surface.
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FIGURE 5

(Primary Treatment) Immunohistochemical staining: (A) The tumour cells were composed of chief cells and sustentacular cells, and they were
clustered in small nests, here called zellballen, demarcated by delicate fibrous stroma and capillaries. (B) Immunohistochemical staining CgA(+);
(C) Immunohistochemical staining SYN(+); (D) Immunohistochemical staining S-100(-).

mass (9, 13). Another functional case reported a 16-year history of
intermittent strong paroxysmal headaches, palpitations, and chest
distress. A similar episode took place during the operation that
was performed to remove her tumour (11). The other functional
case reported a 6-year history of paroxysmal hypertension,
dizziness and palpitations (16). For these reasons, any
manipulation of the tumour must be gentle, as brief as possible.
This may prevent the release of catecholamines. Some cases
presented with abnormal vaginal bleeding (6, 8, 10, 13).

The diagnosis of PPGLs includes qualitative and localization
diagnosis. The biochemical presentation of excessive
catecholamine production is an essential step in the diagnosis
of functional PPGLs (19). Plasma or urine concentrations of
metanephrine (MN) and normetanephrine (NMN) are preferred
for biochemical examination. MNs are intermediate metabolites
of catecholamines. Unlike norepinephrine (NE) and epinephrine
(E), they are continuously produced in PPGL tumours, are not
easily degraded by hydrolytic enzymes after secretion and can be

FIGURE 6

(Recurrence Treatment)lmmunohistochemical staining: (A) Immunohistochemical staining CgA(+); (B) Immunohistochemical staining SYN(+);
(C) Immunohistochemical staining S-100(+); (D) Immunohistochemical staining SSTR2 (+).
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stably present in the blood (20, 21). For SDHB genes mutations
like this patient that result of stabilization of hypoxia-inducible
factors and epigenetic silencing of phenylethanolamine N-
methyltransferase, the enzyme that converts NE into E, the
focus should be on NMN since these tumours do not produce
E (22). CT scanning and MRI are traditional positioning
measurements. MRI is the preferred procedure for paediatric
patients. The specificity of '**I-metaiodobenzylguanidine
(MIBG) scanning can be as high as 95-100%. In a report of
vaginal PGL published by Zhan Wang (16), 1311-MIBG
examinations revealed an obvious contractive accumulation in
the perineum area. Scintigraphy of tumour somatostatin
receptor (SSTR) and positron emission tomography (PET) are
useful in the diagnosis of multifocal, metastatic disease and
occult PGLs (19). In a report of vaginal PGL published by Tao
Cai (13), two PGLs were found by PET: one was located in the
vagina, and the other was located in the pelvic area.

The pathological diagnosis of PPGLs is also the gold standard
for other tumours. Complete pathological examination can help
distinguish PPGLs from other tumours, such as
rhabdomyosarcoma, haemangioma, and leiomyoma. The
diagnosis of PPGL is usually performed using histology plus
immunohistochemical detection of CgA+, Syn+, GATA3+, S100
+, tyrosine hydroxylase (TH)+, dopamine beta-hydroxylase (DBH)
+ while being negative for CK (23). In addition to the biomarkers
that confirm the diagnosis of PPGLs discussed above, there are
important biomarkers that relate to the genetic background of
PPGLs, that may guide genetic testing. For example, The 2022
World Health Organization(WHO) classification encourages
routine use of SDHB immunohistochemistry since loss of SDHB
expression is a surrogate marker in SDHx (x standing for any of the
SDH genes) related pathogenesis (24). PPGLs with
immunohistochemical loss of SDHB expression are classified as
SDH-deficient PPGLs. This tumour is easily misdiagnosed by
FNAC and intraoperative frozen sectioning. Dr. Sheila reported a
vaginal PGL in an 11-year-old girl. She was misdiagnosed with
rhabdomyosarcoma by frozen sectioning (8). Our patient was
misdiagnosed with clear cell carcinoma by FNAC. Therefore, the
pathological diagnosis of PGL should be completed by an
experienced pathologist.

PPGLs does not respond well to chemotherapy or
radiation, so complete surgical resection remains the
standard of care (25). Sufficient preoperative preparation,
including oral alpha-adrenoceptor blockade and intravenous
fluids to increase blood volume, is very important. Excessive
catecholamines from the tumour can lead to vasoconstriction
of patients and cause a sharp rise in blood pressure. Therefore,
it is necessary to expand the capacity periodically before
operation to dilate the blood vessels and maintain the blood
pressure of patients in a certain range, so as to prevent PGLs
from being touched during operation, resulting in a rise in
blood pressure of patients and resulting in dangerous surgery.
The recommendations on preoperative preparation with
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alpha-adrenoceptor blockade are based on optimal care of
patients, both before and during the surgery when a
cardiovascular emergency and crisis may occur. Peri-
operative mortality is as high as 30% in the absence of
sufficient preoperative preparation. This is due to indefinite
diagnosis or misdiagnosis. This rate may drop to less than 3% if
there is adequate preoperative preparation (26). In addition,
the blood supply associated with PGL is extremely rich,
Mohamed N. Akl MD successfully used an intervention of
embolization for the uterine artery to reduce bleeding (12).

PPGLs are rare tumours and at least 30% are part of hereditary
syndromes (27). PPGLs have the highest reported degree of
heritability among all tumors. More than 20 germline mutations
are known to be associated with PPGLs (3), about half of patients
with metastatic disease harbour PPGLs susceptibility genes
mutations. Germline mutations are most commonly detected in
the SDHB, REarranged during Transfection (RET), von Hippel-
Lindau(VHL) and NeuroFibromatosis type 1(NF1) genes. SDHB
gene mutation are the most common SDHx mutations. The SDHB
gene mutation is autosomal dominant and is localized at 1q36-q35
with eight exons, encoding a tricarboxylic acid cycle regulator of the
mitochondrial complex II (27). The impairment of genes of the
Krebs cycle leads to the accumulation of the oncometabolites
succinate, fumarate, or 2-hydroxyglutarate. This in turn promotes
DNA hypermethylation, inactivation of tumor suppressor genes,
resulting in less hypoxia-inducible factor (HIF)-o. hydroxylation
and significantly lower HIF-o ubiquitination/degradation. This
causes HIF-o stabilization, mitochondrial DNA impairment,
collagen instability, and most likely an abnormal immune
microenvironment. Only 2 genetic investigations were
documented in the reported cases (15, 16). Wong, R. W
(15).reported a vaginal PGL in an 15-year-old girl with a
heterozygous deletion of exon 1 of the SDHB gene. Wang, Z
(16). investigated 36 most common mutated genes related to
PPGL through target sequencing, however, the results turned out
to be negative.

Although all PPGLs and all genotypes have a potential for
developing metastatic disease, mutations in the SDHB gene are
associated with the highest risk of metastatic disease (30-70%).
Therefore, SDHB mutations suggest that patients have a poor
prognosis and should be closely monitored (28, 29). An
appropriate follow-up program should be selected according to
the genotype of PGL patient. Patients with SDHB gene
mutations should be examined annually for blood pressure
and biochemistry and every 2 years for whole-body MRI (30).
A multicentric retrospective study indicated that early
knowledge of genetic status had a positive impact on the
management and clinical outcome of patients with a germline
SDHx or VHL mutations (31). Mutation testing for the SDHB
oncogene in all patients clinically diagnosed with PPGLs is
beneficial not only for the confirmation of diagnosis and
prognosis assessment of PPGLs patients but also for the early
diagnosis and early treatment of patients’ family members.
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Drug-targetable vulnerabilities of cancer cells include their dependence on heat
shock proteins (HSPs) to support elevated mitochondrial metabolism and
counteract cell death factors. The investigational new drug SHetA2 targets these
vulnerabilities in ovarian and endometrial cancer cells by disrupting complexes of
the mortalin HSP with its client proteins (mitochondrial support proteins, metabolic
enzymes, p53) leading to mitochondrial leakage of cytochrome ¢ and apoptosis-
inducing factor (AIF), and caspase-dependent apoptosis. Our objective was to
evaluate the roles of mitochondrial damage and another SHetA2-target HSP
protein, cytoplasmic heat shock cognate 70 (hsc70), in the mechanism of
SHetA2 killing of cervical cancer cells. Cervical cancer cells responded to
SHetA2 with excessive mitophagy that did not deter AIF leakage into the
cytoplasm. Then, hsc70 was unable to prevent cytoplasmic AIF nuclear
translocation and promotion of DNA damage and cell death, because SHetA2
disrupted hsc70/AIF complexes. The Cancer Genome Atlas analysis found that
overexpression of hsc70, but not mortalin, was associated with worse cervical
cancer patient survival. Use of specific inhibitors documented that AIF and
mitophagy, but not caspases, contributed to the mechanism of SHetA2-induced
cell death in cervical cancer cells. As validation, excessive mitophagy and lack of
caspase activation were observed in SHetA2-inhibited xenograft tumors.

