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Prolyl-isomerase Pin1 drives platinum D
resistance by regulating Notch3 stability
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Abstract

Background Resistance to platinum-based drugs represents a major obstacle for the management of high-grade
serous ovarian cancer (HGSOC) patients. Indeed, the selective pressure of platinum-based (PT) chemotherapy often
leads to the outgrowth of platinum-resistant subclones. In this scenario, the underlying adaptive networks should be
fully investigated to provide advances toward more streamlined and personalized care.

Methods We conducted a comprehensive analysis of Pin1/Notch3relationship from HGSOC cell lines and primary
tumours, integrating multiple genetic targeting under chemotherapy pressure, differential proteomic approaches,
molecular docking data and dynamics simulations, thus identifying a functional circuit evaluated in vitro and in
vivo models.We conducted a comprehensive analysis of relationship from HGSOC cell lines and primary tumours,
integrating multiple genetic targeting under chemotherapy pressure, differential proteomic approaches, molecular
docking data and dynamics simulations, thus identifying a functional circuit evaluated in vitro and in vivo models.

Results Here, we demonstrated that carboplatin treatment of HGSOC cells promoted the activation of the Pin1/
Notch3 axis, resulting in platinum resistance. Accordingly, HGSOC-bearing patients showing increased Pin1/Notch3
co-expression after PT-based chemotherapy correlated with a clinical worse response. Conversely, genetic targeting
of Pin1 combined with carboplatin treatment sensitizes resistant cells to platinum-based therapy, both in vitro and
in vivo, strongly reducing their Notch3-mediated metastatic potential in preclinical murine models. Mechanistically,
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Pin1-Notch3 binding favours protection of Notch3 from its GSK33-mediated degradation, resulting in increased

Notch3 expression.

Conclusions Collectively, our findings identify the functional Pin1/Notch3 axis as an escape strategy from
chemotherapy-induced cell death, thus suggesting a novel predictive role of the Pin1/Notch3 axis in the platinum
response, which could be useful for implementing frontline treatments for HGSOC patients before recurrence.
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Background

High-grade serous ovarian cancer (HGSOC) is the most
common histological type of ovarian cancer (OC) and is
characterized by a high degree of heterogeneity, which
makes its classification and treatment challenging [1].
Furthermore, the lack of methods for early diagnosis and
the absence of specific clinical manifestations at disease
onset, together with recurrence and widespread dissemi-
nation into the peritoneum and organs located in the
abdominal cavity, render it one of the most lethal female-
related malignancies [2].

Currently, standard HGSOC treatment includes deb-
ulking surgery followed by platinum-based chemother-
apy even if neoadjuvant chemotherapy before surgery
has become a valid option [3]. Nevertheless, the progno-
sis remains poor, given that most patients relapse within
two years with platinum-resistant disease [4]. Since drug
resistance limits the effectiveness of cancer therapy,
finding novel targetable biomarkers for predicting the
response to platinum-based therapy is of paramount
importance to support clinicians in the early selection of
the optimal therapy and to foster more effective thera-
peutic approaches to reverse platinum-based drug resis-
tance [5].

The evolutionarily conserved Notch signalling path-
way has emerged as a promising candidate given its
multifaceted and well-documented role in tumorigen-
esis [6]. Overall, owing to the key role of Notch signal-
ling in the development of normal ovarian tissue as well
as in the carcinogenesis and tumour progression of OC
[7], an increasing number of studies have focused on
the involvement of Notch signalling in the promotion
of drug resistance in OC [8, 9]. Among the four Notch
paralogues encoded by the mammalian genome, Notch3
(N3) has been found to be altered in a wide panel of OCs
[10]. Accumulating evidence has revealed its pivotal role
in supporting OC stem cells [11] and platinum resistance
[12]; hence, evaluating the efficacy of N3-specific inac-
tivation to restore chemosensitivity in HGSOC [13] is
strongly warranted.

Notably, given that Notch signalling plays a key role in
tumoral, stromal, and immune cell compartments, as well
as in healthy tissues, pan-Notch inhibition has led to off-
target effects in several clinical trials [14]. Thus, research
is moving towards Notch-specific targeted therapies even

though numerous shortcomings have also been identi-
fied in clinical trials [15], thereby highlighting the need to
find novel strategies, including the modulation of positive
regulators.

In this context, one promising candidate for fine-tuning
N3 might be the peptidyl-prolyl cis/trans isomerase Pinl,
which is overexpressed in several cancers, including OC
[16]. By binding and catalyzing the cis/trans conversion
of specific motifs, Pinl regulates the activity of a plethora
of cancer-driving pathways [17], including those involv-
ing Notch receptors [18]. Indeed, we previously demon-
strated that Pinl positively regulates the N3-dependent
aggressive properties of T-cell acute lymphoblastic leu-
kemia (T-ALL) by increasing N3 stability [19]. In addi-
tion, Pinl KO or pharmacological inhibition has been
shown to curb tumour growth, metastasis, and chemo-
resistance in several types of cancers [18, 20]. However,
whether Pinl inhibition holds promise in impairing N3
signalling and chemoresistance in HGSOC remains to be
elucidated.

Here, we show that Pin1 is able to bind the N3 protein,
thus increasing its stability following platinum treatment
of HGSOC cells, ultimately resulting in the acquisition
of platinum resistance. At the biochemical level, the resi-
dues involved in Pin1/N3 binding have been identified,
and the atomic interaction between these two proteins
has been studied via molecular docking and molecular
dynamics approaches. Mechanistically, we demonstrated
that this binding interferes with the GSK33-dependent
phosphorylation of N3, thus resulting in the impairment
of its proteasomal degradation. Notably, while immu-
nohistochemical analyses of primary tumours revealed
an interesting positive correlation between Pinl and N3
protein expression in human patients, genetic inhibi-
tion of Pinl in preclinical models impaired N3 signal-
ling and resulted in sensitivity to platinum agents both
in vitro and in vivo. Collectively, these findings reveal the
intriguing possibility of combining platinum-based che-
motherapy with Pin inhibition to overcome N3-mediated
platinum resistance.

Methods

Cell cultures, transfections, and lentiviral infections
HEK293T (purchased from ATCC), HEK293T-Pin1KO
(kindly provided by Prof. G. Del Sal [21]) and Caov3
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(kindly provided by Prof L. Rosano, CNR Rome) cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (#SD6546-500 mL; Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum
(FBS) (Gibco, Carlsbad, CA, USA) and 2 mM glutamine
(#G7513-100 mL; Sigma-Aldrich). Kuramochi cells
(kindly provided by Prof. S. Indraccolo) were cultured
in RPMI-1640 (#R0883-500 mL — Sigma-Aldrich) sup-
plemented with 10% FBS (Gibco) and 2 mM glutamine.
SKOV3 cells (purchased from ATCC) were cultured in
McCoy’s 5 A medium (Merck, Kenilworth, NJ, USA) sup-
plemented with 10% FBS (Gibco) and 2 mM glutamine.

Caov3 CBDCA-resistant cells were generated as pre-
viously described [22]. Briefly, we treated Caov3 cells
for 2 h with a CBDCA dose 10-fold greater than the
IC;, followed by a recovery period. After 16-20 cycles
of CBDCA treatment, the resulting cell population was
maintained in drug-free medium. We experimentally ver-
ified that the resistant phenotype was stable and main-
tained for at least two months, independently from the
presence of CBDCA in the culture medium. The ICj val-
ues were calculated in comparison with those in Caov3
parental cells.

Mycoplasma contamination in the cell cultures was
routinely detected via a PCR detection kit (#ab289834;
Abcam, Cambridge, UK).

Transient transfections were performed via Lipo-
fectamine 2000 transfection reagent (#11668019 — Invit-
rogen - Thermo Fisher Scientific, Waltham, MA, USA) or
Lipofectamine RNAIMAX transfection reagent (#13778-
075 - Invitrogen — Thermo Fisher Scientific) in accor-
dance with the manufacturer’s protocols.

For RNA interference, the cells were transfected with
siRNA-Ctrl (#sc-37007), siRNA-Notch3 (#sc-37135), or
siRNA-Pinl (#sc-36230) (Santa Cruz Biotechnology, Dal-
las, TX, USA) for 72 h.

