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Abstract

PT-112 is a novel immunogenic cell death (ICD)-inducing small molecule currently under Phase 2 clinical
development, including in metastatic castration-resistant prostate cancer (mCRPC), an immunologically cold and
heterogeneous disease state in need of novel therapeutic approaches. PT-112 has been shown to cause ribosome
biogenesis inhibition and organelle stress followed by ICD in cancer cells, culminating in anticancer immunity. In
addition, clinical evidence of PT-112-driven immune effects has been observed in patient immunoprofiling. Given
the unmet need for immune-based therapies in prostate cancer, along with a Phase | study (NCT#02266745)
showing PT-112 activity in mCRPC patients, we investigated PT-112 effects in a panel of human prostate cancer cell
lines. PT-112 demonstrated cancer cell selectivity, inhibiting cell growth and leading to cell death in prostate cancer
cells without affecting the non-tumorigenic epithelial prostate cell line RWPE-1 at the concentrations tested. PT-112
also caused caspase-3 activation, as well as stress features in mitochondria including ROS generation, compromised
membrane integrity, altered respiration, and morphological changes. Moreover, PT-112 induced damage-associated
molecular pattern (DAMP) release, the first demonstration of ICD in human cancer cell lines, in addition to
autophagy initiation across the panel. Taken together, PT-112 caused selective stress, growth inhibition and death in
human prostate cancer cell lines. Our data provide additional insight into mitochondrial stress and ICD in response
to PT-112. PT-112 anticancer immunogenicity could have clinical applications and is currently under investigation in
a Phase 2 mCRPC study.
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Background

Prostate cancer is the second leading cause of cancer-
associated death among men, with an estimated 34,700
deaths per year in the United States [1]. Over 1.4 million
men were diagnosed with the disease in 2020, making it
one of the most frequently occurring malignancies lead-
ing to mortality in men worldwide [2]. Despite recent
improvements in prostate cancer treatment, the develop-
ment of new therapies is a persistent clinical challenge.
Current standard-of-care regimens such as chemother-
apy (e.g., docetaxel or cabazitaxel) and androgen-depri-
vation therapy exhibit toxicity and/or a high incidence of
acquired resistance [3-7], and there is an unclear treat-
ment paradigm as disease continues to progress. This is
particularly true in late-line mCRPC patients who have
already received chemotherapy, hormone therapy, and/
or recently approved lutetium-177, leading to limited
treatment options [8—10]. Additionally, precision medi-
cine approaches, while resulting in regulatory approval
of PARP inhibitors, are generally indicated for 11-13%
of the mCRPC population harboring BRCA1/2 muta-
tions [11-13]. Recently, immune checkpoint inhibitor-
based approaches such as anti-CTLA-4 and anti-PD-1
antibodies have been successfully used across several dif-
ferent cancer types [14, 15]. However, these agents have
not demonstrated robust clinical activity in prostate can-
cer, with several large Phase 3 studies reporting negative
results, likely due to the immunologically cold nature of
disease [16—19]. Taken together, there is a high unmet
need for novel agents capable of anticancer immune acti-
vation, particularly in the late-line setting [8-10, 16, 17].

PT-112 is a novel, immunogenic cell death (ICD)-
inducing small molecule currently under Phase 2 clinical
development, including in late-line mCRPC [20, 21]. Pre-
liminary evidence of safety, efficacy and clinical benefit
in mCRPC was observed for monotherapy and in com-
bination with anti-PD-L1 in two prior dose escalation
trials with PT-112 [22-25]. Recent findings have shown
evidence of ribosome biogenesis inhibition and nucleolar
stress by PT-112 in human cancer cell lines [26]. These
early molecular effects, together with organelle stress
observed in mitochondria and endoplasmic reticulum in
murine cells [27-29] likely contribute to the immunoge-
nicity of PT-112; in preclinical models, it induces ICD via
damage-associated molecular pattern (DAMP) release,
recruits immune effector cells in the tumor environment,
and synergizes with immune checkpoint inhibitors [30].
Immune effects of PT-112 have recently been demon-
strated in a Phase 2 study in patients with thymic epithe-
lial tumors [31, 32].

In addition, PT-112 is distributed to multiple tissues
and organs, including kidney, lung and liver, with the
highest concentrations found in bone, likely driven by the
pyrophosphate moiety [33]. This suggests PT-112 may
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provide benefit to patients with prostate cancer, a popu-
lation with a high incidence of bone metastases [34] and
where immune checkpoint inhibitors have not been dem-
onstrated to be effective, highlighting a need for novel
immune-based therapies.

Our previous studies using L929 mouse tumor cell
lines with well-characterized metabolic features showed
mitochondrial stress upon PT-112 treatment, as dem-
onstrated by mitochondrial reactive oxygen species
(mtROS) accumulation and changes in the mitochondrial
membrane potential [28]. These PT-112-induced effects,
along with cell death, were more pronounced in cell lines
with mitochondrial DNA mutations, dependence on gly-
colysis for survival, and higher in vivo tumorigenic and
metastatic potential [35]. These data suggested the rel-
evance of mitochondria to PT-112-induced cell death.

Mitochondria are essential organelles as a hub for met-
abolic, bioenergetic, redox, and apoptotic signaling path-
ways, and thus play a key role in tumor cell proliferation
[36]. Mitochondrial stress has been shown to facilitate
pro-tumorigenic metabolic reprogramming in malignant
cells, and basal levels of mtROS are commonly higher in
cancer compared to healthy cells [37-39]. However, driv-
ing mitochondrial stress and mtROS levels beyond a cer-
tain threshold can lead to unmanageable oxidative stress
and ultimately cell death [36, 38]. These observations
suggest that novel therapeutic approaches harnessing
the unique metabolic profile of cancer cells can promote
antitumor activity and cancer cell death through the
induction of a mitochondrial stress response.