KEYWORDS

cervical cancer, SHetA2, mitochondria, mitophagy, apoptosis inducing factor, heat
shock cognate 70, cell death, heat shock protein

Introduction

Globally, cervical cancer occurred in 570,000 women and caused 311,000 deaths in
2018 (1). This cancer is diagnosed primarily in middle-aged women in the age range
where women commonly have productive careers and dependent families. The vast
majority of cervical cancers are caused by high risk Human Papillomavirus (hrHPV) and
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subsequent genomic instability. HPV vaccines have reduced
cervical cancer incidence, especially in developed countries,
however further reduction is not likely to be seen in the next
decade due to low vaccination rates, emersion of rare oncogenic
HPV variants and lack of effect of vaccines on pre-existing
hrHPV infections. The standard of care therapy for cervical
cancer is based on combinations of radiation and chemotherapy.
These modalities are highly toxic and cause significant morbidity
(2, 3). Although recent FDA approvals have added immune-
based therapy to this armament, cervical cancer lags behind
most other cancers in having molecular-based drugs available
for therapeutic use.

Heat shock proteins (HSPs) are rational targets for
development of new cancer therapeutics because cancer cells
become dependent upon increased levels of HSPs to maintain
their unstably-elevated proliferative and metabolic states (4).
HSPs are categorized based on their molecular weights. The 70
Kd family of HSPs (HSP70s) consists of 14 members, which each
have unique and redundant functions throughout the cell (5).
The mortalin member of this family is localized throughout the
cells, but it’s primary location and function are in maintaining
mitochondrial health (5, 6). Increased levels of mortalin promote
carcinogenesis and cancer progression by supporting overactive
mitochondria and sequestering p53 in the cytoplasm away from
the mitochondria and nucleus where it can initiate apoptosis (7-
10). Mortalin has also been shown to support carcinogenesis and
cancer cells driven by rearranged during transfection (RET)
proto-oncogene, mutant Ras and Raf oncoproteins and MEK-
ERK signaling activity (11-13). These cancer supporting activities
include regulation of mitochondrial bioenergetics (13) and the
mitochondrial membrane potential transition pore (14, 15). The
investigational new drug, SHetA2, interferes with mortalin
support of cancer cells by disrupting mortalin complexes with
client proteins (16). Client proteins shown to be blocked from
binding mortalin by SHetA2 in endometrial cancer cells include
proteins involved in mitochondrial metabolism and calcium
import (17). The mitochondrial damage eventually leads to
mitochondrial release of cytochrome ¢, which activates caspases
to cause apoptotic cell death, and apoptosis-inducing factor
(AIF), which translocates to the nucleus and promotes DNA
damage and cell death (18). An important mortalin client protein
is p53, which when released from mortalin by SHetA2
translocates to the mitochondria and nucleus where it induces
apoptosis (8).

While the role of mortalin has been well established in the
mechanism of SHetA2-induced ovarian and endometrial cancer
cell death, the involvement of another SHetA2-binding HSP70
protein called heat shock cognate 70 (hsc70) (16) has not yet
been studied. The hsc70 family member has the potential to
interfere with the AIF-mediated mechanism of SHetA2-induced
cell death because it sequesters AIF in cytoplasm away from the
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nucleus (19). It is likely that the hrHPV-driven intracellular
environment of cervical cancer cells, which includes decreased
p53, cause them to respond differently to SHetA2 compared to
cells of other gynecologic cancers. A previous study
demonstrated the cell cycle regulatory mechanism of SHetA2
and its synergistic interaction with cyclin dependent kinase 4/6
inhibitors (20), however no studies have yet been done on the
mechanism of SHetA2-induced cell death of cervical cancer cells.

The objective of this study was to determine how cervical
cancer cells respond to, and eventually die, from SHetA2
treatment. The known deleterious effects of SHetA2 on
mitochondria in other cancers were evaluated in more depth
in cervical cancer cells and tumors. The hsc70 chaperone target
of SHetA2 was evaluated as a potential target for cervical cancer
treatment and for its role in the mechanism of SHetA2 killing of
cervical cancer cells. Specific molecular and cellular responses to
SHetA2 were tested for their roles as mediators of survival
versus death.

Results

SHetA2 inhibits mitochondrial function
and biogenesis in cervical cancer cells

Based on the essential roles of mortalin in the import of
nuclear-encoded mitochondrial proteins and maintenance
of mitochondrial function (9), and the SHetA2 disruption of
mortalin complexes in ovarian cancer cells (4, 5), we predicted
that SHetA2 damages mitochondria in cervical cancer cells. In
this study, SHetA2 effects on mitochondria were evaluated in
three human cervical cancer cell lines C-33 A, Ca Ski and SiHa
after 4 and 24 hours of treatment. As expected, SHetA2 reduced
mitochondrial membrane potential (MMP) in all cell lines in a
dose- and time-dependent manner (Figure 1A). SHetA2 also
reduced total cellular ATP to similar levels at 4 and 24 hours in
all three cell lines indicating decreased mitochondrial function
(Figure 1B). To assess mitochondrial dysfunction, flow
cytometric analysis of Mitosox was used to measure
mitochondrial ROS. The results showed that SHetA2 increased
mitochondrial ROS in all three cell lines, as well as the ME-180
and C-4-II human cervical cancer cell lines (Figure 1C;
Supplemental Figures 1A, B). SHetA2 effects observed in all
three cell lines using Mitotracker staining included reduction of
mitochondrial networking (Figures 2A, B) and mitochondrial
mass as measured by the ratio of Mitotracker to Hoechst nuclear
staining (Figure 2C; Supplemental Figure 1C). To better visualize
SHetA2 effects on mitochondria, we used transmission electron
microscopy (TEM) of SiHa cultures treated with 10 uM SHetA2
or vehicle for 4 hours or 8 hours (Figure 3A upper panel). At
both treatment times, SHetA2-treated cells had fewer
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SHetA2 induces mitochondrial depolarization and loss of ATP, (A): Relative fluorescence (RFU) of JC-1 dye, and ratios of JC-1 aggregate to
monomer expressed as mean + SD and analyzed using two-way ANOVA. (B), ATP levels in cells treated with SHetA2 (10 uM) or vehicle analyzed
using t-tests. (C), Representative histograms from Flow cytometric analysis of MitoSOX staining of cells treated with SHetA2 (10 pM) or vehicle
for 24 hours (left) and average (mean + SD) data of three independent experiments were analyzed by t-tests (right). **p < 0.01, ****p < 0.0001

when compared with respective control.

mitochondria, which were swollen (significantly greater length,
width, and total area) (Figure 3A), and increased autophagic
vesicles and chromatin condensation, in comparison to
controls (Figure 3A).

To evaluate the molecular mechanism of these mitochondrial
events, proteins were extracted from the cells and evaluated by
western blots. SHetA2 reduced mitochondrial proteins involved in
fusion (mitofusin 1/MFN1, mitofusin 2/MFN2, and long-form of
outcome predictor in acute leukemia 1/OPAIL), but not those
involved in fission (dynamin-related protein 1/Drpl) in the five
cell lines tested (Figure 3B). Exceptions were significant reduction
of Drpl in C-33 A, and lack of significant MFN-1 reductions in Ca
Ski and SiHa. The OPA1S isoform, which is dispensable for fission
under stressed conditions (21), was not reduced in any of the cell
lines except for C-33 A (Figure 3B). Taken together, these results
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demonstrate that mitochondrial biogenesis, fusion, and function
are disrupted by SHetA2 in cervical cancer cells.

Cells respond to SHetA2-induced
mitochondrial damage with mitophagy
that contributes to the mechanism of
cell death

Based on the observed mitochondrial damage, we predicted
that the cervical cancer cells respond by elevating mitochondria-
selective autophagy (mitophagy) (22) to eliminate the damaged
mitochondria and recycle the components. In concordance with
induction of mitophagy in SHetA2-treated cells, confocal
imaging demonstrated increased expression of the mitophagy
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SHetA2 reduces mitochondrial networking and mass: (A, B), Confocal imaging of MitoTracker™ Green staining of cells treated with 10 uM
SHetA2 (A, upper panel). Representative imaging of mitochondrial networks analyzed using Image J software (A, lower panel). Maximum
mitochondrial branch lengths were compared by t-tests (B). (C), C-33 A, Ca Ski and SiHa cervical cancer cells treated with 10 yM SHetA2 or
vehicle for 24 hours were stained with MitoTracker™ Green and Hoechst. The fluorescence was imaged and analyzed by using the
Operetta@"High Content Imaging System. Mitochondrial mass in cells treated with SHetA2 or vehicle for 24 hours were measured by ratios of
MitoTracker™ Green to Hoechst staining, presented as mean + SD and analyzed using t-tests. ****p < 0.0001 when compared with

respective control

marker Pinkl and its co-localization with the mitochondrial
marker (mitotracker red, Figure 4A and Supplementary Figure
2), in addition to colocalization of lysosome dye with
mitotracker (Figure 4B).