Unless otherwise specified, plasmids for lentivi-
ral infection were purchased from Addgene (Water-
town, MA, USA). SKOV3 cells were subjected to two
lentiviral infections by combining packaging plasmids
(pCMV and pMDG) with pLENTI-CMV-Puro-LUC
(#17477) or a lentiviral construct encoding the entire
human N3, fragment [hN3|-, (3xFLAG)-pCDF1-
MCS2-EF1-copGFP] (#40640) and the corresponding
empty control vector (#CD111B-1 — System Biosciences,
Palo Alto, CA, USA). Viral supernatants were produced
from HEK293T cells. After infection, pLENTI-CMV-
Puro-LUC cells were selected via puromycin treatment
(0.5uM/pL) (P7255; Sigma-Aldrich). After infection with
hN3;-p,  (3xFLAG)-pCDF1-MCS2-EF1-copGFP]  and
the corresponding control vector, the GFP-transduced
cells were subjected to fluorescence-activated cell sort-
ing (FACS) and sorted on the basis of GFP expression
via a FACSAria III (BD Biosciences, Franklin Lakes, NJ,
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USA) equipped with a 488 nm laser and FACSDiva soft-
ware (BD Biosciences version 6.1.3). Briefly, cells were
first gated on the basis of forward and side scatter areas
(FSC-A and SSC-A), detected in the green fluorescence
channel for GFP expression, and isolated on the basis of
high GFP levels. Upon sorting, an aliquot of the collected
cells was checked for purity (purity > 99%). For Kuramo-
chi and Caov3 lentiviral infections, shPinl was cloned
and inserted into doxycycline-inducible pLKO-TetON
(pLKO-TetO-shPin1), and pHAGE-GFP/LUC was kindly
provided by Prof. G. Del Sal [21]. For the preparation
of the viral particles psPAX2 and pMD2. G were used
as packaging plasmids in HEK293T cells. After infec-
tion, pLKO-TetO-shPinl cells were selected by puromy-
cin treatment (1 pug/mL), whereas cells transduced with
pHAGE-GFP/LUC were subjected to FACS analysis and
sorted for GFP expression as previously described.

Compounds and drug treatments

Where indicated, the cells were treated with MG132
(50uM for 4 h; #C2211-5MG; Sigma-Aldrich), cyclo-
heximide (CHX) (10 pg/ml for 0-2-4—6 h; C4859-1ML;
Sigma-Aldrich), Carboplatin (CBDCA) (C2538-100MG
- Sigma-Aldrich), Cisplatin (CDDP) (#P4394 - Sigma-
Aldrich), CHIR99021 (5uM for 2 h; SML1046-5MG;
Sigma-Aldrich), doxycycline hyclate (1 pg/mL for 48 h;
D9891; Sigma-Aldrich), and Paclitaxel (#33069-62-4 —
Selleckchem, Houston, TX, USA) according to the manu-
facturers’ instructions.

For dose-response curves, the indicated cells [SKOV3_
luc clones, HGSOC cells (including Caov3-resistant
cells)] were seeded in 96-well culture plates and treated
with: CBDCA (ranging from 0 to 1000uM) for 72 h and
then released in drug-free medium for an additional 24
h; CDDP (ranging from 0 to 750uM) for 16 h and then
released in drug-free medium for an additional 24 h; and
Paclitaxel (ranging from 0 to 1uM) for 48 h. For dose-
response curves on siRNA-transfected, and shRNA-
transduced cells, increasing doses of CBDCA (ranging
from 0 to 2000uM) were used for 16 h and then released
in drug-free medium for an additional 24 h to better
evaluate the effects of combined treatments studies [23].
Cell viability was determined via a CellTiter 96 AQueous
kit (#G3582 - Promega, Fitchburg, WI, USA). The absor-
bance was detected at 492 nm via a Glomax Discover
Microplate Reader (Promega). The data were analysed as
previously described [24]. Briefly, data were collected as
units of absorbance (ABS) and expressed as a percentage
of viable cells with respect to untreated cells via the fol-
lowing equation: % Cell Viability = (ABScells+CBDCA
- ABSmedium+compound)/(ABScells+H20 -
ABSmedium+H20) X 100. The results are presented as
the means + SDs of three experiments, each performed
in triplicate.
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In the experiments with a fixed dose of CBDCA, cells
were treated with a suboptimal concentration referred to
approximatively 25% reduction in cell viability (IC,;) for
the time indicated in each figure legend.

Immunoblot and Immunoprecipitation analyses

The cells were lysed in a mixture containing lysis buf-
fer (50 mM Tris HCI (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 0.5% Triton X-100, 10 mM NaF, 1 mM NazVO,,
1 mM PMFS, and 1% protease inhibitors) and clarified at
13.000 x rpm for 15 min at 4 °C [25]. Before immunob-
lotting, the samples were mixed with -mercaptoethanol
(#M6250; Sigma-Aldrich) and Laemmli Sample Buffer
(#1610737; Bio-Rad, Hercules, CA, USA) and boiled for 5
min at 99 °C. For immunoblotting, protein extracts were
run on SDS-polyacrylamide gels and transferred to nitro-
cellulose membranes (#1620115; Bio-Rad).

Immunoprecipitation was performed using whole-cell
extracts. For Pinl and GSK3p immunoprecipitation, the
cell lysates were immunoprecipitated overnight at 4 °C
with rotation with specific primary antibodies or IgG as
a negative control (#sc-2025; Santa Cruz Biotechnology)
and then incubated with Protein A/G-agarose beads (#sc-
2003; Santa Cruz Biotechnology) for 1 h at 4 °C with rota-
tion. For FLAG and HA immunoprecipitation, the cell
lysates were incubated for 2 h at 4 °C with rotation with
anti-FLAG M2 affinity gel or anti-HA agarose conjugate
(HA 7) beads, respectively (Table S2). Where specified,
the FLAG peptide (#F3290; Sigma-Aldrich) was used as
the negative control.

The immunoprecipitated proteins were then washed
five to eight times with CO-IB buffer (50 mM Tris
HCI (pH 7.5), 150 mM NaCl, 15 mM EDTA, 0.5% Tri-
ton X-100), resuspended in Laemmli sample buffer
(#1610737 — Bio-Rad), boiled for 5 min at 99 °C, resolved
via SDS-PAGE and then subjected to immunoblot analy-
sis by using antibodies listed in Table S2.

All immunoblotting data are representative of three
independent experiments.

Hematoxylin and Eosin (HE) and immunohistochemistry

Human and murine tissue samples were fixed and par-
affinized as described. Three slides were prepared with
4 pm section from the paraffin-embedded tissues. One
sample was stained with hematoxylin-eosin to evalu-
ate the morphology of the tissue and the presence of
tumour cells. The other sections were stained with rab-
bit anti-Notch3 and mouse anti-Pinl antibodies (listed
in Table S2). Antigen retrieval was performed in 10 mM
sodium citrate buffer (pH 6.0) for 15 min for Pinl and 20
min for Notch3 in microwave. After they were incubated
with primary antibodies, the sections were washed and
incubated with secondary biotinylated antibodies. Anti-
body binding was detected with a DAB staining system
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(SK-4105 Vector - Vector Laboratories, Newark, CA,
USA) according to the manufacturer’s protocol. Where
indicated, immunohistochemical staining of N3 and Pinl
was converted to an H score [intensity (0, 1, 2, 3) x area
(0-100%)] as previously described [16]. The H score val-
ues in the plot represent the means of five independent
fields for each sample.

Study population

Our in-house dataset consists of 62 HGSOC samples
selected from our institutional tissue bank (Department
of Maternal Child and Urological Sciences, Policlinico
Umberto I, “Sapienza” University of Rome). Biospeci-
mens were collected from newly diagnosed patients
with HGSOC (age>18 years) who underwent surgical
resection and had received no prior treatment for their
disease, including chemotherapy or radiotherapy, from
2015 to 2024. Patients were stratified into “High” (H) and
“Low” (L) expression groups based on the IHC H score
values for both N3 and Pinl proteins and using the lower
tertile for each protein as threshold (H > cut-off value vs.
L < cut-off value).

The paired tumour samples (pre-NACT and post-
NACT), derived from our institutional tissue bank, were
obtained from newly diagnosed patients with HGSOC
(age =18 years) who underwent NACT followed by inter-
val debulking surgery (IDS). Pre-NACT tumour biospeci-
mens were acquired through diagnostic laparoscopy,
while post-NACT biospecimens were collected dur-
ing IDS, between 2018 and 2023. Stratification of these
samples was performed by using the same cut-off values
described above.

For the institutional tissue bank, all patients had previ-
ously provided written informed consent indicating their
authorization or refusal for the collection, storage, and
research use of biological and tissue samples.

Progression-Free Interval (PFI) data and clinical infor-
mation for HGSOC patients (n = 150) were derived from
an external public dataset (https://cptac-data-portal.g
eorgetown.edu) named Zhang et al. [26]. The analysis
included patients for whom survival data were available
and who had a minimum follow-up of 3 months.

Patients were stratified into two groups, “High Pinl
and Notch3” and “Low Pin1 and/or Notch3’, based on the
expression levels of Pin/Notch3 proteins, with the lower
tertile used as the threshold. The levels of Pinl and N3
protein expression were downloaded from the Supple-
mentary Information of the related paper [26]. In detail,
patients with a protein expression level higher than the
cut-off value in the cohort for both Pinl and Notch3 were
classified as “High Pinl and Notch3”; the patients that
were not included in the “High Pinl and Notch3” group,
were classified as “Low Pinl and/or Notch3”.
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Survival curves were estimated using the Kaplan—
Meier method, and statistical differences were tested
using the logrank test; P value <0.05 was considered to be
statistically significant.

Generation of primary cancer cells from patient tissues
This study included HGSOC patients belonging to a
prospectively enrolled cohort during 2024 and included
under a prospective study protocol (n°0067/2024 — PI:
Checquolo) approved by the ethical Committee of the
Policlinico Umberto I (Rome, Italy). Patients provided
specific written informed consent as part of their partici-
pation in the approved prospective study. Eligibility crite-
ria: (1) histologically or cytologically confirmed HGSOC;
(2) age =18 years; (3) no prior treatment for their disease,
including chemotherapy or radiotherapy. Stratification of
these samples was performed by using the same cut-off
values described above for the in-house dataset.