Given PT-112 activity observed in prostate cancer
patients, as well as previously reported mitochondrial
stress induction by PT-112 in mouse tumor cells, we
explored the effects of PT-112 in a panel of human pros-
tate cell lines. Here, we report: (1) cancer cell selectiv-
ity; (2) cell death characterization; (3) mitochondrial
stress features such as mtROS generation, compromised
membrane integrity and changes in morphology; (4)
ICD induction via DAMP release; and lastly, (5) evidence
of autophagy. Together, this work aims to advance the
understanding of a key organelle stress contributing to
PT-112’s activity and its resulting anticancer immunity in
prostate cancer.

Methods

Cell culture

Human prostate cell lines were maintained according to
ATCC recommendations. PC-3, DU-145, and VCap were
cultured in high glucose DMEM medium with Gluta-
MAX (Life Technologies, Paisley, UK). LNCap and 22Rv1
were cultured in RPMI 1640 medium (Life Technologies,
Paisley, UK). LNCap-C4 and LNCap-C4-2 were cultured
in a mixture of DMEM: F12 (4:1) supplemented with bio-
tin (4.9 ng/mL), adenine (251.8 ng/mL), insulin (0.1 ng/
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mL), and transferrin (88.6 ng/mL). RWPE-1 (immortal-
ized, non-tumorigenic human prostate cell line) was
cultured in Keratinocyte-SFM supplemented with EGF
human recombinant (5 ng/mL) and bovine pituitary
extract (50 pg/mL) (Gibco, Grand Island, NY, USA). All
cell culture media used for prostate cancer cell lines were
supplemented with 10% fetal calf serum, penicillin (1000
U/mL) and streptomycin (10 mg/mL) (PanBiotech, Aid-
enbach, Germany). Cells were incubated at 37 °C and 5%
CO, using standard procedures. PC3, LNCap, VCap, and
RWPE-1 cell lines were kindly provided by Dr. M. Jesus
Vicent from CIPE, Valencia, while DU-145, LNCap C4,
LNCap C4-2 and 22Rv1 cell lines were a kind gift of Dr.
Santiago Ramoén y Cajal from Hospital Vall d’Hebron
(Barcelona). LNCaP and DU-145 cells used for confo-
cal fluorescence microscopy work were purchased from
ATCC and routinely tested for mycoplasma contamina-
tion by DAPI staining and high magnification imaging.

Cell viability assays

Relative cell growth in response to PT-112 compared
to control, untreated cells was measured using Moss-
man’s method (i.e., MTT assay). Briefly, 2x 10* cells were
seeded per well in a 96-well flat-bottom plate and incu-
bated with increasing concentrations of PT-112 (2, 6, and
10 uM) for 24-72 h (h) at 37 °C. Subsequently, 10 uL of
a 5 mg/mL MTT solution was added to each well and
incubated for 3 h at 37°C. During incubation, viable cells
reduced the MTT solution to insoluble purple forma-
zan crystals, which were then solubilized with a mixture
of isopropanol and 0.05 M HCI. Finally, absorbance was
measured by a microplate reader (Dynatec, Pina de Ebro,
Spain).

Cytotoxicity assays and cell death quantification
Cytotoxicity was measured as follows: 2x10* cells were
seeded per well in a 96-well plate and incubated with
increasing concentrations of PT-112 (2, 6, and 10 uM)
for 24-72 h at 37 °C. Cell death in untreated and treated
cells was analyzed by flow cytometry using a FACSCali-
bur flow cytometer (BD Biosciences, Madrid, Spain)
after simultaneous incubation with annexin-V-FITC and
7-AAD (BD Biosciences, Madrid, Spain) in annexin bind-
ing buffer (140 mM NaCl, 2.5 mM CaCl,, 10mM HEPES/
NaOH, pH 7.4) for 10 min (min).

Analysis of caspase-3 activation

Caspase-3 activation was measured using a FITC-labelled
antibody against cleaved caspase-3 (BD Pharmingen™,
Madrid, Spain). For this purpose, 1x10° LNCap-C4
and DU-145 cells pretreated with 10 uM of PT-112 for
24-72 h were fixed with 4% paraformaldehyde solu-
tion for 15 min at 4 °C. Then, cells were washed with
PBS buffer, permeabilized using a 0.1% saponin dilution
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supplemented with 5% fetal bovine serum, and incubated
for 15 min at room temperature (RT). After washing,
samples were incubated with the antibody for 30 min at
RT and analyzed by flow cytometry using a FACSCalibur
flow cytometer (BD Biosciences, Madrid, Spain).

Cell morphology assessments

2x10* cells (DU-145, LNCap, or PC-3) were treated with
or without 10 pM of PT-112 for 72 h Images were taken
using an inverted microscope (Nikon Eclipse TE300). For
cell morphology assessments using transmission elec-
tron microscopy (TEM), refer to Transmission Electron
Microscopy (TEM).