To confirm at the molecular level that SHetA2 caused
mitophagy, western blots of SHetA2-treated cultures were
stained for various molecular markers of autophagy
(microtubule-associated protein 1A/1B-light chain 3 (LC3)-II
to the LC3-I protein modification) and mitophagy (Pink-1 and
p62). In both Ca Ski and SiHa cells, SHetA2 induced increased
levels Pink-1, p62, and LC3-II/LC3-I ratios (Figure 5A). For
further validation of mitophagy, cytoplasmic- and
mitochondria-enriched fractions of the cell extracts were
collected and evaluated by western blot. In both Ca Ski and
SiHa cells, SHetA2 caused recruitment of Pinkl and phosho-
parkin (p-parkin, activated parkin) to mitochondria (Figure 5B).

Since mitophagy can serve as a cell survival function by
eliminating and recycling damaged mitochondria, or contribute
to the cell death by excessive depletion of mitochondria, we next
tested if inhibition of mitophagy increased or decreased SHetA2
sensitivities of Ca Ski and SiHa cell lines using Mdivi-1, a
selective cell-permeable inhibitor of mitochondrial division
DRP1 (dynamin-related GTPase) and mitochondrial division
Dynamin I (Dnml). Inhibition of mitophagy by Mdivi-1 was
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found to partially, but significantly, reduce SHetA2 mediated cell
toxicity (Figure 5C).

Ultimately, SHetA2 treatment
results in AlF-induced, caspase-
independent apoptosis

We next determined the mechanism of SHetA2-induced
cervical cancer cell death. SHetA2 induced caspase-dependent
apoptosis in ovarian, kidney, and lung cancer cells (23-26). As
expected and consistent with our previous SiHa xenograft study
(6), SHetA2 significantly induced caspase-3 activity in cervical
cancer cell lines (Figure 6A). Inhibition of caspase activity with a
pan-caspase inhibitor, as confirmed by caspase-3 assay
(Figure 6A), did not significantly alter SHetA2 cytotoxicity,
suggesting that SHetA2 works independently of caspase
activity in cervical cancer cell lines (Figure 6B).

To evaluate a potential alternate form of mitochondrial-
mediated death, SHetA2 effects on AIF localization and DNA
damage were evaluated. Immunofluorescence confocal imaging
documented that SHetA2 significantly increased AIF nuclear
localization and nuclear staining of YH2AX, as an indicator of
DNA damage (Figure 7A). Electron microscopy images
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FIGURE 3

SHetA2 alters mitochondrial morphology and downregulate mitochondrial dynamics proteins: (A), TEM of SiHa cells treated with SHetA2 (10 pM)
or vehicle for 4 and 8 hours. Representative images showing mitochondria (M), nucleus (N), nuclear condensation (NC) and autophagic vesicles
(V) are shown (A, upper panel). For the quantification of mitochondrial size, mitochondria with cristae structure were measured for length, width
and total area and compared by t-tests (A, lower panel). (B), Western blots of cells treated with DMSO or 10 uM SHetA2 for 48 hours (upper
panel). GAPDH (for C-33 A, Ca Ski, SiHa, and C-4-11), or cyclophilin B (for SiHa) or a.-tubulin (for ME-180) were used as loading controls (L.
Control). Densitometric analysis of the bands are shown as mean + SD and were compared using a t-test (lower panel). *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 NS-not significant when compared with respective control.

confirmed nuclear condensation in SHetA2-treated SiHa cells
(Figure 3A). siRNA reduction of AIF, confirmed by western blot
(Figure 7B), prevented SHetA2 induction of YH2AX (Figure 7B).
Metabolic viability assays confirmed reduction of SHetA2
potency and efficacy by AIF siRNA in Ca Ski and SiHa
(Figure 7C). Further, combined inhibition of both mitophagy
by Mdivi-1 and AIF by siRNA was found to significantly
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counteract SHetA2-mediated cell death in cervical cancer
(Figure 7D). These results document that SHetA2 treatment
ultimately results in cell death through mitophagy and AIF
migration from mitochondria to the nucleus where it causes
DNA damage. In contrast to other cancer types, caspase
activation is not required for the mechanism of SHetA2-
induced death in cervical cancer.
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Zoom

SHetA2 induces mitophagy in cervical cancer cells: (A, B), Mitophagy induction was demonstrated by confocal imaging of cervical cancer cells
treated with SHetA2 (10 puM) for 24 hours and stained with Pinkl (green) mitotracker red (red) and DAPI (blue) (A), or with MitoView green

(green) and Lyso Deep Red (red) dye (B)

Role of hsc70 in cervical cancer and the
SHetA2 cell death mechanism

Because hsc70 was identified as an SHetA2 binding protein
(16) and can prevent AIF nuclear localization (18), we predicted
that SHetA2 disrupts hsc70 binding to AIF. To test this
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possibility, we immunoprecipitated proteins from Ca Ski and
SiHa protein extracts using hsc70 or AIF antibodies and probed
the precipitates for the predicted binding proteins. Western blots
of the precipitates confirmed that hsc70 co-immunoprecipitated
with AIF and that AIF co-immunoprecipitated with hsc70, while
SHetA2 treatment of cells for 24-hours, prevented these co-
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NI

SHetA2 induced mitophagy contribute to cervical cancer cell death: (A), Western blot analysis of Ca Ski and SiHa cell treated with SHetA2 (10
pM) for 48 hours (left panel). Densitometric analysis of the bands (Pink-1, p62 and LC3-1l/LC3-I ratio) are shown as mean + SD and were
compared using a t-test (right panel). (B), Western blot analysis of cytoplasmic and mitochondrial fractions of Ca Ski and SiHa cell treated with
SHetA2 (10 uM) for 48 hours (left panel). Densitometric analysis of the bands are shown as mean + SD and were compared using a t-test (right
panel). (C), Cervical cancer cells were pre-treated with 10 uM Mdivi-1 for 4 hours followed by SHetA2 (10 uM) for 72 hours and MTT assay was

performed. ****p < 0.0001 when compared with respective control.

immunoprecipitations (Figure 8A). Taken together, these results
demonstrate that hsc70 may interfere with SHetA2-induced
nuclear ATF localization and DNA damage.

To evaluate the relevance of the SHetA2 hsc70 and mortalin
targets in cervical cancer, we probed The Cancer Genome Atlas
(TCGA) data using a public website (http://ualcan.path.uab.edu/
index.html). This analysis demonstrated significant mortalin
overexpression in cervical squamous cell carcinoma compared
to healthy tissue (p <0.0001), but this was not associated with
patient survival (Figures 8B). Although hsc70 elevation in cervical
squamous cell carcinoma was not statistically significant, there
was a significant association of high hsc70 expression with
reduced survival probability of patients (p = 0.01, Figures 8C).
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SHetA2 induces mitophagy in,
and inhibits growth of, Ca Ski
Xenograft Tumors

We next determined if these mitochondrial effects are also
caused by SHetA2 treatment in an animal model. Previously, we
demonstrated that oral administration of 60 mg/kg SHetA2
significantly inhibited the growth of SiHa cervical cancer
xenografts without inducing toxicity (6). In this study, two oral
doses (30 and 60 mg/kg/day) of SHetA2 induced a dose-
responsive reduction in Ca Ski xenograft tumor growth
(Figure 9A). The 60 mg/kg/day dose was statistically significant
for reduced tumor volume (ANOVA: p = 0.0360) and tumor
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FIGURE 6

SHetA2 inhibits metabolic viability of cervical cancer cell in caspase-independent manner: (A), Caspase 3 activity in cervical cancer cells treated
for 48 hours with vehicle, 10 uM SHetA2, or a combination of pan-caspase inhibitor (Z-VAD-FMK, 30 puM, pre-treatment for 3 hours) and
SHetA2. A one-way ANOVA was used for statistical analysis. (B), Representative dose response curves of C-33 A, Ca Ski and SiHa cells pretreated
with 30 uM of pan-caspase inhibitor (Z-VAD-FMK) for 3 hours followed by SHetA2 treatment at different doses for 72 hours. ***p < 0.001, ****p

< 0.0001 when compared with respective control.

weight (ANOVA: p = 0.0266) compared to controls. Consistent
with the caspase-independent nature of SHetA2 cell killing in
cervical cancer cell line cultures, SHetA2 did not significantly alter
cleaved caspase 3 expression in Ca Ski xenografts (Figure 9B).
TEM of tumors from the 30 mg/kg SHetA2 treated Ca Ski
xenografts revealed swollen mitochondria and accumulation of
autophagic vesicles (Figure 9C). The majority of autophagic
vesicles harbored mitochondria at various stages of degradation.
This observation indicates that SHetA2 induced mitochondria-
selective autophagy (mitophagy) in association with inhibition of
cervical cancer tumor growth.

