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Abstract

Ocular retinoblastoma malignancies, which develop into metastatic phenotypes, result in poor
prognosis and survival for infant and child patients. To improve the prognosis of metastatic
retinoblastoma, it is important to identify novel compounds with less toxic side effects and
higher therapeutic efficacy compared to existing chemotherapeutics. Piperlongumine (PL), a
neuroprotective, plant-derived compound has been explored for its anticancer activities both in
vitro and /n vivo. Here, we analyze the potential efficacy of PL for metastatic retinoblastoma cell
treatment. Our data reveal that PL treatment significantly inhibits cell proliferation in metastatic
retinoblastoma Y79 cells compared to the commonly used retinoblastoma chemotherapeutic
drugs carboplatin, etoposide, and vincristine. PL treatment also significantly increases cell death
compared to treatment with other chemotherapeutic drugs. PL-induced cell-death signaling was
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associated with significantly higher caspase 3/7 activities and greater loss of mitochondrial
membrane potential. PL was also internalized into Y79 cells with an estimated concentration

of 0.310pM and expression analysis revealed reduced MYCN oncogene levels. We next examined
extracellular vesicles derived from PL-treated Y79 cells. Extracellular vesicles in other cancers
are pro-oncogenic, mediating systemic toxicities via the encapsulation of chemotherapeutic drugs.
Within metastatic Y79 EV samples, an estimated PL concentration of 0.026pM was detected.

PL treatment significantly downregulated Y79 EV cargo of the oncogene MYCN transcript.
Interestingly, non-PL-treated Y79 cells incubated with EVs from PL-treated cells exhibited
significantly reduced cell growth. These findings indicate that in metastatic Y79 cells, PL
exhibits potent anti-proliferation effects and oncogene downregulation. Importantly, PL is also
incorporated into extracellular vesicles released from treated metastatic cells with measurable
anti-cancer effects on target cells at a distance from the site of primary treatment. The use of PL
in the treatment of metastatic retinoblastoma may reduce primary tumor proliferation and inhibit
metastatic cancer activity systemically via extracellular vesicle circulation.
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Introduction

Retinoblastoma (RB) is the most common intraocular pediatric cancer and affects
approximately 300 children annually in the United States [1]. With early detection in
high-income countries, more than 90% of children with RB survive for more than five
years, with a rate of recurrence from 6% to 45% [2]. In developing countries due to poor
detection and treatment of primary retinoblastoma, [3], there is a 30-70% mortality rate [4].
Current treatments for RB include enucleation surgery, chemotherapy, laser or freezing, and
radiation therapy. However, some of these treatments are associated with delayed growth,
facial deformity, reduced vision, and kidney dysfunction [5]. In addition, a disease with a
metastatic phenotype has a very poor prognosis, perhaps because the malignant tumor cells
disseminate during the early stages of tumor formation [6]. Most metastatic RB patients
will die approximately six months after diagnosis [7] and the frequency of this highly
malignant phenotype ranges from 4.8% to 11% [8,9]. RB metastasis is a major contributor
to mortality and is associated with poor life-long prognosis [8,10-13]. In addition, the
long-term survivors of RB face life-long risks of developing secondary cancers, disease
relapse, and severe late toxicity directly related to chemotherapeutic drugs.

Chemotherapy-induced toxicities and adverse effects, reported in other cancers, also

occur in childhood patients treated for RB [14]. An important area of research is the
identification of novel agents that can reduce RB malignancy with lower toxicities and
greater therapeutic efficacy. Importantly, RB expresses intrinsic chemoresistant proteins
which limit current chemotherapeutic approaches [15]. To this end, several studies have
shown that naturally occurring plant compounds, including polyphenols and flavonolignans,
reverse chemoresistance caused by repeated exposure to chemotherapeutic drugs [16] and
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inhibit tumor cell dissemination [17]. Critical analysis of the effects of natural products

on tumorigenicity in pediatric cancers, arising in the CNS and characterized by amplified
oncogenes (e.g. MYCN Proto-Oncogene, BHLH Transcription Factor (MY CN)) needs to be
performed.