Apoptosis and necroptosis inhibition assays

2x10* cells (LNCap-C4 and DU-145) were seeded in a
96-well plate and incubated with pan-caspase inhibi-
tor Z-VAD-fmk (50 uM; MedChem Express, New Jer-
sey, USA) and/or RIPK-1 inhibitor necrostatin-1 (30
uM; MedChem Express, New Jersey, USA) for 1 h. Cells
were then treated with 10 uM of PT-112 and incubated
for 48 h at 37 °C. Both inhibitors were refreshed in their
corresponding wells after 24 h. Finally, cell death was
assessed via flow cytometry using a FACSCalibur flow
cytometer (BD Biosciences, Madrid, Spain) after 10 min
incubation with annexin-V-FITC and 7-AAD (Sigma,
Madrid, Spain) in annexin binding buffer (140 mM NacCl,
2.5 mM CaCl,, 10mM HEPES/NaOH, pH 7.4).

mtROS, mitochondrial mass and mitochondrial membrane
potential measurements

Total mtROS production, mitochondrial mass, and mito-
chondrial membrane potential were each measured using
a FACSCalibur flow cytometer (BD Biosciences, Madrid,
Spain) in prostate cells with or without 10 uM PT-112
for 24—-72 h. For mtROS production and mitochondrial
mass, cells were incubated at 37 °C with 5 pM MitoSOX™
(ThermoFisher, Rockford, IL, USA) for 30 min or 300
nM MitoTracker™ green staining (Invitrogen) for 15 min,
respectively. To measure alterations in mitochondrial
membrane potential, DU-145 and LNCap-C4 cells were
simultaneously incubated with 20 nM TMRE (Molecular
Probes, Madrid, Spain) and annexin-V-DY-634 (Sigma,
Madrid, Spain) for 30 min at 37 °C.

Confocal fluorescence microscopy was used to visual-
ize mitochondrial membrane polarization. 2x10% cells
(LNCap and DU-145) per well were plated in an opti-
cal plastic bottom 384-well plate (Aurora Microplates,
Scottsdale, AZ, USA) and, after overnight attachment,
treated with control buffer or 25 uM PT-112 for 72 h.
Cells were then stained live with Hoechst 33,342 (Ther-
moFisher, Rockford, IL, USA #62249, 1:5000 dilution)
and either TMRE (ThermoFisher, Rockford, IL, USA
#T669, 1:1000 dilution) or JC-1 (ThermoFisher, Rockford,
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IL, USA #T3168, 1:1000 dilution) for 30 min. Next, cells
were imaged on a Yokogawa CV8000 high-throughput
spinning disk confocal using a 20x/1.0 water objective
capturing a 10 pm z-stack in 9 fields of view per condi-
tion. Images were then projected at maximum intensity
for quantification. Image analysis was performed using
the CellPathfinder software (Yokogawa, Sugar Land, TX,
USA). Briefly, nuclei were identified using the Hoechst
channel, followed by a dilation step to include the mito-
chondrial signal (“virtual cell”) from where intensity-
based measurements were extracted. The experiment
was repeated three independent times with four techni-
cal replicates per biological replicate.

OXPHOS performance and metabolism measurements
Oxygen consumption rate (OCR) measurements of
30,000 LNCap-C4 cells treated with or without 10 pM
PT-112 for 24 h were performed using the Seahorse XF
Cell Mito Stress Test Kit and the XF96 Extracellular Flux
Analyzer (Seahorse Biosciences, Lexington, MA, USA).
Cells were incubated in Seahorse media (ImM pyru-
vate, 2mM glutamine, 1 M glucose at pH 7.4) for 30 min
at 37°C without CO,. According to the manufacturer’s
instructions, OCR was measured in basal conditions and
after sequential addition of oligomycin (CV inhibitor),
FCCP (respiration and ATP synthesis uncoupler), and
rotenone+antimycin A (AA+Rot, CI and CIII inhibitors,
respectively). OCR data were normalized to the number
of viable cells as determined by the CyQuant Cell Prolif-
eration Assay (Thermo Fisher, Rockford, IL, USA).

Energy maps were constructed using the XF96 Extra-
cellular Flux Analyzer (Seahorse Biosciences, Lexing-
ton, MA, USA) per the manufacturer’s instructions. The
energetic phenotype of LNCap-C4 cells was determined
based on measurements of OCR and extracellular acidifi-
cation rate (ECAR) indicative of OXPHOS and glycolysis,
respectively, in untreated, control cells and following 10
UM PT-112 treatment for 24 h.

Mitochondria purification

Mitochondria were purified as previously described [40].
Briefly, 2x 107 cells were centrifuged, washed twice with
PBS, and frozen at -80 °C for 24 h. Pellets were resus-
pended in a volume of a hypotonic buffer (MOPS 10mM,
sucrose 83 mM, pH 7.2) equal to 7x the cell pellet vol-
ume and incubated on ice for 2 min. Samples were then
homogenized using a Potter-Dounce homogenizer with a
Teflon piston, and 8 to 10 strokes were performed. After
adding an equal volume of a hypertonic buffer (MOPS 30
mM, 250 mM, pH 7.2), the samples were centrifuged at
1000 x g for 5 min at 4 °C, and only the supernatants were
centrifuged again at 11,000 x g for 2 min at 4 °C. Finally,
mitochondria-containing pellets were washed with media
A (Tris 10 mM, EDTA 1 mM, saccharose 0.32 M, pH 7).
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Protein extraction

A total of 5x10° cells were lysed with 100 pL of lysis buf-
fer (1% Triton-X-100, 150 mM NaCl, 50 mM Tris/HCl
pH 7.6, 10% v/v glycerol, 1 mM EDTA, 1 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 10 pg/mL
leupeptin, 10 mM sodium fluoride, 1 mM methyl phenyl
sulfide; Sigma, St. Louis, MO, USA) for 30 min on ice.
The mixture was ultra-centrifugated at 12,000 rpm for
20 min at 4 °C. The supernatant was analyzed using the
BCA assay (Thermo Fisher, Rockford, IL, USA) for deter-
mining protein concentration and mixed with 3x loading
buffer (SDS 3% v/v, 150 mM Tris/HCIl, 0.3 mM sodium
molybdate, 30% v/v glycerol, 30 mM sodium pyrophos-
phate, 30 mM sodium fluoride, 0.06% p/v bromophenol
blue, 30% v/v 2-mercaptoethanol; Sigma, St. Louis, MO,
USA).