Discussion

The results of this study demonstrate that SHetA2 Kkills
cervical cancer cells through a similar but, distinct mechanism
to that demonstrated in other cancer types. Similar to observations
in other cancer types, SHetA2 caused mitochondrial damage
which led to activation of caspases and AIF translocation to the
nucleus (17, 23-26). In contrast to the dependence on caspase
activity for SHetA2 cell killing of ovarian, kidney, and lung cancer
cells (21-24), the mechanism in cervical cancer cells occurred
independently of caspase activation as documented by a lack of
caspase inhibitor effect on SHetA2 cytotoxicity. Because cervical
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cancer cells are capable of undergoing caspase-dependent
apoptosis (27, 28), the caspase activation we observed in
SHetA2-treated cells could be contributing, but not required, for
SHetA2-induced cell death, because the SHetA2-induced
mitophagy and nuclear relocation of AIF could be
compensating for the inhibition of caspase activity (Figure 10).
The observation of SHetA2 induction of mitophagy had not
been evaluated in previous studies. The SHetA2-induced
mitophagy was observed in both cell culture and xenograft
tumors. In cell culture, the mitophagy was verified through
upregulation of autophagy markers and co-localization of
mitophagy-specific proteins with mitochondria and lysosomes.
In the xenograft tumors, the levels of mitophagy were excessive
with the vast majority of autophagic vesicles observed to contain
single mitochondria. Thus, it was not surprising to observe that
inhibition of mitophagy decreased the SHetA2 cytotoxicity. The
reason for the mitophagy contributing to the mechanism of cell
death instead of serving in a survival role is likely due to the
excessive nature of the mitophagy eliminating too many
mitochondria before more can be made. Combined inhibition
of mitophagy and AIF significantly reduced, but did not
completely eliminate SHetA2 cytotoxicity. Reasons for the lack
of complete prevention could be that the doses and treatment
times were not optimized and/or that other factors also

contribute to the mechanism of cell death.
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(D), cervical cancer cells were transfected with either si-CTL or si-AlF. Following pretreatment with Mdivi-1, transfected cells were treated with
SHetA2 at indicated concentration for 72 hours and MTT assay was performed. *p < 0.05, ***p < 0.001, ****p < 0.0001 when compared with

respective control

The lack of caspase dependency of SHetA2-induced cell death
in cervical cancer cells could be due to higher capacity of cancer
cells to induce mitophagy or higher dependency on hsc70.
Currently, it is not known if mitophagy or hsc70 play causative
roles in the reason why caspases are not required for SHetA2-
induced cell death in cervical cancer cells while they are required
in other cancer types. The mitophagy capacity of cervical cancer
compared to other cancer types has not been reported. TCGA
data probed with the ualcan.path.uab.edu website shows that
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cervical cancer does not express higher levels of HSPAS (gene
encoding hsc70) mRNA in comparison to other cancer types.
Cervical cancer is one of the 5 out of 32 cancers evaluated by
TCGA that have significant associations of high HSPA8 mRNA
expression with worse survival. The others are invasive breast
cancer, kidney renal clear cell carcinoma, liver hepatocellular
carcinoma and mesothelioma. Thus, it is possible that cervical
carcinogenesis involves development of dependency on hsc70
protein expression and that hsc70 contributes to the different
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Role of hsc70 in cervical cancer and SHetA2 mediated cell death mechanism: (A), Co-immunoprecipitation assays of cervical cancer

cells treated with 10 uM SHetA2 for 24 hours. (B, C), UALCAN analysis of TCGA data for expression of mountain (HSPA9, B) and hsc70
(HSPAS8, C upper panel) mRNA in cervical squamous cell carcinoma (CESC) compared to healthy tissue and comparison of their high
versus low expression with cervical squamous cell cancer patient survival probability (lower panel B, C).

response of cervical cancer cells to SHetA2 in comparison to other
cancers. Studies of hsc70 are technically complicated by the 85%
homology between hsc70 and HSP70 and cross-reactivity of
antibodies to these proteins. (16)

In preclinical studies, SHetA2 was shown to act
synergistically with a p53 reactivator in ovarian cancer (8) and
with a CDK4/6 inhibitor in cervical cancer (20). These drug
combination studies were pursued based on knowledge of the
mechanism of SHetA2 as a single agent in cancer cells. The
observation in this study that the SHetA2 cell killing mechanism
is distinct in cervical cancer cells indicates that the efficacies of
drug combinations may differ depending on the cancer type.
Knowledge of drug toxicities are also important to take into
consideration in designing drug combination trials. One-month
long toxicity studies in rats and dogs documented that SHetA2
does not cause toxicity at doses 50 fold higher than doses which
reduced tumor growth in rodent models (29). The potential for
SHetA2 to be used in prevention studies is supported by its lack
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of mutagenicity, carcinogenicity, and skin irritancy (30-32). The
preclinical SHetA2 drug combination studies conducted to-date
observed no significant toxicities in any of the drug treatment
groups (8, 20).

Future directions

Currently, an oral capsule formulation of SHetA2 is being
evaluated in a first-in-human Phase 1 clinical trial of advanced and
recurrent, ovarian, cervical and endometrial cancers (clinicaltrials.gov:
NCT04928508). Pending determination of a safe recommended
phase 2 dose in this trial, SHetA2 combination studies can be
pursued. The caspase-independence of the SHetA2 mechanism
observed in this study, suggest that SHetA2 combinations with
drugs that act via caspases may be worth evaluating, while drugs
that inhibit mitophagy or upregulate hsc70 would not be good
choices for SHetA2 drug combination studies.
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SHetA2 induces mitophagy and inhibits growth of cervical cancer tumor in-vivo: (A), Average tumor volumes of Ca Ski xenograft in mice treated
with orally SHetA2 (30 and 60 mg/kg) or vehicle for 21 days. The average tumor volume during the treatment period (left panel) and tumor
weight (right panel) were compared by two-way and one-way ANOVA, respectively. (B), expression of cleaved caspase-3 was measured on the
xenograft tumor tissue treated with SHetA2 (60mg/kg group) or control by Immunohistochemistry and the representative images are shown
(left panel). The H score was compared between both groups by using Student’s t-tests (right panel). (C), TEM images of Ca Ski xenograft
tumors control or 30 mg/kg/day SHetA2 treatment groups. *p < 0.05, **p < 0.01, ***p < 0.001, ns; not significant when compared with

respective control.

The minimal-to-no toxicity observed for SHetA2 to date
support further development of SHetA2 as a chemoprevention
drug and food additive. Women diagnosed with cervical
intraepithelial neoplasia 3 (CIN3) have significant risk of
developing cervical cancer and the standard of care for these
patients is to have their cervical lesions removed by a loop
electrosurgical excision procedure (LEEP), large loop excision of
the transformation zone (LLETZ) or cold-knife conization (33).
Depending on the Country, women diagnosed with CIN 2 are
triaged to either active surveillance or one of these surgical
procedures (34). Many women who are triaged to active
surveillance feel anxiety about their risk of developing cervical
cancer (35). The LEEP/LLETZ/conization procedures are only
partially effective as there remains significant risk for future
development of neoplasia (36) and cancer (37), especially in
hrHPV positive women (38). Furthermore, these surgical
procedures cause increased risk of worse obstetrics and
neonatal outcomes for those pursuing reproduction after the
procedure (39). This situation provides an opportunity to apply
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SHetA2 as a means to prevent progression of CIN to cancer.
Cancer prevention studies of SHetA?2 are justified by preclinical
studies that documented the ability of SHetA2 to prevent
development of the abnormal cancerous phenotype in
organotypic cultures of endometrial epithelial cells (40) and in
an animal model of colorectal cancer (41). A vaginal suppository
formulation of SHetA2 has been developed, which could apply
drug directly to the CIN lesion and avoid potential systemic side
effects (42-45).