HGSOC primary cells were obtained from fresh biop-
sies of HGSOC patients, following the same procedure
of Sueblinvong and colleagues [27]. Briefly, biopsies were
cut with a sterile razor blade and incubated with dispase
II (2.4 U/ml) (Gibco - #17105-041-5 g) in DMEM at 5%
CO2 and 37 °C for 30 min. After 30 min of incubation,
the cell mixture was transferred onto a cell strainer (70
um mesh). The obtained cell suspension was centrifuged,
and the obtained cell pellet was resuspended, counted
and plated. Primary cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (#SD6546-500 mL;
Sigma-Aldrich) supplemented with 10% fetal bovine
serum (FBS) (Gibco) and 2 mM glutamine (#G7513-100
mL; Sigma-Aldrich).

All experiments were conducted between the fifth and
sixth in vitro passages. The obtained primary cells are
named the PMOV# number, where PM stands for pre-
clinical models, OV for HGSOC, and # for the order in
which the cell line was established.

Animal studies

For the xenograft experiments, female NSG 8/10-week-
old mice were purchased from Charles River Laboratories
(Lecco, IT). The mice were housed in a specific pathogen-
free (SPF) animal facility under a controlled temperature
and light/dark cycle (12 h/12 h). Furthermore, they had
unrestricted access to food and water.

SKOV3_luc clones (5x 10°) were subcutaneously (s.c.)
injected into the posterior flank of the mice or intraperi-
toneally (i.p.) injected for tumour dissemination. On day
15 or day 21, the mice received 6-10 doses of CBDCA
(20 mg/kg) (#S1215 — Selleckchem) by i.p. administration
every 2 days.

Kuramochi_luc cells infected with doxycycline-induc-
ible lentiviral particles encoding short hairpin RNA tar-
geting human Pinl (shPin1) (5x 10°) were s.c. injected
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into the posterior flank of the mice or i.p. injected into
the mice. At the time indicated, doxycycline treatment
(2 mg/ml) was started in the drinking water and D(+)
sucrose (#A2211,1000 - PanReac Applichem, Darmstadt,
DE) was added at a concentration of 2% every 72 h. The
mice received 10 doses of CBDCA (20 mg/kg) by ip.
administration every 2 days, as indicated.

Tumour growth and dissemination were monitored at
the indicated times via an IVIS Lumina III In vivo Imag-
ing System (Caliper Life Science, Waltham, MA, USA)
and IVIS living image software (Caliper Life Science)
after D-Luciferin (#770504 - Perkin Elmer, Whaltam,
MA, USA), as previously described [28]. Briefly, it was
i.p. injected (150 mg/kg body weight) into the mice, and
10 min later, luciferase imaging was performed with IVIS.
The total flux was calculated and expressed as photons
per second.

No mice were excluded from the experiments. The
number of mice used for each experiment is indicated in
the Figure legends.

Statistical analysis
The sample size was determined on the basis of prior
experience and knowledge gained through previous simi-
lar investigations.

No data were excluded from the analysis except when a
technical problem occurred in the measure.

The blinding of researchers or investigators was
deemed irrelevant because of the nature of the experi-
mental design and the specific characteristics of the
interventions employed. The primary reason for not
implementing blinding was the absence of subjective or
observer-dependent measurements that could be influ-
enced by knowledge of group assignments. This study
focused primarily on objective and quantifiable out-
comes, where measurements such as biochemical assays,
physiological parameters, or histological analyses were
utilized. These assessments were conducted via standard-
ized and automated procedures, minimizing the poten-
tial for observer bias.

Descriptive statistics were employed to summarize
the study information. Prior to conducting the statisti-
cal tests, the appropriateness of the data distributions’
normality and homogeneity of variances were evaluated.
The normality distribution of the data was assessed via
the Wilcoxon—Shapiro test. Parametric or nonparametric
tests, as indicated in the figure legends, were selected on
the basis of the distribution of the data.

The associations between categorical variables were
tested by Fisher’s exact test. HGSOC samples from our
in-house dataset (n=62) were stratified into “High” and
“Low” expression groups on the basis of the expression
levels of the Notch3 and Pinl proteins, respectively, as
described in the study population section. P values were
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Fig. 1 Notch3 is involved in platinum drug resistance in vitro and in vivo. a-e.SKOV3-LUC clones. a Anti-Flag antibody was used to detect FLAGN3ICD
levels. b Scattered dot plot reporting the CBDCA IC50 of selected clones (#) subjected to increasing doses of CBDCA for 72 h and then released in drug-
free medium for an additional 24 h. Each dot represents one biological replicate. The bars indicate the means + Cls. Significant differences were computed
via an unpaired t test with Welch's correction. The average IC50 value of three independent experiments+SD of each clone is reported. c-e. NSG mice
(n=4 for each group) bearing the selected clones (#) were intraperitoneally (i.p.) injected with CBDCA (20 mg/kg) every two days (treatment scheduling
in €). Tumour growth was monitored via optical imaging at the indicated times. d Representative images (upper panels) and quantitative analysis (lower
panels) of luciferase activity at the indicated times. Statistically significant differences in average radiance (expressed as the mean+SD) are indicated.
P values were calculated via an unpaired t test. The unpaired t test for clone #12-bearing mice was computed with Welch's correction. e Representa-
tive H&E and N3 immunohistochemical staining of tubes/ovaries and metastatic nodules from the indicated SKOV3_LUC clones (#). Scale bar =25 pum.
Original magnification 20X. f. Western blot analysis to detect N3ICD endogenous levels in different subset of OC cells [High grade serous (HGS), possibly
HGS, Endometrioid, Hypermutated]. g-i. HGSOC cells (g) CBDCA dose-response curves. HGSOC cells (§) were treated as in b. The results are expressed as
the percentage of viable cells with respect to untreated cells (left panel), and the resulting IC50 values are reported (right panel). h-i. Parental (par) and
isogenic-resistant (r16T and r20T) Caov3. h Immunoblotting analyses of parental and CBDCA-resistant Caov3 cells treated with or without a suboptimal
dose of CBDCA (6 h). (i) CBDCA dose-response curves on parental and isogenic-resistant cells treated as in b. The results are expressed as the percentage
of viable cells with respect to untreated cells (upper panel), and the resulting IC50 is expressed as the mean value of three independent experiments + SD
(lower panel). The difference between parental and isogenic-resistant cells is reported. Statistical significance was determined by one-way ANOVA fol-
lowed by Tukey's multiple comparisons test. ns=not significant P>0.05, *P<0.05, **P<0.01, ***P<0.001,***P<0.0001. In a, f and h, an anti-B-actin

antibody was used as a loading control

determined via Fisher’s exact test on a contingency table,
with columns indicating the expression levels of Notch3
and rows indicating the expression levels of Pin1.

Multiple comparison analyses were performed via
unpaired t tests (with Welsh’s correction where indicated)
or one-way ANOVA followed by Tukey’s or Sidak’s post
hoc tests, and statistical significance was set at P<0.05.
The results are expressed as the means+SDs from an
appropriate number of experiments (at least three biolog-
ical replicates). Significance: ns=not significant P> 0.05,
*P<0.05, *P<0.01, **P<0.001,****P<0.0001.

GraphPad Prism version 8 software (GraphPad Prism,
San Diego, CA, USA) and the R environment for statisti-
cal computing (v. 4.2.2) were used for all analyses.

Results

Notch3 overexpression correlates with platinum-resistance
in ovarian cancer cells

Given the Notch3 (N3) pleiotropic effects in OC, we
first assessed its involvement in platinum-resistance by
using our newly generated N3-overexpressing OC clones
(FLAG-N3,p) (Fig. 1a): in vitro, they presented Carbo-
platin (CBDCA) IC;, values greater than those of their
counterparts (CTL) (Fig. 1b and Supplementary Fig. S1a),
and consistently displayed decreased DNA damage and
apoptosis under chemotherapy (Supplementary Fig. S1b
and Slc).

According to previous in vivo studies [29, 30] we
used selected luciferase-expressing OC cells (SKOV3_
LUC-CTL and SKOV3_LUC-FLAG-N3;-p) to evalu-
ate how N3 overexpression affects OC tumour growth
and dissemination in vivo. Clones were subcutaneously
injected into female NOD/SCID gamma (NSG) mice.
After engraftment (day 15), the mice were treated with
CBDCA every two days for up to ten times (Supplemen-
tary Fig. S1d). In line with the N3-dependent prolifera-
tive advantage observed in vitro (see the vehicle panels

in Supplementary Fig. Slc), N3,-p-expressing clones (#9
and #12) generated larger tumour masses than did nega-
tive clones (#17) before the start of treatment (t0). More-
over, tumour growth was decreased only in treated
clone#17-bearing mice, whereas the presence of N3
clearly correlated with CBDCA-resistant disease (Supple-
mentary Fig. Sle).