In concert with cellular RB studies of the effects of natural products, RB-released
extracellular vesicles (EVs) also require analysis to determine their significance in

RB metastatic processes [18]. Chemotherapy-related systemic toxicities leading to poor
prognosis and development of secondary tumors are mediated by EVs derived from both
chemo-naive and chemo-exposed primary tumor cells [19]. EVs are a heterogeneous
population of lipid-enclosed particles of endocytic origin containing a range of molecular
cargo including DNA, RNA, and protein [20]. Although EVs are known to harbor pro-
oncogenic cargo [21], this is more pronounced in EVs derived from chemo-exposed tumor
cells [22]. EVs are known to elevate the aggressive phenotypes of tumor cells [21], including
promoting chemoresistance [23], and disease metastasis [24]. Therefore, it is essential to
develop strategies to reduce the pro-oncogenicity of RB EVs.

In this work, we investigated the potential of piperlongumine (PL), a biologically

active amide alkaloid extracted from the medicinal long pepper [25,26], to alter the pro-
tumorigenic characteristics of cells and EVs in metastatic RB. PL is a small electrophilic
molecule that has been shown to target and inhibit multiple cancer mechanisms including
cell cycle and invasive metastatic machinery [27-29]. PL selectively kills cancer cells
[29,30] by the generation of reactive oxygen species [31] associated with protein cross-
linking, cell cycle arrest, and autophagy.

Data from this work reveal that PL elicits greater cytotoxic responses compared to

current metastatic RB drugs including carboplatin (CBP), etoposide (ETOP), and vincristine
(VINC), at comparable doses, suggesting a potential of PL for RB therapy. Treatment of
Y79 cells with EVs released from PL-treated Y79 cells (PL-Y79-EVSs) resulted in reduced
cell viability. Quantitative polymerase chain reaction (QPCR) showed downregulation of
MYCN transcripts in treated cells and PL-Y79-EVs. As MYCN proteins are considered a
major driver for retinoblastoma [32], and they have been considered undruggable because of
their chemical structure [33], we performed molecular docking of PL on Aurora A Kinase,
which is a crucial regulator of MYCN degradation [34]. Docking results showed that PL
aligned very well with ATP at Aurora A ATP-binding pocket and partly disrupted its native
conformation, leading to the degradation of MYCN protein. HPLC analyses of PL-Y79-EVs
showed the presence of PL. The data suggest that PL functions as an inhibitor of RB
tumorigenicity and metastatic processes by reducing RB cancer cell viability, inhibiting

the cell cycle, and down-regulating MY CN. Importantly, encapsulation and transfer of

PL in extracellular vesicles provide a mechanism for targeting both RB cells and other
pre-cancerous cells at a distance, potentially inhibiting pro-oncogenic processes, metastasis,
and RB recurrence (Graphical Abstract).
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Drugs were purchased from Cayman Chemicals (Ann Arbor, MI, USA) and dissolved in
dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) to prepare a 10-mM
stock, which was aliquoted and stored at — 20 °C until use. All working stocks of each drug
were prepared to a final concentration of 0.01% DMSO.

2.2. Cell line and cell culture

The Y79 cell line was purchased from American Type Culture Collection (ATCC). Cells
were maintained in RPMI-1640 media, supplemented with 20% fetal bovine serum (FBS)
and 1% Penicillin-Streptomycin. Cells were grown in suspension and sub-cultured every 3-4
days as cultures reached 80% confluence. All cells were maintained in a humid environment
with 5% CO2 at 37 °C. For EV experiments, cells were cultured in a like manner but

with exosome-depleted serum. For the Y79 3D cell culture, cells were grown in Corning®
Spheroid Microplates (Corning, NY, USA) to induce spheroid formation. Y79 cells were
placed one cell per well in 100ul culture medina in a 96 well with Ultra-Low Attachment
surface round bottom following the manufacturer’s instruction. Cells were cultured for 6
days to allow the spheroid to form and ready for 3D cell viability assay.