SHetA2 has been shown to bind three related HSP70
proteins, mortalin, Grp78 and hsc70 (16). While the role of
mortalin in the mechanism of SHetA2 has been extensively
studied (6), this is the first study to evaluate SHetA2 effects on
hsc70. The observation that SHetA2 disrupts hsc70/AIF
complexes suggests that, in addition to SHetA2 disruption of
mortalin complexes, its disruption of hsc70 and potentially
Grp78 complexes could contribute to the mechanism of
SHetA2 cytotoxicity. Detailed studies are needed to determine
which disruptions contribute to the cytotoxicity, which may
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Model of SHetA2 mechanism of causing cervical cancer cell death.

counteract the cytotoxicity and/or which may have no effect.
This knowledge would be valuable for the development of
improved SHetA2 analogs with refined binding profiles to
maximize the cytotoxicity while avoiding increased non-
specific toxicity. The observation that elevated hsc70 is
associated with reduced cervical cancer patient survivability
suggest that hsc70 is a relevant target for cervical cancer drug
development that warrants further study.

Materials and methods

Cell lines, culture conditions,
and chemicals

Authenticated HPV-positive SiHa (RRID : CVCL_0032), Ca
Ski (RRID : CVCL,_1100), ME-180 (RRID : CVCL,_1401), C-4-II
(RRID : CVCL_1095), and HPV-negative C-33 A (RRID :
CVCL_1094) cell lines were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA) within the last
three years and used within 20 passages when verified as
mycoplasma-free. All the cell lines were authenticated by
ATCC. SiHa, Ca Ski and C-33 A cancer cells were grown in
RPMI 1640 medium (R8758, Sigma-Aldrich, Saint Louis, MO,
USA), C-4 II cells were grown in Waymouth’s medium (#
11220035, Fisher Scientific) and ME-180 cells were grown in
McCoy’s 5A Medium (#30-2007, ATCC). All the media were
supplemented with 10% fetal bovine serum (Serum Source
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. SHetA2 disrupts mortalin support of cancer mitochondria leading to swelling, damage and release of cytochrome C and AIF

- Cytochrome C

2C. Cytochrome C release leads to
apoptosome formation and activation of
caspases activation, which is not needed
for SHetA2-induced cell death.

Cytochrome C

!

International- FBS17712) and 1% Antibiotic-Antimycotic
Solution (ABL02- 100X, Caisson Labs, Smithfield, UT, USA).
All experiments were performed with mycoplasma-free cells.

SHetA2 compound synthesized by K. Darrell Berlin at
Oklahoma State University as published previously for product
15c in (46) was used in tissue culture studies. For all the cell
culture studies, a 10 mM stock solution of SHetA2 was dissolved
in dimethylsulfoxide (DMSO, Neta Scientific, Hainesport, NJ,
USA). Untreated control cultures were treated with the same
final volume of DMSO administered to the treated cultures. For
in vivo studies, SHetA2 synthesized in bulk by the US National
Cancer Institute RAID Program was suspended in 30%
Kolliphor HS 15 (SigmaAldrich, Merck, Darmstadt, Germany)
in water for use in the animal model. Untreated control animals
were gavaged with the same volume of 30% Kolliphor HS 15
given to the treated animals.

Mitochondrial membrane potential assay

Alterations in the MMP were determined using the MMP assay
kit (ab113850; Abcam, Cambridge, MA, USA), which utilizes the
JC-1 fluorescent dye (5',6,"-tetrachloro-1,1',3,3’
tetraethylbenzimidazolyl carbocyanine iodide) as described by the
manufacturer’s instruction. In brief, cervical cancer cells (1.5 x 10*
cells/well) were seeded onto 96-well black plates (#¥NC1463153,
Perkin Elmer, Waltham, MA, USA). Following SHetA2 treatment
over a range of times, cells were probed with JC-1 (20 uM) for 20
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min at 37°C and washed twice. Fluorescence intensity was
measured using a microplate reader for aggregates (excitation at
535 nm and emission at 590 nm) and monomer (excitation at and
475 nm and emission at 530 nm). Change in MMP (Ay,,) was
calculated as the ratio of J-aggregates to J-monomers. Depolarized
mitochondria are indicated by decreased (Ay,y, ).

ATP assay

CellTiter-Glo 2.0 Luminescent Cell Viability Assay (#G9241,
Promega, Madison, WI, USA) was used and manufacturer’s
instructions were followed to measure total cellular ATP levels.
Briefly, human cervical cancer cells were seeded into 96-well
plates at a density of 1 x 10* and allowed to attach overnight
followed by SHetA2 treatment for desired time. Afterwards, cells
were incubated with CellTiter-Glo reagent and lysed. The
luminescence signal was measured using a SYNERGY H1
microplate reader (BioTek, Winooski, VT, USA).

Mitochondrial ROS

Mitochondrial ROS were measured using MitoSOX
(Invitrogen) staining. Cervical cells were treated with SHetA2
for 24 hours followed by incubation with MitoSox Red (2.5 uM)
for 30 min at 37°C. Data were acquired with a FACS Calibur (BD
Biosciences) and analyzed with Flow Jo analytical software.

Confocal microscopy for
mitochondrial morphology

To assess mitochondrial morphology, cells were stained with
MitoTracker Green FM (M7514, Invitrogen, USA).
Approximately 6-8 x 10° cells were plated on chambered
slides and treated with SHetA2 for 24 hours. Then, the cells
were stained with 100 nM Mitotracker " Green FM (Invitrogen)
for 30 min at 37°C; after three times washing with PBS, the cells
were incubated with 0.1 pug/mL Hoechst. Again, cells were
washed twice with PBS and warm medium was administered.
Live cell images were acquired with a 63X objective using a Zeiss
Axio Observer. Z1 (Goéttingen, Germany).

Analysis of mitochondrial mass

To assess the mitochondrial mass, approximately 6-8 x 10
cells were plated on 96-well black plates (#NC1463153, Perkin
Elmer, Waltham, MA, USA) and treated with SHetA2 or vehicle
for 24 hours. Then, the cells were stained with Mitotracker
Green FM (100 nM, Invitrogen) for 30 min at 37°C; after three
times washing with PBS, the cells were incubated with 0.1 pg/mL
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Hoechst. Then cells were washed twice with PBS and images
were captured with the Operetta High Content Imaging System
(Perkin Elmer, Waltham, MA, USA). Quantification of staining
was done using Harmony Software (Perkin Elmer) to determine
mitochondrial mass by the intensity of Mito Tracker green.
Numbers of cells were determined by the number of nuclei as
detected with Hoechst 33342 staining. The mitochondrial mass
measurements were normalized to number of cells.

Transmission electron microscopy

SiHa cells grown in tissue culture in the presence or absence
of 10 uM SHetA2, or solvent only, for 4- or 8-hours were fixed
overnight at 4°C in 4% paraformaldehyde/2% glutaraldehyde in
0.1M Cacodylate buffer, then post-fixed with 1% OsO4 for one
hour. Sample dehydration was performed using graded ethanol
and propylene oxide prior to infiltration with Epon/Araldite
resin, embedding, and polymerization. Ultrathin (~90nm)
sections were cut on a Leica Ultramicrotome and placed on
300 mesh copper grids. Grids were stained with lead for contrast
using a standard protocol (Sat. Uranyl Acetate for 30 minutes)
and Lead Citrate for 15 minutes). Sections on the grids were
visualized using a Hitachi H-7600 Transmission Electron
Microscope (at 80 kV).

Xenograft tissues generated as described in xenograft study
were processed similarly except for a addition of dehydration
step with acetone and propylene oxide.