Since platinum-resistant OC mainly invades the peri-
toneum, omentum, and organs located in the abdominal
cavity, we also evaluated the impact of N3 overexpression
on intraperitoneal spread, which resembles the meta-
static dissemination that occurs in OC-bearing patients
[31]. Female NSG mice were intraperitoneally grafted
with the same cells as above, and after engraftment (day
21), each group was randomized and treated with either
CBDCA or vehicle (PBS) every two days for a reduced
time (t6) (Fig. 1c) to avoid the N3-driven tumour burden,
which progressively resulted in evident hepatic metasta-
ses 6 weeks after inoculation (Supplementary Fig. S1f),
thus affecting survival. As expected, the presence of N3
promoted diffuse tumour spreading with the formation
of metastatic nodules (Fig. 1d and e). CBDCA treat-
ment significantly reduced both disease progression and
tumour infiltration in the selected clone #17, whereas
these effects were amplified in the clone #12-bearing
mice (Fig. 1e - H&E panels), as also strongly indicated by
the bioluminescence signals (Fig. 1d). Interestingly, when
we evaluated mice engrafted with N3-positive clone #12,
we observed a clear increase in N3 expression and con-
sistently greater tumour infiltration in CBDCA-treated
tumours than in untreated ones (Fig. 1e - Notch3 panels),
confirming previous in vitro data (Fig. 1b and Supple-
mentary Fig. Sla).

Then we moved into the HGSOC field by selecting
appropriate cellular models recapitulating HGSOC fea-
tures [32]. First, we tested them for N3 protein expres-
sion (Fig. 1f) and their response to CBDCA treatment
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(Fig. 1g): interestingly, we observed that higher levels of
N3 expression are associated with higher CBDCA IC,,
values (Fig. 1f and g).

To further confirm the correlation between N3 overex-
pression and increased platinum resistance in HGSOC,
we established and characterized a new model of plati-
num-resistant HGSOC cell line, the CBDCA-resistant
Caov3 cells. Specifically, we generated two isogenic
platinum-resistant populations after 16 and 20 cycles
of chronic drug treatment (herein referred to as r16T
and r20T) by using the pulse method (Supplementary
Fig. S2a). In keeping with previous findings, we showed
that N3 protein expression progressively increases after
platinum-based treatment, being even more evident
after short CBDCA treatment and mainly in r20T pop-
ulation (Fig. 1h), consistently with a significant increase
in its CBDCA IC;, (7-fold greater than that in parental
cells) (Fig. 1i). Comparing to parental cells, Caov3-r20T
population also displayed several features that recapitu-
late the clinically relevant resistant phenotype, such as
(i) the acquired cross-resistance to Cisplatin (CDDP)
and Taxol (Paclitaxel) (Supplementary Fig. S2b), two
other chemotherapeutic drugs commonly used to treat
HGSOC patients, (ii) less DNA damage, as demonstrated
by the reduced phosphorylation levels of Histone H2AX
(YH2AX) (Supplementary Fig. S2c-e), and increased
RADS51 foci (Supplementary Fig. S2f-h), finally resulting
in (iii) decreased apoptosis under chemotherapy pressure
(Supplementary Fig. S2i).

Furthermore, proteomic analysis of PT-resistant Caov3
cells revealed several deregulated proteins (n = 316 out
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of 4,343 proteins measured) (Supplementary Fig. S2I)
involved in multiple mechanisms associated to platinum-
resistance phenotype [33], including the regulation of
drug turnover, the metabolic reprogramming, the acti-
vation of epithelial-mesenchymal transition (EMT) pro-
gram (Supplementary Fig. S2m).

Collectively, these findings strongly support the funda-
mental role of N3 in sustaining tumour growth, dissemi-
nation, and platinum resistance in ovarian cancer, thus
suggesting that N3 inhibition holds promise in reverting
aggressive HGSOC phenotypes through the recovery of
drug sensitivity.

Pin1 and Notch3 protein levels are correlated in HGSOC

To overcome the numerous challenges associated with
Notch-targeted therapies [15] by identifying therapeutic
options based on Pinl inhibition, we first investigated the
existence of potential Pin1/N3 crosstalk in HGSOC.

To this purpose, we performed immunohistochemi-
cal analysis on HGSOC primary samples from patients
(n=62) collected in our institute (indicated as in-house).
We documented an interesting correlation between Pinl
and N3 protein expression (Fig. 2a) with high levels of
both N3 and Pin1 proteins in 32 out of 62 patient samples
(nearly 52%), resulting in the main representative group
of tumours compared to those expressing low levels of at
least N3 and/or Pinl (Fig. 2b, c and Supplementary Fig.
S3). Interestingly, by interrogating a dataset available
online (indicated as Zhang et al.) that comprises a larger
cohort of HGSOC samples (n=150), we observed that

c HGSOC samples d HGSOC samples
(in-house) (Zhang et al)
HIGH

HIGH

1001 = High Pin1 and NOTCH3 (n=73)

= Low Pin1 and/or NOTCH3 (n=77)

75

Notch3

504

259

o| P=0.0014
0 30 60
Months

Luid
Progression-Free Interval (PF1)

LOW LOW

Fig. 2 Relevance of the Pin1/Notch3 axis in HGSOC primary tumours. a-c.In-house dataset.(a) Scatterplot showing the correlations of Notch3 with Pin1
in primary HGSOC patients (n = 62). Values were obtained by converting immunohistochemical (IHC) staining of Notch3 and Pin1 to H scores [16]. The H
score values in the plot represent the means of five independent fields for each sample. Pearson’s correlation value and p value (P < 0.0001) are shown.
The dotted red lines indicate the lower tertile used as the threshold to stratify patients with high Pin1/Notch3 expression (highlighted area). The H-score
distributions for Notch3 and Pin1 are also shown in the upper and in the right panels, respectively. (b) Table showing the number of HGSOC samples
with HIGH and LOW expression levels of Notch3 and Pin1. The stratification of HIGH and LOW expression levels was performed using the lower tertile
value as the threshold. The P value is shown (P < 0.01). Significance was computed via Fisher's exact test. (c) Representative images of IHC staining of
HGSOC samples expressing high levels (upper panels) or low levels (lower panels) of Notch3 and Pin1 (scale bar = 200 um; original magnification, 20X).
(d) External public dataset (Zhang et al.). Progression-free interval (PFI) curves of HGSOC patients (n = 150) from Zhang et al. [26] stratified into two groups,
High Pin1 and Notch3 and Low Pin1 and/or Notch3, based on the expression levels of Pin/Notch3 proteins, with the lower tertile used as the threshold.
Statistical significance was calculated via the log-rank test. The P value is shown (P < 0.01)
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high levels of both Pinl and N3 proteins also correlated
with a shorter progression-free interval (PFI) (Fig. 2d).

These results suggested that a functional interplay
between Pinl and N3 might also occur in HGSOC, simi-
lar to what we observed in T-ALL [19].

Pin1 and Notch3 interaction results in increased Notch3
stability under platinum pressure in HGSOC

In order to deepen the Pin1/N3 relationship in HGSOC,
we first generated and tested HGSOC cells (KURA-
MOCHI and Caov3 selected from Fig. 1) expressing
a doxycycline-inducible Pinl-knockdown construct
(pLKO-TetO-shPin1) both in vitro and in vivo (Supple-
mentary Fig. S4a, c-f). Since Pinl-depleted (DOXY) cells
retained endogenous N3 expression (Supplementary Fig.
S4a), we hypothesized that Pinl was able to positively
regulate N3 under platinum pressure. Indeed, coimmu-
noprecipitation experiments demonstrated that these
proteins interacted at baseline, but short CBDCA-treat-
ment increased their binding (Fig. 3a). Notably, the Pinl-
N3 interaction in CBDCA-treated Caov3 cells reached
the same level as that observed under basal conditions
in CBDCA-resistant Caov3 cells (r20T in Fig. 3a, left
panels).

Consistently, Pinl silencing (+ DOXY) resulted in a
significant decrease in N3 expression under CBDCA
treatment (Fig. 3b), which was also correlated with a
reduced N3 half-life (Fig. 3c and Supplementary Fig.
S4b). Accordingly, transient Pinl overexpression reversed
this effect (Fig. 3c), indicating that N3 protein levels are
Pinl-dependent.

Overall, these observations suggest that the Pin1/N3
axis might be involved in the acquisition of an aggressive
phenotype in HGSOC, as increased N3 protein stability
may result in platinum resistance [12] and consequently
in tumour recurrence [4].

Pin1 binds to Notch3 through specific residues in its
intracellular domain

From a mechanistic perspective, we first investigated
how Pinl sustains N3. We previously demonstrated that
the N3 intracellular domain (N3;-p) harbours several
Pinl consensus motifs (serine/threonine residues preced-
ing a proline, Ser/Thr-Pro) [34] and that Pinl is able to
directly interact with N3, [19]. To identify the residues
involved in this interaction, we generated various Flag-
tagged N3,-p deletion mutants (Fig. 4a, and 4b upper
panel). We subsequently assessed their phosphorylation
status at specific Pinl motifs as well as their interaction
with HA-tagged Pinl, as indicated by western blot anal-
ysis with phospho-specific MPM-2 and anti-Flag anti-
bodies (Fig. 4b, middle and lower panels). Furthermore,
we mapped these residues within the ANK, RE/AC, and
TAD domains of N3¢, which collectively harbour seven
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Ser/Thr-Pro motifs (Supplementary Fig. S5a). Among
these motifs, four (52033, S2101, S2118, and S2203) were
identified as phosphorylated (Fig. 4c), which is consistent
with our previous findings [35], and were found to be
evolutionarily conserved across species (Supplementary
Fig. S5b).