Blue native electrophoresis and immunoblot analysis
Separation of respiratory complex (CI, CII, CIII, CIV
and CV) and supercomplex proteins in mitochondrial
extracts was performed using blue native electrophoresis
in a gel gradient according to the published methodology
[41, 42]. Briefly, samples were loaded in NativePAGE™
3-12% Bis-Tris Gel (Invitrogen, Waltham, MA, USA)
and run at 100 V for the first 30 min, then at 300 V and
15 mA for the next 3 h. For protein separation of protein
extracts, SDS-PAGE (6% and 12% polyacrylamide gel)
was used.

Following either method, proteins were transferred to
PVDF membranes using semi-dry electrotransfer (GE
Healthcare, Chicago, IL, USA). Membranes were blocked
with TBS-T buffer (Tris/HCI 10mM, pH 8; NaCl 0.12 M;
Tween-20 0.1%, thimerosal 0.1 g/L; Sigma, St. Louis, MO,
USA) containing 5% skimmed milk. Protein detection
was performed by immunoblot using specific antibodies
(Invitrogen, Waltham, MA, USA) against the individual
complexes of the mitochondrial electron transport chain:
CI (anti-NDUFA9; #459100), CII (anti-SDHA; #459200),
CIII (anti-Uqcrel; #459140), CIV (anti-COIL; 459600),
and CV (anti-a-F1-ATPase; #459240). Other proteins
detected by immunoblot were p62 (Santa Cruz, Dal-
las, TX, USA, #SC-28359), LC3BI/II (Sigma, Madrid,
Spain, #L.7543) and HIF-1a (Novus, Littleton, CO, USA,
#NB100-479). Primary antibodies were incubated over-
night at 4 °C in agitation. Afterwards, anti-mouse (Sigma,
Madrid, Spain, #A9044) or anti-rabbit (Sigma, Madrid,
Spain, #A9169) secondary antibodies labeled with per-
oxidase were incubated for 1 h at RT. Blots were analyzed
with Pierce ELC Western Blotting Substrate (Thermo Sci-
entific, Rockford, IL, USA) using Amersham Imager 680
(GE Healthcare Life Sciences, Chicago, IL, USA). Protein
expression was quantified by densitometry using Image]
software. [ actin levels were used as a reference to nor-
malize data (Cell Signaling, Danvers, MA, USA, 3700).
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Enzymatic activity analysis of respiratory complexes

Purified mitochondria from DU-145 cells treated with
or without 10 pM PT-112 for 24 h were used to assess
enzymatic activity of respiratory complexes via spec-
trophotometric quantification as previously described
[43]. Briefly, activity of individual complexes and super-
complexes was measured using a spectrophotometer
(Fisher Scientific; Alcobendas, Spain) based on the fol-
lowing: CI (NADH-dehydrogenase) activity via oxida-
tion of NADH at 340 nm, CII (succinate dehydrogenase)
activity via reduction of 2,6'dichlorophenolindophenol at
600 nm, CIV (cytochrome c oxidase) activity via oxida-
tion of cytochrome c at 550 nm, CI+III (NADH cyto-
chrome c oxido-reductase) via reduction of cytochrome ¢
at 550 nm when NADH is added, and CII+III (succinate
cytochrome ¢ oxido-reductase) activity via reduction of
cytochrome c at 550 nm when succinate is added.

Transmission electron microscopy (TEM)

Samples for TEM were prepared as follows: 5x10*
DU-145 cells were seeded overnight in an 8-well Nunc"
Lab-Tek® Chamber Slide™ (Thermo, Rockford, IL, USA).
Cells were treated with 10 pM PT-112 for 1, 6, 24 and
48 h, and after incubation, the medium was removed.
Cells were carefully washed 3x for 2 min with 0.1 M PBS
at RT and a solution containing 2.5% glutaraldehyde in
0.1 M phosphate buffer (PB; Na,HPO4+NaH,PO, 4:1,
pH 7.4) was added. The chamber slide was then incu-
bated at 37 °C for 5 min. The glutaraldehyde solution
was refreshed and the chamber slide was again incubated
for additional 2 h at 4°C. It was subsequently washed
4 (5 min each) with 0.1 M PB before adding a solution
of 0.05% NaNj; in 0.1 M PB and storing the chamber slide
at 4°C. For the fixation process, samples were washed
5% (5 min each) with PBS and incubated with 2% OsO, in
PB for 1 h. Next, 3 washes (5 min each) with cold distilled
water were performed and samples were dehydrated with
increasing concentrations of ethanol (30%, 50% and 70%).
Then, samples were stained with 2% uranyl acetate in
70% ethanol for 2 h 30 min. Finally, samples were dehy-
drated a second time with increasing concentrations of
ethanol (70%, 96%, 100%), and then gradually transferred
to a 100% epoxy resin, and incubated overnight for their
inclusion in resin. The next day, 3 changes of epoxy resin
were performed (30 min each), and samples were embed-
ded in the molds with epoxy resin and dried in the oven
for 48-72 h at 70 °C. Finally, ultrafine 50 nm cuts were
performed and stained with Reynol’s solution. Images
were taken using a transmission electron microscope
(JEOL 1010) at 80 kV.