2.3. Cell proliferation assay

2D Cell growth was assessed with WST-1 cell proliferation assay (Roche, Branchburg,

NJ, USA), according to the manufacturer’s instructions and as described by Gharbaran

et al. [35]. One hundred microliters of medium-containing cells at 1 x 10° cells/ml were
seeded in a 96-well plate and incubated overnight. The cells were then treated with 0, 5,
and 10 pM of either dimethyl sulfoxide (DMSO), piperlongumine (PL), carboplatin (CBP),
etoposide (ETOP), or vincristine (VINC) for 48 h in triplicates. For EV treatment analysis,
untreated Y79 cells were incubated overnight with 8 ug EVs from PL-treated Y79 cells for
48 h in triplicates. Treated cells were then incubated with 10 ul WST-1 reagent for 3 h
following standard cell culture conditions. Absorbance was read at 450 nm on a Synergy
H1 Hybrid microplate reader (BioTek Instruments, Winooski, VT, USA). Cell growth (as
a percentage) was computed as a ratio of the absorbance (A450) of treated (either drug

or DMSO) cells to the absorbance of the untreated (0 uM) control. The assay principle is
based on the conversion of the tetrazolium salt WST-1 into a colored dye by mitochondrial
dehydrogenase enzymes. Y79 spheroid viability was assessed with CellTiter-Glo 3D Cell
Viability Assay. Y79 cells were seeded one cell/well in 200ul media and cultured for 6
days. Cells were then treated with chemotherapy drugs and PL the same as WST-1 assay.
After 48hrs, 100ul of CellTiter-Glo 3D Reagent was added to each well and the contents
were mixed vigorously for 5 min to induce cell lysis. The plate was incubated at room
temperature for an additional 25 min and luminescence was measured using the Synergy H1
Hybrid microplate reader.
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2.4. Acridine orange and ethidium bromide live/dead assay

2.5.

2.6.

2.7.

Acridine orange (AO)-ethidium bromide (EtBr)—AO/EtBr-assay was used to determine cell
death as described by Gharbaran et al. (2020) [36]. One hundred pl of 1 x 10° cells/ml were
seeded in 96-well plates overnight and then treated with 10 uM of each drug or vehicle
(DMSOQ), for 48 h. Four pl of a solution consisting of 10 pg/ml each of AO and EtBr were
added to each well of treated cells and immediately imaged. In this assay, the membrane-
permeable AO stained live cells green, and EtBr, which is membrane-impermeable, stained
the nuclei of dead cells orange to red.

Detection of mitochondrial membrane potential (¥ m)

Changes in ¥'m were assessed by staining treated cells with JC-10 dye according to the
manufacturer’s (Sigma-Aldrich) instructions with modifications as described by Gharbaran
et al. [35]. Five hundred microliters of medium containing cells at 2 x 10° cells/ml were
seeded in poly-L-lysine (Sigma-Aldrich)-coated 20-mm microwells of 35 mm petri dish
(MatTek Corporation, Ashland, MA, USA) overnight and then treated with the indicated
doses of each compound or DSMA, for 48 h. The cells were then incubated in JC-10 Dye
Loading Solution for 30 min following standard cell culture conditions. An aliquot (250 pl)
of the JC-10 Dye Loading Solution-medium mix was withdrawn and replaced with 250 pl
Assay Buffer B. Cells were immediately imaged.

Detection of caspase activities

Caspase 3/7 activities were analyzed using CellEvent Caspase-3/7 Green Detection Reagent
(Life Technologies, CA, USA), according to the manufacturer’s instructions and as
described by Gharbaran et al. (2021) [35]. Cells were seeded and treated as described

for the JC-10 ¥y, assay. Cells were then incubated with CellEvent Caspase-3/7 Green
Detection Reagent at a final concentration of 4 uM for 30 min, following standard cell
culture conditions.