A series of peptides mimicking the amino acid
sequences identified as Pinl substrates were synthesized,
hereafter named P,--, (Fig. 4d and Supplementary Fig.
S5¢). The interaction between N3-related peptides and
Pinl was examined via biolayer interferometry technol-
ogy [36]. To this purpose, the four amino acid sequences
were functionalized with a biotin moiety at the N-termi-
nal end (Supplementary Fig. S5c), allowing their binding
to streptavidin and immobilization on high-streptavidin
(SSA) optical sensors through molecular recognition.
Dose-response binding analyses across six analyte con-
centrations revealed that Pinl binds to all the tested pep-
tides in a dose-dependent manner, confirming its direct
interaction with Pin1 (Supplementary Fig. S5d). However,
steady-state analysis revealed that the most pronounced
dose-dependent binding to Pinl was observed for the
P, peptide, which exhibited an apparent binding affinity
(KD) in the low micromolar range (Fig. 4e and Supple-
mentary Fig. S5d). As further evidence of this finding,
pull-down experiments coupled with LC-MS analysis
demonstrated that, among all the tested peptides, the P
peptide consistently coeluted with Pinl when incubated
at a 1:1 stoichiometric ratio (Supplementary Fig. S6-S9).

Rosetta FlexPepDock ab initio docking followed by
multiple independent atomistic molecular dynamics
(MD) simulations was employed to model peptide—Pinl
interactions. Peptide stability, assessed by peptide RMSD
(Supplementary Fig. S10 a, b and d) indicated that P,
formed the most stable complex (2.22+0.48 A) com-
pared with P, (2.34+0.55 A) and P, (2.92+0.47 A). Con-
sistently, centre-of-mass distance (dCOM) and RMSD
analyses (Fig. 5a; Supplementary Fig. S10c) showed
that P, remained bound for 99% of the simulation time,
whereas P, and P; underwent earlier unbinding events.
The bidimensional dCOM-RMSD landscape of P, dis-
played a broader distribution of partially unbound states
(10-20 A), while P, populated a single, well-defined
unbound state at ~40 A from the WW domain (Fig. 5a).
These computational trends qualitatively mirrored the
experimentally determined dissociation constants (KD)
(Fig. 4e; Supplementary Fig. S5d).

To further characterize peptide-dependent conforma-
tional effects, essential dynamics analysis was performed
via principal component analysis (PCA) on peptide back-
bone conformations pooled from five independent sim-
ulations per complex (Supplementary Fig. S11a, b) [30].
RMSEF profiles of Pinl (Fig. 5b) and the peptides (Fig.
5¢) revealed pronounced rigidity of the P, core region
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Fig. 3 Pin1 favours Notch3 stability under platinum pressure in HGSOC. a Co-IP analyses of Pin1 and N3 proteins in parental vs. CBDCA-resistant Caov3
cells (r20T, left panel) and in Kuramochi cells (right panel), treated or not treated with a suboptimal dose of CBDCA (6 h and 9 h respectively). Densito-
metric analyses of normalized Notch3-IP/Pin1-IP expression are reported. b Immunoblotting analyses of N3 expression in Caov3 + pLKO-TetO-shPin1 (left
panel) and Kuramochi+pLKO-TetO-shPin1 (right panel) cells upon shPin1 induction (DOXY, 48 h) with or without CBDCA treatment (6 h). (c) Immunoblot-
ting analyses of N3 protein stability in Caov3 + pLKO-TetO-shPin1 (left panel) and Kuramochi+pLKO-TetO-shPin1 (right panel) cells treated with a subopti-
mal dose of CBDCA (6 h) upon shPin1 induction (DOXY, 48 h) combined with or without HAPin1-wt overexpression. Cells were analysed after time-course
treatment with cycloheximide (CHX) for 0-2-4-6 h (upper panels). Densitometric analyses of 3-actin-normalized N3 protein levels are shown as the mean
value of three independent experiments +SD (lower panels). The results are expressed as percentages with respect to time 0. The difference between
the control group (-DOXY) and each sample and, where significant, among the samples is reported. Statistical significance was computed for each time
point via one-way ANOVA followed by Tukey’s multiple comparisons test. ns=not significant P> 0.05, *P < 0.05, **P < 0.01, ***P<0.001,****P <0.0001. Anti-
B-actin antibody was used as a loading control. In a, ** indicates light chains. In ¢, arrows indicate exogenous HAPIn1-wt.

encompassing the Pinl consensus motif (pSer6/Pro7),
whereas corresponding regions in P, and P; remained
more flexible. Persistent contact analysis showed that P,
uniquely established stable interactions with key Pinl
residues (Serl6, Argl7, Tyr23, Ser32, Trp34), driven by
its charged Arg5 and polar Ser8 (Fig. 5d, e). Consistent
with these findings, mutation of these residues in P1

(P1m; Supplementary Fig. S5c¢) markedly impaired bind-
ing in both BLI (Supplementary Fig. S12a) and pull-down
assays (Supplementary Fig. S12b—e). Furthermore, com-
petition experiments demonstrated that the wild-type P1
peptide competed more effectively with the full-length
protein for Pinl binding than did P1m (Supplementary
Fig. S12f).



Giuli et al. Journal of Experimental & Clinical Cancer Research

2 N3, -deleted mutants

ANK RE/AC TAD PEST
?

Fag A0 Th—OrO~ N3 wt
1663 1838 2026 2131 2224 2318
Flag /'D_(Imm_D_O\ N3,.,-AP
1663 2131 2224
R o I N3, -ARTP
1663 2026
Flag —h N3,.,-AARTP
1663 1838
Flag ANN—HO—O~  N32R
1839 2318
Flag I_D_O_O'\ N3,.,-ARA
2027 2318
C
2033
Q ép
L%‘ sP sP
o 3P 2101
2118
fa)
2 o
2203
d
2033® ®
gl sP
~ SP I
o s
o | =feerasecc] 2101
ais (3
o)
2 g
2203 ®
e
BN 840104£1310% 0992
20 114105214106 0991
P20 26410°+68%10¢ 0992
T -

(2026) 45:71

Pin1 binding b

Page 11 of 22

HEK293T cells

o
o
-
o $4949494
o [=] [a] o (=] (=]
+ C 0 & o o ©
M MO O MO O o™
Zz Z2 2 Z2 Z2 Z
- =97
- -
++ Flag . .-51
i =39
® =
Inputs
- -
- 64
MPM-2 * =551
=39
| R —— - 25
IP Flag (N3,.,)

=97
— =64
. .
Flag =1
=39
*x -----'28

IP HA (Pin1)

Fig. 4 Pin1 binds to specific residues of Notch3,cp, a lllustration of "°N3,,-wt and -deleted mutants. Interactions with Pin1 are indicated next to the
constructs (+++: strong; ++: intermediate; +: weak; —: no binding). b Immunoblotting of FLAGNS‘Cwat and -deleted mutants (upper panel), analysis of
their phosphorylation status (middle panel) and co-IP analyses of "*Pin1/MN3,, binding in HEK293T cells (lower panel). Anti-MPM-2 was used to detect
phospho-S/T-P motifs. * and ** indicate heavy and light chains, respectively, whereas arrows indicate exogenous "Pin1. ¢, d. lllustration of the RE/AC
and TAD regions of N3, showing the four identified phosphorylated Pin1 consensus motifs (red and bold). d The designed four peptides containing
Pin1 consensus sites. In a, ¢ and d, ANK: ankyrin; RE/AC: repression/activation domain; TAD: transcriptional activation domain. The numbering refers to
UniProtKB entry Q61982. e List of KD and related R values for the interaction of the PINT protein with N3-derived peptides