DAMP emission
ATP secretion was quantified using the luciferase-based
ENLITEN ATP Assay (Promega) per the manufacturer’s
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recommendations via a fluorometer (Biotek) using the
supernatant of cells treated with or without 10 pM
PT-112 collected at 48 h. Calreticulin (CALR) exposure
on the cell surface upon incubation with or without
10 uM PT-112 (48 h) was analyzed by flow cytometry
using the Attune NXT flow cytometer (Thermo Fisher
Scientific; Branchburg, NJ, USA). Following treatment,
cells were washed and stained with Zombie Aqua™ Fix-
able Viability Kit (BioLegend, San Diego, CA, USA) for
15 min. Subsequently, cells were washed with PBS and
incubated with the calreticulin (D3E6) XP° rabbit mono-
clonal antibody PE Conjugate (Cell Signaling, Danvers,
MA, USA, #19780S) in PBS+0.5% BSA (FACs buffer) for
25 min at 4 °C in the dark. Afterwards, cells were washed
with FACs buffer and fixed (eBioscience™ Intracellular
Fixation & Permeabilization Buffer Set, Invitrogen, Carls-
bad, CA, USA) for 30 min at 4 °C in the dark. Then, the
supernatant was discarded by centrifugation and cells
were incubated with the permeabilization buffer (eBio-
science™ Intracellular Fixation & Permeabilization Buffer
Set, Invitrogen, Carlsbad, CA, USA) for 5 min. Finally,
the supernatant was discarded again by centrifugation
and cells were resuspended in FACs buffer for its sub-
sequent analysis. Zombie Aqua™ positive cells (i.e., dead
cells) were excluded from the analysis.

Cyto-ID® analysis and autophagosome formation
measurement

For autophagy analysis, the autophagosome forma-
tion after treatment with PT-112 was evaluated using a
Cyto-ID° probe (Enzo Life Sciences, Farmingdale, NY,
USA). Cells treated with or without 10 pM of PT-112 for
48-72 h were incubated with 1 pL of Cyto-ID°® dye for
30 min at 37 °C. Subsequently, cells were washed with
PBS and analyzed by flow cytometry via a FACSCalibur
flow cytometer (BD Biosciences, Madrid, Spain).

Statistical analysis and data processing

Statistical analysis was performed using GraphPad Prism
(GraphPad Software Inc.). For quantitative variables,
results are shown as meanzstandard error of the mean
(SEM). Statistical significance was evaluated using Stu-
dent’s t-test and two-way ANOVA uncorrected Fish-
er’s LSD. Differences were considered significant when
p<0.05. Data obtained by flow cytometry were analyzed
using FlowJo 10.0.7 (Tree Star Inc., Ashland, OR, USA).

Results

PT-112 selectively inhibits cell growth and causes cell
death in prostate cancer cells, but not in non-tumorigenic
epithelial prostate cells

We tested differential sensitivity to PT-112 in vitro across
a panel of human prostate cancer cell lines (LNCap,
LNCap-C4, LNCap-C4-2, DU-145, 22Rv1, VCap, PC-3)
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and the non-tumorigenic prostate cell line (RWPE-1).
First, we evaluated the ability of PT-112 to inhibit cell
growth at increasing concentrations (2, 6, 10 uM) and
incubation times (24, 48 and 72 h) via the MTT assay.
Selected PT-112 concentrations represent clinically rel-
evant doses successfully used in previous in vivo experi-
ments [23, 44].

PT-112 inhibited cell growth of prostate cancer cell
lines with varying degrees, without appreciably affecting
that of the non-tumorigenic cell line RWPE-1 (Fig. 1). In
addition, cell death induced by PT-112 was analyzed by
flow cytometry using annexin-V-FITC and 7-AAD stain-
ing, as described in our previous report using murine
fibroblast tumor cell lines [28]. Consistent with the
growth inhibition data, PT-112 caused cancer cell death
while healthy RWPE-1 cells were largely unaffected after
48-72 h PT-112 treatment (Fig. 2A). Overall, PT-112
was broadly active across the prostate cancer cell lines
tested, while sparing benign prostate cells, demonstrating
PT-112 cancer cell selectivity.

Next, we further explored PT-112-induced cell death in
select cell lines that were especially sensitive to PT-112.
DU-145 cells treated with PT-112 followed by simulta-
neous staining with annexin-V-FITC and 7-AAD were
analyzed by flow cytometry. We observed a prominent
apoptotic population (annexin-V*/7-AAD") in response
to PT-112 at 48 h (29.8%) and 72 h (44.1%), with an even-
tual increase in double-positive stained (i.e., dead) cells

=
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% Relative growth (to control)

24h 48h 72h

LNCap-C4-2 DU-145

-
N DO O®
Ooooog

24h 48h 24h 48h 72h

% Relative growth (to control)
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(annexin-V*/7-AAD™") at 72 h, potentially indicative of
secondary necrosis (Fig. 2B).

PT-112 induces caspase-3 activation

Given the emergence of the apoptotic population in
response to PT-112, we next analyzed the activation of
an apoptosis effector, caspase-3. Caspase-3 activation
in DU-145 and LNCap-C4 cells treated with PT-112 for
24, 48, and 72 h was measured by flow cytometry using
an antibody specific for cleaved caspase-3. As shown in
Fig. 3A and B, the levels of cleaved caspase-3 increased
in a time-dependent manner upon PT-112 treatment,
reaching as high as 85% and 100% caspase-3 activation
at 72 h compared to control in LNCap-C4 and DU-145
cells, respectively. Moreover, PT-112-treated cells
showed features of cells undergoing apoptosis, such as
plasma membrane blebbing, as well as nuclear and cell
fragmentation in apoptotic bodies (Fig. 3C).