EV isolation and analysis

EVs were isolated from Y79 cells simultaneously plated and treated with 5 uM PL for

48 hrs. Cell culture condition media was collected and centrifuged at 800 g for 5 min to
remove cells. The supernatant was then centrifuged at 12,000 g for 25 min at 4 °C. EVs
were then pelleted by ultracentrifugation at 100,000 g for 70 min at 4 °C. The pellet was
resuspended in 100ul of phosphate buffer saline (PBS). A sample of the EVs was analyzed
for distribution of particle size on a ViewSizer 3000 (Horiba Ltd, Kyoto, Japan) according
to the manufacturer’s instructions and as described by Comfort et al. [37]. In this approach,
the instrument tracks the particle by using three laser light sources with wavelengths of 450
nm, 520 nm, and 635 nm and recording particles simultaneously in multiple spectral bands.
The EV samples were diluted at 1:500 with filtered PBS. Thirty videos (30 fps, 300 frames
per video) were recorded at 22°C with the following recording parameters: blue laser, 210
mW; green laser, 12 mW; red laser, 8 mW; exposure, 15 ms; camera gain, 30 dB. To get
the accurate size distribution and particle concentration, the sample was automatically stirred
to mix for 5 s between each recording. The particle counts and integrates into the range
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from 50 to 1000 nm. The sample was calculated by accounting for the dilution factor and
processed with the Main Chart in “LogBinSilica”.

2.8. RNA isolation, cDNA, and gPCR

RNA isolation, cDNA synthesis, and gPCR were performed as described by Gharbaran et
al. [38], using Y79 cells treated with 10 uM PL and their EVs and untreated control Y79
cells and their EVs. Total RNA was isolated by Trizol (Life Technologies, Carlshad; CA,
USA, cat. # 155960218) according to manufacturer instructions. cDNA was prepared by
ProtoScript® 11 First Strand cDNA Synthesis Kit (New England BioLabs, Rowley; MA,
USA, cat. #: E6300S) according to the manufacturer’s instructions, from 50 ng of RNA per
reaction. For qPCR, each reaction consisted of 10 ng cDNA, 10 mM primers, and 10 pl

2X SYBR GreenER™ gPCR SuperMix (Life Technologies, cat. #: 11761-100). Reactions
were carried out in a MicroAmp Fast Optical 96-Well Reaction Plate on a BioRad Icycler
Thermal Cycler. The reaction was performed using the standard mode (initial denaturation
at 95 °C for 10 min followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min). Each
gPCR reaction was done in triplicate. The amount of target mMRNA was normalized to

the expression levels of the housekeeping gene GAPDH. Primers pairs for the genes were
GAPDH forward 5'-TGCACCACCAACTGCTTAGC-3" and reverse 5" - GGCATGGACTG
TGGTCATGAG-3"; MYCN forward 5"- CACAAGGCCCTCAGTACCTC - 3’ and
reverse 5'-ACCACGTCGATTTCTTCCT-3"; KIF14 forward 5'-GCAC TTTCGGAACA
AGCAAACCA-3” and reverse 5 -ATGTTGCTGGCAGC GGGACTAA-3;

E2F3 forward 5"-GATGATGTAACAGCCCCAAGGA-3” and reverse 5" -TGCG
GTGTAAGAGAGCCCTTT-3"; MDM4 forward 5"-GGGAAGGATCAACACCAGAAAC
AACC-3" and reverse 5"-CAATC CCAAAGACAGACCCATAGGC - 3’. The AACt method
was used to calculate the fold-change relative to controls.