Western blot analysis

Whole-cell protein extracts of treated and control cervical
cancer cells were isolated using the M-PER Mammalian Protein
Extraction Reagent (#78501Thermofisher scientific, Waltham, MA,
USA) supplemented with 1% phosphatase inhibitor cocktail
(#4906845001 Sigma-Aldrich) and 1% protease inhibitor cocktail
(#5892791001, Sigma-Aldrich). Mitochondria and cytoplasm-
enriched fractions were isolated using Mitochondria/Cytosol
Fractionation Kit (# ab65320, Abcam) according to the
manufacturer’s protocol. Protein concentrations were determined
using the BCA assay reagent (#23225 Thermofisher scientific,
Waltham, MA, USA). Equal amounts of protein lysates (30ug
protein) were electrophoresed into a 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel (Bio Rad,
California, USA), and then transferred to polyvinylidene
difluoride (PVDF) membrane (Bio Rad, California, USA) using a
Trans-Blot® Turbo' "~ Transfer System. The membranes were
blocked with Tris Buffered Saline with 0.1% v/v Tween-20
(TBST) containing 10% dry skim milk for 1 hour at room
temperature. Subsequently, membranes were probed with the
primary antibodies overnight at 4°C. Primary antibodies; DRP1
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(#5391), OPA1 (#80471), MEN1 (#14739), MEN2 (#11925), LC-
3A/B (#12741), Cleaved Caspase-3 (#9664), AIF (#4642), YH2AX
(#2577), Pinkl (#6946), Parkin (2132), VDAC (#4661), LC3A/B
(#12741), P62/SQSTM1, GAPDH (#5174), a-Tubulin (#2125),
Cyclophilin B (#43603) were purchased from Cell Signaling
Technology. AIF (MA5-15880) and phospho (Ser65) Parkin
(orb312554) antibodies were purchased from Thermo Fisher
Scientific and Biorbyt, respectively. The primary antibody to
hsc70 [EP1531Y] (ab51052) was purchased from Abcam. After
three times washing with TBST, the membranes were incubated
with horse radish peroxidase (HRP) conjugated anti-rabbit IgG
(1:5000) or anti-mouse IgG (1:6000) for 45 min at room
temperature followed by additional washing. After washing,
protein bands were detected using the Enhanced
Chemiluminescence (ClarityTM Western ECL Substrate
#1705060S, BioRad, Hercules, CA, USA) and the Chemidoc
Touch Imaging System (Bio Rad, Hercules, CA, USA) according
to the manufacturer’s instructions. GAPDH/cyclophilin B or o
tubulin was used as loading controls. Densitometric analysis was
performed using Image Lab software (BioRad, Hercules, CA, USA).

Cell viability Assay

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-
yl)-2, 5-diphenyl-tetrazolium bromide assay (MTT assay; #G4100,
Promega Madison, WI, USA). Briefly, cells were harvested from
culture dishes using 0.05% trypsin-0.02% EDTA, and cultured
overnight in 96 well plates at densities of 4 000 cells/well. Then
cells were treated with 0 - 10 uM of SHetA2 for 24- or 72-hours
followed by addition of MTT solution (15ul). After a 2-hour
incubation in the presence of MTT solution, solubilizing or STOP
solution was added and the culture plate was incubated overnight.
The optical density (OD) was measured at a wavelength of 570 &
620 nm using a BioTek Synergy H1 Micro Plate Reader and Gen5
2.09 Software. The average ODs of triplicate treatments were
normalized to the average ODs of the cultures treated with
DMSO solvent only. Prism 8 software (GraphPad, San Diego,
CA, USA) was used to plot the normalized ODs against the
SHetA2 concentrations used and to derive the half maximal
inhibitory concentrations (ICsgs/potencies), and efficacies
(maximal percent growth inhibition activities) using nonlinear
regression. For each cell line, experiments were performed in
triplicate and repeated 2-3 times with consistent results.

Caspase-3 activity assay

Caspase-3 activity was measured using Caspase 3, Caspase 8, and
Caspase 9 Multiplex Activity Assay Kit (Fluorometric#ab219915,
Abcam, Cambridge, MA, USA). Briefly, 1.5 X 10* cells were seeded
in 96-well black plate for overnight and treated with SHetA2 (10 uM)
for 48 hours. Then Caspase 3 substrate was added to each well and
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the plate was incubated at room temperature for 60 minutes in dark.
The fluorescence intensity was measured with using a Bio-tek
Synergy H1 Micro Plate Reader and Gen5 Software at Ex/Em of
535/620 nm for caspase-3.

Immunofluorescence microscopy

Expression and/or localization of AIF, YH2AX and PINKI
were investigated by immunofluorescence microscopy. In brief,
approximately 6-8000 cervical cancer cells were seeded on 8-
chambered slides, and treated with SHetA2 or vehicle for 24
hours. Then the cells were fixed with 4% paraformaldehyde and
permeabilized with 0.1% TritonX-100 in PBS. Following
blocking with 4% BSA in PBS, cells were incubated with and
MitoTracker ™ Red CMXRos (#M7512, Thermo Fisher
Scientific) for 45 minutes and then by primary antibodies for
AIF (#MA5-15880, Thermo Fisher Scientific) or YH2AX or
PINK1 at 1:100 dilutions in 1% BSA-PBS for overnight. After
washing, cells were stained with Alexa Fluor 488-labeled
secondary antibody for 1 hour. DAPI (blue) was used to stain
the nucleus. Cell images were acquired with a 63X objective
using a Zeiss Axio Observer Z1 (Goéttingen, Germany). For
mitophagy detection, cervical cancer cells treated with SHetA2
or DMSO were stained with LysoTrackerTM Deep Red (#112492,
Thermo Fisher Scientific) and MitoTracker ™ Green FM, and
live-cell imaging was performed with a 63X objective using a
Zeiss Axio Observer Z1 (Gottingen).

Co-immunoprecipitation assay

For the co-immunoprecipitation assay, cervical cancer cells
were treated with SHetA2 or vehicle for 24 hours and protein
isolates were collected with M-PER. Approximately 500 g of
protein lysate was incubated with agarose beads (already coupled
with 10 pug of hsc70 or AIF antibodies per manufacturer protocol
of PierceTM Crosslink IP kit, ThermoFisher Scientific # 26147)
overnight at 4°C. Then beads were washed with buffer provided
in the kit and the immuno-precipitated complexes were
collected, re-suspended in sample buffer and heated for 5 min
at 95°C. The co-immunoprecipitation of client proteins was
detected by Western blot analysis using equal volumes of
immuno-precipitated proteins.

Xenograft study

The animal study was approved by the University of
Oklahoma Health Sciences Center Institutional Animal Care
and Use Committee (IACUC Protocol #19-009-CHI). After an
acclimation period of two weeks, female athymic Hsd : Athymic
Nude-FoxnInu mice (four-week old, ENVIGO, Alice, TX, USA)
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were subcutaneously injected with 5 x 10° Ca Ski cells suspended
in 1x phosphate buffered saline (PBS). Tumor sizes were
measured thrice per week with calipers. Once the tumors
achieved ~200 mm? average tumor volume ([width? x length]/
2), mice were randomized into 3 animals/treatment group based
on tumor volume so that there were no significant differences
between the groups (ANOVA, p > 0.05) and treatment was
initiated. SHetA2 was orally administered daily for 21 days at
doses of 30 mg/kg and 60 mg/kg while the control group was
gavaged with placebo (30% Kolliphor HS 15 in water). At the
end of the study period, animals were sacrificed. Tumors were
collected and weighed at the time of necropsy. Tumors in the 30
mg/kg/day dose group were fixed for transmission electron
microscopy analysis. Tumors in the 60 mg/kg/day dose group
were fixed for immunohistochemical staining.

Statistical analysis

All the experiments were independently repeated at least twice
or thrice and in triplicate wherever applicable. Data are expressed
as mean + standard deviation (SD) for experimental replicates and
standard deviation of the mean (SEM) for biological replicates.
The t-test and ANOV A were used to make comparisons between
two groups or multiple groups, respectively. In situations where
the data was not normally distributed, the Mann-Whitney test or
Kursal-Wallis test, were used for two groups or multiple groups,
respectively P <0.05 was considered statistically significant.
Statistical analyses were done using GraphPad Prism 8 or 9
Software (GraphPad Software Inc., La Jolla, CA, USA).
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SUPPLEMENTARY FIGURE 1

SHetA2 induces mitochondrial ROS in cervical cancer cells: (A, B), ME-180
and C-4-Il cervical cancer cells were treated with 10 pM SHetA2 or
vehicle for 24 hours followed by MitoSOX staining and analyzed by flow
cytometry. Representative staining histogram depicting % MitoSOX
positive cells are shown (left panel). Bar graphs (right panel) show the
mean +SD of three independent experiments and a t-test was used for
statistical analysis. (C), C-33 A, Ca Ski and SiHa cervical cancer cells
treated with 10 uM SHetA2 or vehicle for 24 hours were stained with
MitoTracker™ Green and Hoechst. The fluorescence was imaged and
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Endometrial carcinoma (EC) is the most diagnosed gynecological malignancy
in Western countries. Both incidence and mortality rates of EC have steadily
risen in recent years. Despite generally favorable prognoses for patients with
the endometrioid type of EC, a subset of patients has been identified with
decreased progression-free survival. Patients in this group are distinguished
from other endometrioid EC patients by the presence of exon 3 hotspot
mutations in CTNNBI, the gene encoding for the B-catenin protein. B-
catenin is an evolutionarily conserved protein with critical functions in both
adherens junctions and Wnt-signaling. The exact mechanism by which exon 3
CTNNB1 mutations drive EC progression is not well understood. Further, the
potential contribution of mutant B-catenin to adherens junctions’ integrity is
not known. Additionally, the magnitude of worsened progression-free survival
in patients with CTNNB1 mutations is context dependent, and therefore the
importance of this subset of patients can be obscured by improper
categorization. This review will examine the history and functions of -
catenin, how these functions may change and drive EC progression in
CTNNB1 mutant patients, and the importance of this patient group in the
broader context of the disease.