Notably, we observed that in the isolated P1 peptide,
$2029 is extensively solvent-exposed and highly flexible,
forming only transient hydrogen bonds with N30 and
P149 of Pinl (occupancy of 26.4% and 21.1%, respec-
tively), located at the interface between WW and PPI-
ase domains. However, in the full-length N3 protein,
the upstream ANK repeat domain imposes structural

constraints that likely stabilize polar interactions involv-
ing S2029. This restriction of conformational freedom
may limit compensatory rearrangements, thereby poten-
tiating the structural impact of 52029 on the Pin1-N3
interaction. To test this hypothesis, we employed Boltz2
[37] to generate two putative interaction models com-
paring the wild-type Pin1-N3;,, (residues 1837-2040,
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Fjg. 5 Structural and dynamic determinants of Pin]—Noﬁtch3 interactions. (a) Bidimensional landscape as a function of two order parameters: RMSD,eprige
(A) and distance between the centre of mass (dCOM) (A) of the peptides and the WW domain binding region. (b) Root mean square fluctuation (RMSF)
() of Pin1 Ca atoms. The peptide binding residues are represented as filled circles corresponding to the colours in $10d (upper panel). Pin1 coloured ac-
cording to the RMSF averaged over five replicas for each peptide (indicated in the dashed circles, corresponding to the colours in $S10d). The colour range
is from 1 A, dark purple, to 10 A, yellow, as indicated by the colour bar (lower panel). (c) RMSF (&) of peptide backbone atoms (upper panel). P, P,and P,
are coloured according to the RMSF averaged over five replicas for each one. The colour range is from 3.5 A, dark purple, to 15 A, yellow, as indicated by the
colour bar (lower panel). (d) Interaction fingerprint of Pin1-peptide complexes. Frequencies are calculated for all interaction types and filtered to include
only interactions that are found to have a frequency over 50% in at least one condition. The interaction frequency is represented via a scale ranging from
white (0%) to green (100%). (e) Inter residue interactions between the Pin1 WW domain and peptides corresponding to d, visualized over representative
Pin1-peptide complexes extracted from MD simulations. (f) Structures of the Pin1-N3_g, 4. cOMplexes in the wild-type (52029) and mutant (52029A)
forms, generated using Boltz2. The inset shows a close-up view of the wild-type and the mutated amino acid and neighbouring interacting residues. Hy-
drogen bonds are depicted as black dashed lines, while van der Waals (vdW) interactions are shown in magenta. (g) Co-IP analyses of HAF’irﬂ/FLAGN3‘CD7vvt

and ™ON3,_c,000s Binding in HEK293T cells. * indiicates light chains, while the black arrow indicates exogenous "Pin1.

encompassing the ANK domain and the P1 region) with
the S2029A mutant (Fig. 5f). Intermolecular contact
analysis confirmed that the S2029A substitution results in
the loss of a critical hydrogen bond and multiple van der
Waals interactions (Fig. 5f). Consistently, direct binding
assays between the P1-52029A peptide and Pinl showed
that the mutant peptide retains an affinity similar to the
wild-type P1 (Data not shown). This can be explained by
the marked flexibility of the P1 peptide extracted from
N3, which may allow the formation of compensatory
hydrophobic contacts involving A2029 (e.g., hypotheti-
cally with L86 and L156). The functional importance of
$2029 in the context of the full-length proteins was fur-
ther validated by Co-IP experiments (Fig. 5g), which
demonstrate that the S2029A mutation nearly abrogates
the interaction between N3 and Pin1.

Collectively, these data demonstrate that Pinl rec-
ognizes and binds the P1 peptide with higher efficiency
compared to other tested sequences. This suggests a
preferential role for P1 in the Pin1-N3(ICD) interac-
tion, primarily mediated by pS3033 and the presence
of a positively charged arginine residue preceding the
phosphorylated serine, a unique feature of this sequence.
Furthermore, the S2029 residue serves as a significant
structural determinant of the Pin1-N3 association.

Pin1 regulates Notch3, stability by competing with the
kinase GSK3p

To better characterize the molecular mechanism whereby
Pinl positively regulates N3, we wondered whether
stabilization resulted from masking overlapping sites of
N3 negative regulators. Therefore, we queried the ELM
database [38] for consensus motifs that overlap with Pinl
binding sites, and we identified the kinase GSK3p.

Most of the GSK3p substrates require a priming phos-
phorylated residue (serine or threonine) at amino acid +
4 (C-terminal) to be phosphorylated by GSK3p at specific
serine/threonine residues in the N-terminal region, S/
TXXXpS/pT (S = Ser; T = Thr; X = variable amino acid)
[39]. As shown in Fig. 6a, two putative GSK3[ consen-
sus motifs, which are evolutionarily conserved across

species, overlapped with Pinl interaction motifs identi-
fied in the RE/AC domain.

Therefore, we first sought to verify whether GSK3[
could act on the RE/AC of N3, For this purpose,
we transiently overexpressed N3;-, and GSK3p plas-
mids in the presence or absence of the GSK3p inhibi-
tor CHIR99021. After immunoprecipitation, N3;-p
was in-gel digested, and the trypsin digestion prod-
uct was analysed via MALDI ToF. The results revealed
GSK3B-dependent phosphorylation of the $2029 residue
(Fig. 6b), which was further confirmed by LC-MS/MS
(Fig. 6c). Indeed, S2029 phosphorylation (pS2029) was
detected in two peptides, (2024—2032) and (2024—2055),
only after the overexpression of GSK3p kinase and in the
absence of the CHIR99021 inhibitor (Fig. 6¢ and Supple-
mentary Fig. S13). On the other hand, the S2033 resi-
due was detected in the phosphorylated state (pS2033)
regardless of the presence of the kinase GSK3p or the
CHIR99021 inhibitor (Fig. 6c). Notably, the peptide
(2024-2055), containing both S2029 and S2033 residues,
shows phosphorylated $2029 concurrently with phos-
phorylated S2033, suggesting that S2033 prephosphory-
lation could be necessary for GSK3p recognition (Fig. 6¢
and Supplementary Fig. S13c and S13d). To test this
hypothesis, we repeated the MS analysis by using a newly
generated N3,-p phospho-mutant (N3,-5-S2033A): as
shown in Fig. 6d, the absence of a functional S2033 resi-
due led to impaired S2029 phosphorylation, confirming
the role of the phospho-site $2033 as the priming residue
required to correctly drive GSK3p phosphorylation activ-
ity at the S2029 site (Fig. 6d).

By exploring the role of GSK3p in the regulation of
N3, we revealed that dose-dependent overexpres-
sion of GSK3p led to a reduction in N3, protein levels
(Fig. 6e), which was reversed by the proteasome inhibi-
tor MG132, thus suggesting that GSK3p is involved in
N3,-p proteasomal degradation (Fig. 6f). Consistently,
the N3 half-life was shorter following GSK3f over-
expression, which was reversed by the CHIR99021
inhibitor (Fig. 6g). In contrast, GSK3p was unable to
induce a similar strong reduction in N3~ non-phos-
phorylable mutants (N3;cp-S2029A, N3;--S2033A and
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Fig. 6 (See legend on next page.)

N3,cp-S2029A/S2033A), which affected GSK3p activity
(Fig. 6h), resulting in their increased stability (Fig. 6i) and
unresponsiveness to proteasomal degradation GSK3p-
dependent (Supplementary Fig. S14).

Collectively, these findings revealed that the kinase
GSK3p negatively regulates N3, protein levels by

recognizing the pS2033 residue and acting on the 52029
residue.

Given that we identified the Pinl target phospho-site
$2033 (containing in peptide P1) as the priming residue
for GSK3p activity on N3, we hypothesized that the
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Fig. 6 GSK3 phosphorylates Notch3,-5 and induces its proteasomal degradation. a lllustration of the RE/AC domain of N3ICD showing GSK33 consen-
sus motifs (bold: primed residues; red: putative residues) (upper panel) and their sequence alignment across species (lower panel). b MALDI ToF spectra
for peptide mass fingerprinting of FLAGN3ICD-wt in the absence (A) or presence of HAGSK3, alone (B) or with CHIR99021 (2 h) (C), zoomed into the area
approximately 3312 m/z corresponding to the 2024LLDQPSGPRSPSGPHGLGPLLCPPGAFLPGLK2055 peptide. Each box contains the MS/MS spectrum
of the 3312 m/z signal and the identified phosphorylated residue via Biotools software. ¢ Table showing the different tryptic peptides with the corre-
sponding identified phosphorylated residues (red) detected by an Orbitrap Fusion Tribrid mass spectrometer. nd=not detected. d MALDI ToF spectra
for peptide mass fingerprinting of FLAGN3ICD-52033A alone (A, C) or with HAGSK3 (B, D), zoomed into the area approximately 982 m/z corresponding
to the 2024LLDQPSGPR2032 peptide (A, B) or approximately 2253 m/z corresponding to 2033APSGPHGLGPLLCPPGAFLPGLK2055 peptide (C, D). In a-d,
numbering refers to UniProtkB entry Q61982. e-i. HEK293T cells. @ Immunoblotting analyses of FLAGN3ICD-wt in the presence of increasing amounts
of HAGSK3B. f, g.lmmunoblotting analyses of FLAGN3ICD-wt in the presence of the highest dose of HAGSK3{ plasmid followed by MG132 (4 h) (f) or
CHIR99021 (2 h) (g). In g, the cells were analysed over a time course with cycloheximide (CHX) (0-2-4 h). h, i. Immunoblotting analyses of FLAGN3ICD-wt
and non phosphorylable mutants in the presence or absence of HAGSK3p (h) or after a time course with CHX (0-2-4 h) following the overexpression of
HAGSK3(i) (upper panels). Densitometric analyses of 3-actin-normalized N3 levels are shown as the mean value of three independent experiments + SD
(lower panels). In'i, the results are expressed as percentages with respect to time 0. The difference between FLAGN3ICD-wt and each non phosphorylat-
able mutant in the presence of HAGSK3( (h) or at each time point (i) is shown. Statistical significance was computed via one-way ANOVA followed by
Sidak's multiple comparisons test. ns=not significant P>0.05, *P < 0.05, **P<0.01, ***P < 0.001 ****P<0.0001. Anti-B-actin antibody was used as a loading

control. In i, * indicates a-specific bands

Pinl and GSK3p proteins may compete for N3, bind-
ing with different functional outcomes.