2.9. Extraction of PL-treated or untreated cell and EV metabolomics

All the samples are mixed with 1.5 ml of 100% LC-MS grade methanol (Sigma-Aldrich Co.
LLC) and incubated in-— 80 °C for 30 mins. The sample/methanol mixture is vortexed for

5 mins and sonicated for 10 mins in a 0°C water bath. The mixtures were centrifuged at
14,000 g for 10 min at 4 °C. The pellet from the separation was re-extracted by the same
procedure and the combined metabolite-containing supernatants were evaporated to dryness
under nitrogen gas for the UPLC-MS analysis. All the procedures were performed on dry ice
to avoid heating the sample.

2.10. Molecular docking of PL on MYCN regulator Aurora A kinase

The molecular docking process was performed by OpenEye scientific application (OpenEye
Scientific Software, Inc., Santa Fe, NM, USA; https://www.eyesopen.com). The Aurora-

A MYCN complex (PDB entry: 7ZTL[39]) was a query from the RCSB protein data
bank(https://www.rcsh.org/) and prepared by the SPRUCE module of OpenEye applications
in default parameters. The co-crystalized bonded ligand ADP (ADP 501) was used to
identify the binding site during the protein preparation. The 3D conformers of ligand ADP
and PL were generated by the OEOmege module (classic model). The 200 conformers of
each ligand then were docked to the prepared binding site of Aurora-A N-MYC complex
using the FRED module (default settings) of OEDocking. The resulting files were saved
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with the best pose of both ligands, ADP and PL, in mol2 format and edited with Chimera
(Chimera 1.16, UCSF) [40].

2.11. High-resolution liquid chromatography-mass spectrometry of cell and EV extracts

Standard stock solutions of PL were dissolved in DMSO at 1 mg/ml and 0.1 mg/ml.
Working standard solutions were prepared from the stock solution of PL by diluting

with acetonitrile. All the solutions were stored at — 20 °C. Extracts were analyzed by
high-resolution liquid chromatography-mass spectrometry (LCMS). LCMS was performed
on an Agilent 6550 iFunnel Q-TOF mass spectrometer coupled to an Agilent 1290 Infinity
LC system (binary pump, diode array detector, and autosampler). Chromatography was
performed using an Agilent SB-C8 column (2.1 x50 mm) at 45 °C and a gradient of
solvents A (water, 0.1% formic acid) and B (acetonitrile, 0.1% formic acid) from 2% to 98%
solvent B in 10 min at a flow rate of 0.2 ml/min. The following settings were applied to

the ESI source: gas temperature, 250 °C; nebulizer, 30 PSIG; sheath gas temperature, 250
°C; Vcap, 3500 V; and nozzle voltage, 2000 V. For MS analysis, full scan mass spectra
(m/z=100-3000) were acquired in positive-ion mode. Data were acquired and analyzed
using Agilent’s MassHunter Software suite (Data Acquisition B.09.00, Qualitative Analysis
B.07.00). Dried cell extracts were resuspended in acetonitrile (100 ul) and 5 pl injections
were analyzed. For the piperlongumine (PL) standard, 1 pl of a 1 pM concentration was
analyzed. Concentration estimates for cell and EV extracts were determined by using the
extracted ion chromatograms (EIC) peak integrations for both the [M+H]* and [M+Na]*
ions (C17H1gNOs). EIC peak areas of putative isomers were summed and compared to the
peak area of a single PL (1 pM) standard.

2.12. Microscopy

Images of stained cells were captured with a CoolSNAP HQ2 CCD camera (Cool SNAP
EZ, Photometrics, Tucson, AZ, USA) coupled to a Nikon Ti Eclipse inverted microscope
(Melville, NY, USA).

2.13. Statistical analyses

Data analyses were performed using SAS 9.1.4 (Cary, NC, USA) and StatView 5 (Cary,

NC, USA). Analysis of variance (One-way ANOVA) and F statistics were used to determine
significant differences between the means as defined by p < 0.05. Data obtained from the
assays on WST-1 cell proliferation, AO/EtBr, and caspase3/7 staining are presented as plus
or minus standard error of the mean ( + SEM). Cell count data was generated from at least
five microscopic fields per dose of each compound. For the cell growth assay, the mean per
dose was determined from triplicates. Each experiment was repeated at least three times. For
ratio analysis, n = 5 experimental samples per condition were compared to the control to
determine significance using unpaired t-tests, data is plotted £ SEM.