To further investigate cell death in PT-112-treated cells,
we pretreated LNCap-C4 and DU-145 with the pan-cas-
pase inhibitor, Z-VAD-fmk, and/or the RIPK-dependent
necroptosis inhibitor, necrostatin-1. In LNCap-C4, only
Z-VAD-fmk caused a significant decrease in cell death
following PT-112 treatment. Co-pretreatment of both
inhibitors versus Z-VAD-fmk alone resulted in a com-
parable reduction in cell death in response to PT-112.
In DU-145, we observed inhibition of PT-112-induced
cell death with Z-VAD-fmk (where % cell death was

24h 48 h

OCTRL m2uM @6uM m 10 pM

Fig. 1 Relative cell growth (%) upon PT-112 treatment compared to untreated control (CTRL) cells. Cell lines were incubated with increasing concentra-
tions of PT-112 (2, 6, and 10 uM) for 24-72 h. Cell growth was measured by the MTT assay. Results are shown as a mean + SEM of at least 3 independent
experiments performed in duplicate. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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Fig. 2 Relative cell death (%) upon PT-112 treatment compared to untreated control (CTRL) cells. (A) Cells were incubated with increasing concentrations
of PT-112 (2, 6, and 10 uM) for 24-72 h. Cells were then simultaneously stained with annexin-V-FITC and 7-AAD and analyzed by flow cytometry. Results
are shown as mean + SEM of at least 3 independent experiments performed in duplicate. * p<0.05, ** p<0.01, *** p <0.001, **** p<0.0001. (B) Cell death
over 72 h PT-112 treatment in DU-145 cells. Representative dot-plots showing the 7-AAD and annexin-V-FITC staining evolution with time of DU-145 cells
treated with 10 uM PT-112 for 24-72 h compared to untreated control (CTRL) cells

comparable to that of untreated cells), and to a lesser
degree with necrostatin-1 (Fig. 3D).

PT-112 induces mitochondrial stress

Based on our previous work illustrating PT-112 sensitiv-
ity in the transformed murine fibroblast cell lines with
mitochondrial deficiencies [28], we investigated different
mitochondrial parameters in human prostate cancer cells
treated with PT-112. As shown in Figs. 4A and 10 uM
PT-112 treatment for 4872 h increased mtROS produc-
tion in all cancer cell lines, but not in the healthy pros-
tate cell line RWPE-1, in line with the selective growth
inhibition and cytotoxicity data in Figs. 1 and 2. Notably,

LNCap-C4 and DU-145 cells exhibited pronounced
increases in mtROS levels compared to untreated cells
after 72 h PT-112 treatment (Fig. 4B). Furthermore,
PT-112 induced a significant increase in mitochondrial
mass at 48 and 72 h (Fig. 4C). Again, PT-112 was broadly
active, inducing mitochondrial stress across the cancer
cell lines, which exhibit varying basal mitochondrial fea-
tures (Supplementary Fig. 2A).

Next, we analyzed the effect of PT-112 on mitochon-
drial membrane potential (Ay,,) in DU-145 and LNCap-
C4 cells by flow cytometry using double TMRE and
annexin-V-DYE-634 staining, allowing for simultane-
ous quantification of Ay, and cell death, respectively. In
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Fig. 3 Characterization of cell death induced by PT-112 in human prostate cancer cells (A) Levels of caspase-3 activation upon PT-112 treatment in DU-
145 and LNCap-C4. Cells were treated with 10 pM of PT-112 for 24-72 h, incubated with anti-cleaved caspase-3 labeled with FITC dye, and analyzed by
flow cytometry. The numbers in each box represent the percentage of cleaved caspase-3 compared to untreated control (CTRL) cells. (B) Quantification
of levels of caspase-3 activation. Results are shown as mean +SEM of 3 independent experiments performed in duplicate. ** p<0.01, *** p<0.001, ****
p<0.0001. (C) Representative images of cells treated with 10 uM PT-112 for 72 h were taken using an inverted microscope. (D) Effects of Z-VAD-fmk and/
or necrostatin-1 (Nec-1) inhibitors on PT-112-induced-cell death. Cells were pretreated for 1 h with or without pan-caspase and/or necroptosis inhibitors
and incubated with 10 uM of PT-112 for 48 h. Flow cytometry analysis was performed using annexin-V-FITC and 7-AAD staining. Results are shown as
mean + SEM of at least 2 independent experiments performed in duplicate. Statistical significance compared to cells treated with PT-112 only is depicted

in the graphics. ** p<0.01, *** p<0.001

both cell lines, PT-112 decreased Ay, at 48 h and 72 h of
incubation in a time-dependent manner (Fig. 5A). Inter-
estingly, in LNCaP-C4, this decrease in Ay, was accom-
panied by cell death (see Q1) starting at 48 h of PT-112
treatment. In contrast, DU-145 exhibited a cell popula-
tion that was positive for annexin-V-DYE-634, but still
had normal Ay, (see Q2), and it was only at 72 h that
cells began losing their Ay, .

We further investigated the effects of PT-112 on
Ay, using confocal fluorescence microscopy to visual-
ize mitochondrial membrane polarization. LNCap and
DU145 cells were treated with vehicle or 25 uM PT-112
for 72 h and stained with the nuclear dye Hoechst and
a mitochondrial dye, either TMRE or JC-1. TMRE stain-
ing intensity indicates the degree of mitochondrial
membrane polarization, while a red-to-green shift in
the JC-1 staining indicates a reduction in mitochondrial
membrane potential. In both cell lines, clear evidence of
mitochondrial membrane depolarization was observed,
as indicated by diminished TMRE intensity and by the
green shift in the JC-1 stain (Fig. 5B). Together, these
results demonstrate that PT-112 reduces mitochondrial
membrane polarization, contributing to mitochondrial
dysfunction.