We documented that the activity of GSK3p on N3,
is favoured in the absence of Pinl isomerase, which is
obtained both by Pinl silencing (Fig. 7a) or by overex-
pressing the catalytically inactive mutant Pinl-S67E,
which is able to interact with its substrates without
inducing cis/trans isomerization [21] (Fig. 7b). In agree-
ment with these data, the stability of N3, was signifi-
cantly lower in the presence of GSK3p in a Pinl-deficient
context (Fig. 7c), which was subsequently restored by
the exogenous expression of wild-type Pinl but not
Pin1-S67E (Fig. 7d). These data indicate that Pinl isom-
erase activity plays a key role in the regulation of N3,
stability.

Furthermore, Pinl negatively affected the interac-
tion between exogenous GSK3p and N3, (Fig. 7e),
favouring its own binding to N3, (Fig. 7e, see blot HA
(Pin1)). Accordingly, transient Pinl overexpression in
Pinl-depleted cells decreased the endogenous binding
between GSK3B and N3j-, under CBDCA treatment
(Fig. 7f).

Overall, these findings suggest that Pinl isomerization,
through masking shared residues, protects N3, from
GSK3B-dependent proteasomal degradation by displac-
ing their interaction (Fig. 7g).

Suppression of Pin1 sensitizes HGSOC to platinum-based
chemotherapy via Notch3 downregulation both in vitro
and in vivo

The role of Pinl in sustaining N3 protein expression
prompted us to investigate whether Pinl inhibition can
lead to chemo sensitization. Accordingly, Pinl knock-
down was correlated with a significant decrease in cell
survival (Fig. 8a-d). N3 silencing did not further sen-
sitize Pinl-silenced cells to CBDCA (Fig. 8a and b),
and N3 transient overexpression rescued the increased
CBDCA-induced cell death in Pinl-silenced cells (Fig. 8¢

and d), confirming that N3 acted downstream of Pinl in
response to CBDCA.

To evaluate the in vivo impact of these findings, pLKO-
TetO-shPinl1-LUC Kuramochi cells were tested in xeno-
graft experiments with female NSG mice. After cell
inoculation (day 15), each group was randomized and
treated with either doxycycline and/or CBDCA or vehicle
(PBS), and tumour growth was monitored for two more
weeks with 10 doses of CBDCA (t10) (Fig. 9a). While
Pinl knockdown (DOXY) moderately delayed tumour
burden, tumours treated with CBDCA monotherapy con-
tinuously progressed even more than those in the control
group (CTL) did (Fig. 9b and c), as expected by our previ-
ous in vitro data showing increased Pin1/N3 interaction
in CBDCA-treated cells (Fig. 3a), thereby sustaining N3
expression and CBDCA resistance. Interestingly, only
the combined treatment (Combo), represented by Pinl
depletion plus CBDCA, effectively reduced intraperito-
neal tumour dissemination, ultimately resulting in signifi-
cant CBDCA sensitization (Fig. 9b and c). Notably, all the
tumoral masses identified (mainly in CTL and CBDCA
groups) co-expressed both Pinl and N3 proteins, con-
firming the importance of a functional Pin1/N3 axis in
the acquisition of an aggressive phenotype (Fig. 9d, left
and middle panels). As expected by our previous results
(Fig. 3b and Supplementary Fig. S4a), Pinl-depleted
(DOXY) tumoral cells retained N3 expression, not influ-
enced at all in the absence of CBDCA treatment (Fig. 9d,
right panels).

Overall, these findings indicate that Pinl inhibition
impairs N3 signalling, ultimately resulting in sensitivity
to chemotherapeutic drugs.

Pin1/Notch3 axis activation is correlated with platinum
resistance in HGSOC primary tumours

To translate our findings into a relevant preclinical model,
we next used two primary chemo-naive HGSOC cell
lines, named PMOV#9 and PMOV#14 (Supplementary
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Fig. 7 Antagonistic effects of Pin1 and GSK3B on Notch3,. a, b. Immunoblotting showing analyses of FLAGN3ICD-wt protein expression levels in
HEK293T cells transiently transfected for 48 h with HAGSK3(3 alone or in combination with Pin1-specific siRNA (siPINT) (@) or HAPin1-S67E (b). The cells
were also treated with MG132 (4 h) as indicated. ¢ Immunoblotting analyses of the FLAGN3ICD-wt half-life in Pin1 wild-type (Pin1wt) and knockout
(PinTKO) HEK293T cells transiently transfected with HAGSK3[3. The cells were analysed after time-course treatment with cycloheximide (CHX) for 0-2—-4
h.d Immunoblotting analyses of the FLAGN3ICD-wt half-life in Pin1 wild-type (Pin1wt) and knockout (Pin1KO) HEK293T cells transiently transfected with
HAGSK3. HEK293T Pin1KO cells were transfected with or without HAPin1-wt or -S67E. The cells were analysed after time-course treatment with cyclo-
heximide (CHX) for 0-4 h. e Co-IP analyses of FLAGN3ICD-wt and HAGSK3( proteins in HEK293T Pin1KO cells in the presence of increasing amounts of
HAPin1-wt. f Co-IP analyses of GSK3[3 and N3 proteins in Kuramochi+pLKO-TetO-shPin1 cells treated with a suboptimal dose of CBDCA (9 h) upon shPin1
induction (DOXY, 48 h) with or without HAPin1-wt under MG132 treatment (4 h). g A schematic model (created in BioRender) showing the antagonistic
effect of Pin1 and GSK3[3 proteins on N3ICD. Pin1 isomerase activity on N3ICD masks the GSK33 binding site (52033 residue), ultimately resulting in N3ICD
stabilization (A). In the absence of Pin1, GSK3[ recognizes the 52033 residue and phosphorylates the 52029 residue, thereby promoting proteasomal
degradation (B). Anti-B-actin antibody was used as a loading control. In a and ¢, * indicates a-specific bands. In ¢, d, and e, an anti-GFP antibody was used
to evaluate the transfection efficiency. In d, f, arrows indicate exogenous HAPIn1. In f, * indicates the heavy chain

Table S1), which were isolated from fresh biopsies of
HGSOC patients selected as described in Fig. 2: these
cells were representative of low (L) or high (H) co-expres-
sion of both Pinl and N3 proteins, respectively (Fig. 10a
and Supplementary Fig. S15a).

As shown in Fig. 10b, PMOV#14 (H/H) is more resis-
tant to CBDCA than PMOV#9 (L/L), confirming that the
high expression of both Pinl and N3 is correlated with a
more aggressive phenotype.

Notably, in PMOV#14 (Pinl-high context), the genetic
targeting of Pinl induced a decrease in N3 protein lev-
els (Fig. 10c), which was consistent with the observed
re-sensitization to CBDCA (Fig. 10b), indicating that
high protein levels of Pinl are necessary to stabilize N3

under platinum pressure in primary tumours. Consis-
tent with these data, CBDCA treatment of PMOV#9
cells (Pinl-low context) did not lead to an increase in N3
(Fig. 10d), likely because Pinl is expressed at very low
levels (Fig. 10a), thus explaining why Pin1 inhibition did
not affect the CBDCA response (Fig. 10b).

To confirm these observations, we evaluated Pinl/
N3 levels in HGSOC biopsies before and after CBDCA
therapy (Fig. 10e, Supplementary Fig. S15b-d) and cor-
related them with their clinical platinum response
(Fig. 10f). We performed IHC analysis on paired tumour
samples obtained prior to the start of PT-based neoad-
juvant chemotherapy (pre-NACT) treatment and at the
time of interval debulking surgery (post-NACT) (Fig. 10e
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Fig. 8 Genetic Pin1 targeting sensitizes tumour growth to platinum treatment in vitro. a, b. CBDCA dose-response curves. Caov3 (a) and Kuramochi (b)
cells were transfected with control, Pin1, or N3-specific siRNAs, alone or in combination for 72 h. ¢, d. Caov3 + pLKO-TetO-shPin1 (c)and Kuramochi+pLKO-
TetO-shPin1 (d) cells upon shPin1 induction (DOXY, 48 h) with or without overexpression of GFPN3ICD. Cells were subjected to increasing doses of
CBDCA for 16 h and then released in drug-free medium for an additional 24 h. The results are expressed as the percentage of viable cells with respect
to untreated cells, and the resulting IC50 is expressed as the mean value of three independent experiments +SD. The expression of Pin1 with N3 (a, b)
and GFP (¢, d) is reported in the lower inset as an experimental control for transient transfections without CBDCA treatment. The difference between
the control group (siCTL in a, b and —-DOXY in ¢, d) and each sample is reported, and where significant, the difference among samples is shown. Statisti-
cal significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test. ns=not significant P>0.05, *P<0.05, **P<0.01,
***P<0.001,****P<0.0001. Anti-B-actin antibody was used as a loading control

and Supplementary Table S1). The pre-NACT biopsies
from patients #1 and #2 recapitulated PMOV#9 and #14,
respectively, for the expression of the analysed proteins.
Accordingly, the treatment did not affect the protein lev-
els of Pin1/N3 in patient #1 (Fig. 10e), as we observed
for PMOV#9 (Fig. 10d). Furthermore, patient #1 (Pinl-
L/N3-L) was sensitive to treatment, whereas patient #2
(Pin1-H/N3-H) developed resistance (Fig. 10e), confirm-
ing our results (Fig. 10b). Notably, patient #3 is of par-
ticular interest, as its pre-NACT biopsy revealed high
levels of Pinl but low levels of N3 proteins. Interestingly,
post-NACT, the levels of N3 increased (Fig. 10e), which
correlates with a resistant phenotype (Fig. 10f), thus con-
firming the ability of Pinl to regulate N3 stability and
function under platinum pressure, ultimately resulting in
platinum resistance.