KEYWORDS

endometrial cancer, B-catenin, tumor progression, cell adhesion, Wnt-signaling

Introduction

Endometrial carcinoma (EC) is the most common gynecological cancer in the
industrialized world. EC poses a unique challenge, as incidence and mortality rates
continue to rise despite many other major cancer types declining in recent years (1). An
estimated 65,950 new cases and 12,550 deaths are predicted to arise in 2022. Strikingly,
endometrial cancer mortality likelihood has risen from a 0.3% chance from 1997-2008 to
a 1.9% chance from 2008-2018 (1). Endometrial cancer is primarily defined by two
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histological subtypes, endometrioid and non-endometrioid,
where endometrioid EC comprises approximately 80% of cases
(2). Endometrioid endometrial cancers (EEC) are characterized
by being low grade and having glandular histology resembling
the normal endometrium. EEC is associated with intrinsic risk
factors like obesity and excess estrogen and presents at a low
stage at the time of diagnosis. Further, endometrial hyperplasia
can be a precursor for EECs. Conversely, non-endometrioid
endometrial cancers are far less common and not typically
associated with environmental or life-style related risk factors.
These cancers tend to be more aggressive, presenting with higher
stage and higher grade non-endometrioid histological types
including serous and clear cell histology.

Endometrioid and non-endometrioid endometrial cancers
have different mutational signatures. Endometrioid cancers have
a broader mutational spectrum than non-endometrioid cancers.
Alterations in the PI3K/Akt/mTOR pathway, Wnt/B-catenin
pathway, and mismatch repair genes are common in EEC
while TP53 mutations dominate non-EECs (3). Within the
PI3K/Akt/mTOR pathway, the negative regulator PTEN is
frequently mutated, as well as PIK3CA, the catalytic PI3K
subunit. In addition to mutations in the PI3K/Akt/mTOR
pathway, a subset of endometrioid cancers also harbor
mutations in CTNNBI, which encodes for the Wnt-signaling
protein B-catenin. More broadly, endometrial cancer can be
divided into four molecular subtypes, as determined by The
Cancer Genome Atlas: POLE (ultramutated), MSI-high
(hypermutated), Copy-number low, and Copy-number high
(4). The POLE, MSI-high, and Copy-number low molecular
subtypes most often correspond with an endometrioid histology.
Conversely, the Copy-number high molecular subtype are nearly
all serous histology. Endometrioid cases with CTNNBI
mutations are most often classified as Copy-number low,
though some are classified as MSI-high.

Mutations in CTNNBI occur early in endometrial cancer
pathogenesis, as evidenced by P-catenin dysregulation in
atypical hyperplasia (5, 6). Further deletion of exon 3 of
CTNNBI in a murine model drives endometrial hyperplasia
(7). Additional investigations found that PTEN loss coupled with
activation of B-catenin through Wnt-signaling led to an earlier
onset and more aggressive endometrial cancer in a mouse model
(8). This suggests CTNNBI mutations may drive endometrial
cancer progression.

Wht-signaling is a core developmental pathway important
for cell proliferation and migration. B-catenin is a critical protein
for canonical Wnt-signaling. Activation of Wnt-signaling allows
[B-catenin to evade the negative regulation of a cytoplasmic
destruction complex promoting B-catenin translocation to the
nucleus and activation of Wnt target genes (Figure 1).
Alterations to B-catenin or destruction complex members are
implicated in numerous cancers, namely colon and endometrial
cancer (9). However, B-catenin also serves an important
function at the adherens junctions, linking E-cadherin at the

Frontiers in Oncology

49

10.3389/fonc.2022.1009345

cell membrane to the actin cytoskeleton through o-catenin. The
goal of this review is to examine the function of B-catenin as
both a signaling and adhesion protein and explore how
mutations may impact endometrial cancer progression.

B-catenin: History and structure

[-catenin is an evolutionarily conserved protein encoded by
the CTNNBI gene that was first identified in the late 1980s as a
binding partner of uvomorulin, later shown to be E-cadherin
(10). Immunoprecipitation experiments uncovered three
independent proteins bound to uvomorulin, subsequently
named alpha-, beta-, and gamma-catenin. Concurrently,
B-catenin was identified as a homolog of the mammalian
protein plakoglobin, which itself is a homolog of the
Drosophila Armadillo gene that regulates developmental
polarity (11). Additional work in Drosophila identified the
polarity gene, Wingless, regulates the levels of Armadillo (12).
This finding began to uncover the role of B-catenin as both a
signaling protein and a cell adhesion component.

In higher organisms B-catenin has two primary functions, in
adherens junctions and as a member of the canonical Wnt-
signaling pathway. The structure of 3-catenin enables multiple
functions within the cell (Figure 2). In 1996 it was discovered
that B-catenin can conduct both signaling and adhesion
functions through partner binding to separate regions of the
protein (13) (Figure 2). The B-catenin protein is comprised of
three domains: an N-terminal domain, a C-terminal domain,
and a central domain comprised of 12 Armadillo (Arm) repeats.
The N-terminus contains binding sites for proteins within a
destruction complex that signals B-catenin for degradation. The
C-terminus end serves as a binding site for members of the TCF/
LEF family of transcription factors in the nucleus (14). Binding
partners for both the N-terminus and C-terminus are important
for Wnt-signaling function (Figure 2). The central Arm repeats
form a highly conserved region sharing homology with other
Armadillo family proteins. This region is made up of 12
repeating segments that form a super-helix structure with a
large positively charged groove. The Arm region is the site of
E-cadherin binding making this area critical for B-catenin
function at the adherens junctions. Each region of the j3-
catenin protein allows for a unique set of binding partners to
carry out numerous functions in the cell (Figure 2).

Beyond protein structure, specific amino acid residues also
regulate the multiple functions of B-catenin. At the adherens
junctions, E-cadherin interacts with 3-catenin throughout most
of the Arm region, but the core binding regions are Arm repeats
5-9 and 11-12. Within repeats 5-9 are amino acids K312 and
K435, which are necessary for E-cadherin binding (15).
o-catenin binds B-catenin primarily in the first Arm repeat.
This binding interaction disrupts the Arm repeat near Y142 and
D144 to create a hinge where both o.-catenin and E-cadherin can
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FIGURE 1
Schematic overview of canonical Wnt signaling. In the absence of a Wnt ligand, cytoplasmic B-catenin is phosphorylated in a multi-protein
destruction complex comprised of scaffolding proteins Axin and APC and kinases GSK3p and CK1. Phosphorylation by the destruction
complexes induces poly-ubiquitination of B-catenin and subsequent degradation by the proteasome. Upon Wnt ligand binding to the Frizzled
receptor and LRP5/6 co-receptor, proteins in the destruction complex are recruited to the cell membrane, rendering the complex inoperative.
Cytoplasmic B-catenin can now escape degradation and translocate to the nucleus, where it binds the TCF/LEF family of transcription factors
and initiates target gene transcription.

bind B-catenin at the same time. One residue important for - Within the N-terminus, the stretch of amino acids 32-45
catenin regulation at the adherens junction is Y654. contains residues critical for B-catenin regulation in Wnt-
Phosphorylation of Y654 by Src obstructs E-cadherin binding signaling. S45 is phosphorylated by CK1 priming this region
and greatly reduces the affinity of E-cadherin for 3-catenin (16). for phosphorylation of $33, S37, and T41 by GSK-3P.
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FIGURE 2
B-catenin protein domains and primary binding partners. 3-catenin is comprised of an approximately 150-amino-acid N-terminal domain, a
525-amino acid central Armadillo domain containing 12 Arm repeats, and an approximately 100-amino acid C-terminal domain. The N-terminus
is the site of GSK3p and CK1 phosphorylation, as well as partial o.-catenin binding. The Armadillo domain contains overlapping binding sites for
o.-catenin, E-cadherin, Axin, APC, and the TCF/LEF transcription factors.

Frontiers in Oncology frontiersin.org


https://doi.org/10.3389/fonc.2022.1009345
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Parrish et al.