PT-112 alters mitochondrial respiration

We next evaluated the effects of PT-112 on mitochon-
drial respiration and the activity of respiratory complexes
in the electron transport chain (ETC). We analyzed the
oxygen consumption rate (OCR) and the extracellular
acidification rate (ECAR) after 24 h of PT-112 treatment
in LNCap-C4, indicating the rates of respiration and gly-
colysis, respectively. Using cellular respiration modula-
tors oligomycin, FCCP, and rotenone/antimycin A, we
assessed key parameters related to mitochondrial respi-
ration and observed compromised mitochondrial func-
tion in PT-112-treated cells compared to untreated cells
(Fig. 6A). Specifically, relative to control cells, PT-112
caused reductions in (1) basal respiration, (2) ATP-
linked oxygen consumption (as shown by the reduction
in the OCR upon oligomycin addition), and (3) the spare
respiratory capacity (SRC) (as shown by the increase in
the OCR relative to basal respiration upon FCCP addi-
tion) (Fig. 6A and B), all of which point to mitochon-
drial dysfunction [45, 46]. In addition, we generated

“energy maps” to compare shifts in cellular metabolic
programs in response to PT-112. In line with the results
above, PT-112 decreased oxygen consumption (Fig. 6C).
Interestingly, PT-112 simultaneously reduced glycolysis
as indicated by a decrease in ECAR, shifting cells from
being “energetic” (i.e., utilizing OXPHOS and glycolysis)
to “quiescent” (i.e., utilizing both metabolic pathways to
a lesser degree), indicative of reductions in ATP across
these two major pathways.

Additionally, we characterized the basal protein expres-
sion of respiratory complexes and supercomplexes within
the ETC in the cell line panel, which showed differential
metabolic phenotypes (Supplementary Fig. 2B). We fur-
ther investigated respiratory complexes in DU-145. The
activity of specific complexes (CI, CII, and CIV) and
supercomplexes (CI+CIII and CII+CIII) was measured
after PT-112 treatment via spectrophotometric quan-
tification in mitochondrial extracts and compared to
untreated control cells. PT-112 treatment for 24 h sig-
nificantly reduced the activity of CI and CIV, as well as
increased the activity of supercomplexes involving CIII,
with no notable effects on CII (Fig. 6D). Given that CIII
respiratory complexes contribute to ROS production [47,
48], this increase in the activity of CIII-containing super-
complexes in response to PT-112 may explain mtROS
generation (see Fig. 4).

PT-112 causes morphological changes in mitochondria

In order to further assess the effects of PT-112 on mito-
chondria, we analyzed cell and organelle morphology
of DU-145 treated with PT-112 via TEM at different
time points. Overall, after brief exposure as short as 1 h,
PT-112 caused changes in mitochondrial morphology,
electron density, and size; modifications to and loss of
cristae; and breakage of mitochondrial membranes, and
these effects became more pronounced over time (Fig. 7).
Moreover, autophagic vacuole formation was observed,
especially in the vicinity of mitochondria, suggesting an
active mitochondrial autophagic process, or mitophagy
[49], in response to PT-112. In addition to mitochondrial
morphological changes, evidence of increased cytoplas-
mic complexity and features of apoptosis were seen, as
expected.
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PT-112 induces DAMP release associated with ICD

Given the anticancer immunogenicity of PT-112 dem-
onstrated in mouse in vitro and in vivo models [24, 28,
30, 44], we tested the ability of PT-112 to induce DAMP
emission in human prostate cancer cell lines. We assessed
ATP release and CALR exposure on the cell surface, both
of which are immunostimulatory DAMPs essential for
ICD [50]. Consistent with the prior findings, PT-112

caused ATP release in LNCap-C4, 22Rvl and DU-145
cells (Fig. 8A). On the other hand, CALR exposure was
clearly detected in DU-145, but not in LNCap-C4 or
22Rv1 cells at this time point, possibly due to cell line-
specific responses to PT-112 (Fig. 8B).

ICD has been linked to autophagy [51], and we previ-
ously reported the initiation of autophagy by PT-112
in transformed murine fibroblast cell lines [28]. This is
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consistent with the evidence of PT-112-induced mitoph- induced autophagosome formation across the tested
agy observed via TEM in Fig. 7. Based on these data, cell lines (with the exception of LNCap cells), demon-
we set out to investigate autophagosome formation strating autophagy initiation. In most of these cell lines,
using the Cyto-ID® method. As shown in Fig. 9, PT-112  autophagosome formation was observed as early as 24 h,
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at least 4 independent experiments. * p <0.05, *** p<0.001

with DU-145 and PC-3 exhibiting evidence of autoph-
agy through 72 h of PT-112 treatment. LNCap-C4 cells
showed reduced autophagosome formation at 72 h rela-
tive to 24 h, where the level dropped below that seen in
control cells. These data demonstrate that PT-112 clearly
activates autophagy in most prostate cancer cell lines,
though each cell line likely follows a different time course.

Discussion

This is the first demonstration of PT-112’s broad preclini-
cal anticancer effects as well as its ability to induce ICD
and mitochondrial stress in human prostate cancer cells,
in line with clinical evidence of PT-112 activity observed
in mCRPC patients [22, 23]. Specifically, using a panel
of human prostate cancer cell lines, the present study
demonstrates the ability of PT-112 to (1) cause growth

inhibition and death in cancer cells without affecting
non-tumorigenic epithelial prostate cells, (2) promote
mitochondrial stress in cancer cells, as evidenced by
mtROS generation and disruptions in mitochondrial
membrane potential, respiration and morphology, (3)
activate autophagy, and lastly, (4) induce ICD.