Discussion

Heterogeneity, insurgence of resistance to platinum-
based chemotherapy, and recurrence still represent
crucial issues to be addressed for the management of
HGSOC-bearing patients [40]. Several studies depicted
the interplay between different signaling pathways oper-
ating within tumour cells as a potential strategy to escape
platinum-based chemotherapy response in HGSOC [33],

thus enabling the discovery of potential druggable targets
to develop more effective therapies.

In this context, we identified the Pin1/N3 axis as
potentially predictive of poor response to standard plat-
inum-based treatments in HGSOC patients.

Mechanistically, we investigated N3, phospho-sites
and their impact on N3, stability. Our findings cover
a largely unstudied layer of fine tuning and regulation of
N3 in cancer, given that little is known about how phos-
phorylation affects N3 function [41]. Indeed, we mapped
the phospho-residues responsible for Pinl binding,
which in turn prevents the N3;-5/GSK3p interaction.
In particular, we demonstrated that once Pinl targets
the pS2033 site, it physically occupies the surrounding
molecular space. This steric hindrance effectively seques-
ters the S2029 residue, protecting it from GSK3p and
preventing its subsequent phosphorylation. Therefore,
Pinl acts as a critical negative regulator of GSK3p activ-
ity at this specific locus. Notably, our data indicate that
the kinase GSK3p negatively affects N3¢, stability, thus
adding further information to previous studies which
described GSK3p kinase either as a positive or a nega-
tive regulator of N3, in other tumour contexts [42, 43].
While the role of GSK3p in HGSOC [44] remains con-
troversial, aberrant activation of the PI3K/AKT/mTOR
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Fig. 9 Genetic Pin1 targeting sensitizes tumour growth to platinum treatment in vivo. a-d.NSG mice (n=4 for each group) were intraperitoneally (i.p.)
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Fig. 10 Pin1/Notch3 axis activation is correlated with platinum resistance in HGSOC primary tumours. a Representative Pin1/N3 IHC staining of HGSOC
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Statistical significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test. ¢ Immunoblotting analyses of N3 expression
in PMOV#14 cells upon Pin1 genetic targeting induction (siPin1) with or without a suboptimal dose of CBDCA (6-9 h). d Immunoblotting analyses of
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ns=not significant P>0.05, *P<0.05, **P<0.01, §P<0.001 ****P<0.0001. Anti-B-actin antibody was used as a loading control. In b, ¢,and d, H and L refer to

Pin1 and N3 expression (H=High and L=Low) as reported in Fig. 2

signalling pathway, including PTEN loss, which nega-
tively affects GSK3p function, is frequently reported in
OC [45]. Furthermore, several lines of evidence suggest
that oncogenic processes targeting GSK3p activity result
in the promotion of proliferative or invasive signals or the
inhibition of apoptotic ones [46], which is consistent with
our data. Indeed, we demonstrated that high Pinl expres-
sion hinders GSK3p-dependent proteasomal degrada-
tion, mirroring findings in the context of breast cancer,
where Pinl sustains Notchl by antagonizing the E3-ubigq-
uitin ligase Fbxw7 [18].

In keeping with previous studies reporting frequent
N3 overexpression in recurrent post-chemotherapy
HGSOCs [47], we demonstrated that the Pinl/N3qp
interaction increased under platinum pressure, first
functionally leading to increased N3, protein lev-
els and finally resulting in the acquisition of a platinum
drug-resistant phenotype. Our generated model of
Carboplatin-resistant cells supported these data. Con-
sistently, data from HGOSC primary tumours strongly
support these findings. In particular, by comparing pre-
vs. post NACT patients we observed that the combined
high co-expression of both Pin1/N3 proteins correlated
with poor response to platinum-based chemotherapy,
thus being an interesting predictive response biomarker
in HGSOC. Of clinical relevance, this may suggest a

potential stratification of HGSOC, thus identifying
patients expressing high levels of both Pinl and Notch3
proteinsas the population who most likely could benefit
from targeting this signalling.

While our data highlight a central role for Pinl in mod-
ulating N3 driven platinum resistance, its broader impact
likely involves additional pathways given that Pinl sus-
tains multiple cancer-driving targets over Notch recep-
tors [17]. In keeping with this, the observed HGSOC
re-sensitization to Platinum upon Pin inhibition via N3
destabilization by GSK3p may also be sustained by the
known direct Pinl-regulatory activities on GSK3p itself
[48, 49]. Interestingly, the synergistic antitumoral effect
of N3 targeting and the antiangiogenic drug bevacizumab
[50], which is commonly used in combination with first-
line chemotherapy and as a maintenance strategy in
HGSOC, suggests the possibility of extending Pinl inhib-
itors to the overall management of HGSOC patients, thus
allowing stratification before treatment.

From this holistic perspective, Pinl targeting may
also be useful for mimicking “BRCAness” conditions in
HGSOC, as Pinl has been shown to sustain the BRCA1
protein in other BRCA-associated cancers, includ-
ing prostate cancer pancreatic, and triple-negative
breast cancer [51]. Therefore, Pinl inhibition poten-
tially enhances the response to chemotherapy [33] and
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poly (ADP-ribose) polymerase inhibitors (PARPis) [52],
the latter being an effective maintenance strategy cur-
rently limited to a subset of HGSOC patients showing a
“BRCAness” phenotype owing to their HRD* (homolo-
gous recombination deficiency) status.

Taken together, our findings provide important evi-
dence that Pinl is an intriguing target that could be
used to implement first-line and maintenance therapies
for HGSOC patients. Interestingly, Pinl-deficient mice
develop normally [53], suggesting that Pin1 downmodu-
lation should avoid general toxicity. To our knowledge,
only a few studies have evaluated Pinl inhibition in
HGSOC and have focused mainly on how it affects can-
cer cell proliferation [16, 54], thereby underscoring that
the potential of Pinl targeting in this context is far from
fully elucidated. Remarkably, we demonstrate that Pinl
could be an actionable vulnerability in HGSOC, as its
inhibition, combined with platinum treatment, impairs
N3 protein expression and function, ultimately restoring
chemosensitivity and reducing the tumour burden.

Clinically, several Pinl inhibitors have been developed
in recent years and tested for their potent anticancer
efficacy [55]. Promising evidence has been derived from
studies on the KPT-6566 molecule, a small Pinl inhibitor
able to selectively inhibit Pinl and target it for degrada-
tion [20], thus effectively reducing lung dissemination in
vivo without major toxicity [20]. Moreover, all-trans reti-
noic acid (ATRA), which induces Pinl degradation [56],
could be of particular interest, as it is an FDA-approved
drug that is currently used for acute promyelocytic leu-
kemia (APL)-bearing patients in combination with arse-
nic trioxide [57]. Since ATRA has relatively low systemic
toxicity, expanding its use for the treatment of other
cancer types has become crucial. As a result, the thera-
peutic potential of ATRA has been extensively studied
in a variety of cancer types, thus allowing several clini-
cal trials using ATRA, which are currently ongoing for
the treatment of solid tumours [58]. However, additional
studies are needed to strongly support its potential use
as an appealing therapeutic strategy for HGSOC therapy.
In this scenario, some limitations should be acknowl-
edged in this study, mainly regarding the translational
relevance. Despite promising in vitro and in vivo data
obtained by using validated HGSOC established cells and
primary tumours from HGSOC patients, this study used
a small number of models also limited to 2D cultures
which often lose the complexity of the human pathology.
Implementing HGSOC cohort consistency by extending
our in-house dataset of HGSOC patients is essential for
the establishment of clinically relevant models, includ-
ing HGSOC patients-derived organoids, able to mimic
key architecture, stromal/ECM cues and cellular hetero-
geneity of the disease, thus representing the best tool to
better understand the correlation between Pinl/Notch3
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expression and CBDCA responses in HGSOC, and finally
resulting in personalized applications in clinic. Consis-
tently, despite the observed paclitaxel cross-resistance
in our generated HGSOC-resistant cells, further assays
addressing whether the Pin1/N3 axis also affects taxane
response will be essential to clarify treatment option for
patients.

Conclusion

Overall, this study provides a strong rationale for fur-
ther investigation of Pinl pharmacological inhibition
and platinum-based combinations in HGSOC-bearing
patients who rely on Pinl/N3 axis activation to sur-
vive and acquire a resistant phenotype. In this context,
we suggest a novel role of the combined high Pin1/N3
co-expression in predicting the platinum response of
HGSOC patients before clinical recurrence, which could
be exploited to develop new diagnostic and therapeutic
tools, thus opening innovative perspectives to support
clinicians in HGSOC management.
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