Phosphorylation by CK1 and GSK-3f are required prerequisites
for ubiquitination and therefore regulate 3-catenin levels in the
cytoplasm (17). In addition to the N-terminus, phosphorylation
in the C-terminus and Armadillo domain is important for B-
catenin stabilization and activation of transcription. S675 can be
phosphorylated by protein kinase A (PKA), inhibiting
ubiquitination thereby stabilizing B-catenin (18). Additionally,
phosphorylation of S552 by AKT can divert -catenin from the
adherens junctions to the cytoplasm and nucleus where it can
bind to 14-3-3 { and increase transcriptional activity (19).

B-catenin: Duality of functions

Another important determinant of B-catenin functionality is
protein localization within the cell. B-catenin is localized to the
plasma membrane when bound to E-cadherin at the adherens
junctions. Additionally, B-catenin resides in the cytoplasm
where it can translocate to the nucleus during Wnt-signaling
(Figure 1). These functions are seemingly independent of one
another, as they occur by different binding interactions and
subcellular locations (20).

Adherens junctions are cadherin- and catenin-based
junctions that promote cell-cell adhesion. Adherens junctions
are present on polarized epithelia and are important for cells to
respond to extracellular signals and changes in force. They are
dynamic junctions that form and re-form in response to
extracellular signals. At the membrane, B-catenin is bound to
the cytoplasmic tail of E-cadherin, a Ca2+ dependent
transmembrane protein expressed in epithelial cells (21). The
extracellular portion of E-cadherin can associate with other
cadherins on adjacent cells. E-cadherin bound [-catenin binds
o-catenin in the cytoplasm linking the AJ to the actin
cytoskeleton of the cell. B-catenin and E-cadherin associate in
the endoplasmic reticulum after being synthesized and then
translocate together to the plasma membrane (22). Once at the
membrane B-catenin and o-catenin can associate together with
the actin cytoskeleton.

The other important function of PB-catenin is in the Wnt-
signaling pathway (Figure 1). Wnt-signaling is a developmental
pathway important for establishing polarity in embryogenesis,
inducing stem cell differentiation, and regulating adult cell
proliferation and migration (23). Wnt-signaling can proceed
through the canonical or non-canonical pathway. [B-catenin
functions in canonical Wnt-signaling to regulate gene
transcription (24). The Wnt-signaling cascade is turned on by
the Wnt family of secreted glycoproteins that contains 19
mammalian members. In the absence of a Wnt-signal, the pool
of B-catenin in the cytoplasm is regulated by a multiprotein
destruction complex (25). The destruction complex is comprised
of many proteins, but the foundational members are Axin,
Adenomatous Polyposis Coli (APC), Glycogen synthase kinase-
3-beta (GSK3P), and casein kinase 1 (CK1). Axin is a large
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scaffolding protein upon which other destruction complex
proteins can dock including the serine/threonine kinases GSK3[3
and CK1. Unbound B-catenin in the cytoplasm is targeted by the
destruction complex. CK1 first “primes” P-catenin by
phosphorylating S45. Next, GSK33 can phosphorylate S33, S37,
and T41. Phosphorylation at the N-terminus of B-catenin creates
a docking site for B-TRCP1, a member of the SCF family of E3
ubiquitin ligases. This E3 ligase recruits an E2 ligase, which
polyubiquitinates B-catenin at K19 and K49, and leads to
subsequent protein degradation by the proteasome (25). In this
way, levels of 3-catenin in the cytoplasm are kept consistently low
in the absence of Wnt signaling (Figure 1).

When the Wnt-signaling pathway is turned on, Wnt ligand
binds to the Frizzled (Fz) receptor at the cell membrane. The G-
protein coupled receptor Fz is a seven transmembrane protein
that is linked to the low-density-lipoprotein-related protein 5/6
(LRP5/6) co-receptors to carry out canonical Wnt-signaling.
Upon ligand binding to Fz, the Disheveled (Dvl) phosphoprotein
is recruited from the cytoplasm to bind the Fz receptor. The
formation of this complex causes dissolution of the destruction
complex by recruiting the Axin scaffolding protein to the plasma
membrane where it docks on the cytoplasmic tail of the LRP5/6
co-receptor. After Axin docking, LRP5/6 can be phosphorylated
by CK1 or GSK3p, further strengthening the destruction
complex recruitment to the membrane (23). Once the
destruction complex is disassembled and recruited to the
membrane, cytoplasmic B-catenin is no longer targeted for
degradation (23). Undegraded B-catenin can accumulate in the
cytoplasm and translocate to the nucleus without restrictions. In
the nucleus, B-catenin binds to and activates the T-cell factor/
lymphoid enhancing factor (TCF/LEF) family of transcription
factors. TCF/LEF bind [B-catenin along Arm repeats 3-10, where
K312 and K435 are necessary for binding to TCF/LEF (26).
Without B-catenin, TCF/LEF are complexed to members of the
Groucho/TLE family of transcriptional co-repressors. 3-catenin
displaces Groucho/TLE in the nucleus and binds TCF/LEF to
activate transcription. Canonical Wnt-signaling induces the
transcription of different target genes depending on the tissue
type. Notable target genes are CCND1, which encodes the Cyclin
D1 cell cycle protein, and c-Myc and Jun, which are both proto-
oncogenes (27).

The exact mechanism by which B-catenin nuclear
translocation occurs is not well understood, as B-catenin does
not contain a nuclear localization signal (NLS) (28). Nuclear
import and export are often facilitated by soluble transporter
proteins like importins and exportins. Members of the importin-
B family can directly bind cargo through its NLS with the help of
importin-o. (29). Loading and unloading of cargo are regulated
by the GTPase Ran, where RanGTP levels are low in the
cytoplasm and high in the nucleus to enable directional
transport (30). However, it has been found that -catenin can
enter the nucleus in a RanGTP independent manner (31).
Interestingly, the Arm repeats of [-catenin are structurally
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similar to the HEAT repeats of importin-f3 (32), therefore it has
been proposed that B-catenin may possess some independent
transport abilities.

The questions of what prompts B-catenin to translocate
from the cytoplasm to the nucleus remain. One proposed
mechanism involves Racl, a member of the Rho family of
small GTPases. A previous study suggested a signaling cascade
in which Wnt family member Wnt3a activates Racl, in turn
prompting c-Jun N-terminal kinase 2 (JNK2) to phosphorylate
[3-catenin at S191 and S605 inducing nuclear translocation (33).
Further, a more recent study suggests that Wnt-mediated Racl
activation not only induces nuclear translocation, but also
enhances P-catenin and LEF-1 binding in the nucleus (34).
Another proposed mechanism indicates that B-catenin nuclear
translocation is influenced by its binding partners. Studies have
suggested either Axin or APC as a molecular chaperone to
shuttle B-catenin from the cytoplasm to the nucleus (35, 36).
Additionally, o-catenin has been found to have a nuclear
function. Several studies have shown that the nuclear
localization and function of oi-catenin is dependent on nuclear
B-catenin (37, 38). Therefore, o-catenin may be mutually
required for B-catenin nuclear translocation. Nevertheless, the
exact mechanism driving nuclear translocation of [3-catenin
remains unclear.

The Wnt-signaling and adherens junction functions of
B-catenin are seemingly independent, as evidenced by
competition between binding partners. E-cadherin, APC, and
TCF/LEF transcription factors all bind the central Arm repeats
of B-catenin (Figure 2). Association with E-cadherin in the
endoplasmic reticulum may be protective against cytoplasmic
[-catenin being degraded by the destruction complex (39).
Previous studies have shown that E-cadherin can compete
with both APC and LEF-1 to bind B-catenin (39, 40). In a set
of immunoblotting and affinity precipitation experiments,
E-cadherin, APC, and LEF-1 were found to form independent,
but competitive complexes with B-catenin. Additionally, a
greater amount of -catenin was localized to the cytoplasm or
nucleus in E-cadherin deficient cells (39). In the absence of
E-cadherin, there was more interaction between B-catenin and
LEF-1 than in E-cadherin wild-type cells. This suggests that the
localization of B-catenin is greatly determined by the presence or
absence of E-cadherin.

CTNNB1 mutations and
endometrial cancer

Alterations to Wnt-signaling proteins and mutations in
CTNNBI are associated with multiple types of cancer.
Additionally, loss of E-cadherin at adherens junctions is a
critical step in the cellular process of the epithelial-to-
mesenchymal transition (EMT). EMT is a process by which
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epithelial cells lose their characteristic cell-cell adhesion, polarity
and transition into more migratory mesenchymal cells. Th