The selective growth inhibition and cytotoxicity, as well
as mitochondrial stress induction by PT-112 observed in
prostate cancer cells, but not in non-tumorigenic prostate
cells, was consistent with our prior data in the murine
L929 system, where those cell lines with a higher degree
of in vivo tumorigenicity and metastatic potential exhib-
ited a higher sensitivity to PT-112 [28, 35]. This selectiv-
ity may explain PT-112’s general safety and tolerability
observed in clinical studies [21, 24, 25, 31, 32, 52]. It is
interesting to note that PT-112 was active across different
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prostate cancer cell lines exhibiting varying basal mito-
chondrial features and mutational status, suggesting
broad clinical application in prostate cancer, especially
the late-line setting where the disease is highly heteroge-
neous [3-5, 53]. Moreover, the evidence of apoptosis and
ICD in PT-112-treated cells raises an intriguing ques-
tion of how these biochemical events could be observed
simultaneously. Caspase-3-dependent apoptosis was pre-
viously thought to be an immunologically silent event;
however, there is emerging evidence that it neither
precludes ICD nor contradicts evidence of anticancer
immunity [54]. Apoptotic cells can release DAMPs and
ultimately undergo ICD in certain conditions [54]. It is
interesting to note that, in contrast to what was observed
here in human prostate cancer cells, PT-112-induced cell
death in murine L929-derived cell lines did not rely on
the activity of caspase-3. Nevertheless, evidence of ICD
induction via DAMP release was clearly observed in both
1929-derived [28] and human prostate cancer cell lines,
though possible differences in kinetics for release of indi-
vidual DAMPs may exist across different cell lines. This
suggests that while varying cell death mechanisms are
possible, the ability of PT-112 to induce ICD remains
consistent across all the cell lines tested and may be a
more universal feature of PT-112’s mechanism.

Our findings clearly demonstrate that PT-112 causes
mitochondrial stress and DAMP release in prostate
cancer cells. Given the link between these two events
reported in the literature, it is plausible that these effects
observed in PT-112-treated cells may be directly related,
contributing to an anticancer immune response. For
example, upon mitochondrial stress and damage, mito-
chondria have been shown to promote not only mtROS
generation, but also the release of ICD-associated
DAMPs such as ATP [55, 56].

Our data also show the ability of PT-112 to affect
autophagic flux (e.g., autophagosome formation, autoph-
agic degradation of proteins etc.), which may stem from
mitochondrial stress, given mitochondria are the major
source of ROS required for autophagy induction [51,
57, 58]. Additionally, recent studies have reported a link
between the initiation of autophagy and the release of
ATP, promoting ICD [51, 59]. Increased extracellular
ATP can also lead to cancer cell death by contributing
to mitochondrial membrane damage and caspase-3-de-
pendent apoptosis in tumor cells [51], suggesting bidi-
rectionality and/or crosstalk in this process. While the
precise mechanisms through which mitochondrial stress
leads to ICD in response to PT-112 are to be investigated,
it is likely that PT-112-driven mitochondrial stress con-
tributes to ICD induction via mtROS generation and
DAMP release, the latter of which can be further stimu-
lated upon autophagy initiation.

Lastly, this work reinforces the ability of PT-112 to
induce organelle stress, adding to the recent finding
that PT-112 caused ribosome biogenesis inhibition and
nucleolar stress as early as 6 to 8 h post-treatment in
vitro [26]. These events have been reported to contribute
to downstream organelle stresses, including mitochon-
drial stress. During nucleolar stress, nucleolar proteins
such as NPM1 translocate to the nucleoplasm and inter-
act with mitochondrial proteins, causing mitochondrial
stress and release of mitochondrial DNA (mtDNA) into
the cytosol, potentially activating the innate immune
system via cGAS/STING [60—64]. Interestingly, mtDNA
release has been observed in PT-112-treated cancer cells
[27]. Disrupted ribosome biogenesis has also been shown
to upregulate autophagy [65], which is linked to ICD as
described above, and can have broad impacts on pro-
tein translation that likely play a role in driving organelle
stress. Moreover, this disruption could explain PT-112s
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selectivity to cancer cells observed here. Cancer cells
have increased demand for ribosome biogenesis in the
nucleolus compared to normal cells due to high prolifera-
tion rates and associated need for protein generation [66,
67], potentially rendering them more sensitive to ribo-
some biogenesis disruption by PT-112.

Conclusions

In the evolving treatment landscape of mCRPC, there
remains a need for novel therapies with anticancer
immune effects. PT-112 is a promising small molecule
with a mechanism of action selective to cancer cells,
causing organelle stress and ICD. Taken together, our
data provide additional insight into mitochondrial stress
and ICD in response to PT-112, and how these effects
culminate in anticancer immunity. PT-112 anticancer
immunogenicity could in part explain previous clini-
cal observation of durable responses extending beyond
the treatment duration [24] and immune effects demon-
strated in a small cohort of human patients [31, 32]. In
addition, the broad activity of PT-112 in prostate cancer
cells coupled with its differentiated mechanism from the
current standards of care could help address the high
unmet need in late-line mCRPC. PT-112 monotherapy
is currently under investigation in a Phase 2 study with
mCRPC patients who have exhausted standard of care
options [20]. Future work will further characterize and
identify key components facilitating PT-112-induced
mitochondrial stress and explore connections with ICD
and ribosome biogenesis inhibition.
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ICD Immunogenic cell death

mCRPC  Metastatic castration-resistant prostate cancer
DAMP Damage-associated molecular pattern
mtROS Mitochondrial reactive oxygen species
mtDNA  Mitochondrial DNA
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ETC Electron transport chain

OCR Oxygen consumption rate

ECAR Extracellular acidification rate
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Supplementary Material 1: Supplementary Fig. 1. Basal mitochondrial
characterization of human prostate cancer cell lines and the non-
tumorigenic prostate cell line RWPE-1. (A) Graph bars correspond to mean
fluorescence intensity (MFI) normalized to the non-tumorigenic cell line
RWPE-1.The ratio of mtROS levels to mitochondrial mass was calculated
and normalized to that of RWPE-1. Results are shown as a mean + SEM of
at least 3 experiments. (B) Protein expression of respiratory complexes and
supercomplexes (SCs) was first normalized to Complex V then compared
to healthy prostate cell line RWPE-1. The numbers represent the summed
expression level of the indicated complex protein found as a monomer

or within a SC. Complex and SC composition are annotated in the figure,
with unresolved SC bands labeled as CI-SC (left) and CIII-SC (right)
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