3. Results

3.1. PL is more potently inhibitory to the growth of RB cells than chemotherapy drugs

Studies show that PL potently induces anti-tumor activities at relatively low doses [27,41].
Because PL is neuroprotective [42] and produces anti-inflammatory responses [43], it

Biomed Pharmacother. Author manuscript; available in PMC 2023 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal.

3.2.

3.3.

Page 8

is likely to produce fewer toxic effects in vivo, compared to chemotherapeutic drugs.
Therefore, we compared the PL-induced growth responses of Y79 cells to those of the
chemotherapeutic drugs CBP, ETOP, and VINC that are currently being used in RB clinical
trials. Y79 cells incubated overnight were treated for 48 h with indicated doses (0, 5,

and 10 uM) of either dimethyl sulfoxide (DMSQO), PL, CBP, ETOP, or VINC (Fig. 1A).
Cell growth was assessed using a WST-1 proliferation assay. The results showed that PL
induces a significant decrease in cell growth in a dose-dependent manner compared to CBP,
ETOP, and VINC (p < 0.05) (Fig. 1B). Phase contrast microscopic images also showed that
Y79 cells treated with PL (10 uM) resulted visually in greater loss of membrane integrity
compared to other drugs at the same dose (Fig. 1C). This result was also confirmed in a
Y79 3D spheroid culture model. The CellTiter-Glo 3D reagent penetrates spheroids and
measures ATP which is detected as a luminescent signal and indicator of a number of viable
cells. Spheroids treated with PL showed significantly decreased ATP levels compared to
treatments with CBP, ETOP, and VINC. This data demonstrates that PLs anticancer activity
observed in 2D retinoblastoma culture is retained and extends its potency to multicellular 3D
retinoblastoma spheroids.

PL induces significantly greater cell death

We next compared the cell death responses between PL and the chemotherapeutic drugs. To
do this, Y79 cells treated with 0, 5, and 10 uM of each compound for 48 h, were analyzed
using acridine-orange (AQ)/Ethidium bromide (EtBr) —AO/EtBr- live/dead staining. Live
cells stain green with AO and dead cells emit red-orange fluorescence with EtBr (Fig.

2A) Qualitative analysis showed that the PL treatment resulted in a larger percentage of
EtBr-positive (EtBr+) Y79 cells compared to cells treated with drugs. Analyses by one-way
ANOVA of cell count data, obtained from microscopic images, showed that PL treatment
resulted in significantly higher levels of cell death compared to chemotherapeutic drugs
(CBP, ETOP, or VINC) (One-way ANOVA, p < 0.05)(Fig. 2B).

PL induces greater loss of mitochondrial potential in Y79 cells

A feature of apoptotic cell death is the disruption of mitochondrial function including
changes in the mitochondrial membrane potential (A ¥,,), which is an indicator of
mitochondrial health and oxidation-reduction state [44]. To determine the effects of PL

on mitochondrial function, A ¥, was assessed after 48 h of treatment. JC-10, a cationic
dye that accumulates potential-dependently in mitochondria, was used to measure changes
in ¥\. With this dye, the loss of ¥, is followed by a red-to-green shift, indicating a

loss of ¥y, in low-viability cells. Cells with active mitochondria show red fluorescence.

In our experiments, under the same concentration (10 uM), Y79 cells treated with
chemotherapeutic drugs CBP, ETOP, or VINC maintain more red aggregates which were
either absent from or decreased in cells treated with PL (10 uM) for 48 h (Fig. 3), indicating
that PL induces greater loss of ¥, of Y79 cells.

3.4. PL induces significantly higher caspase3/7 activities in Y79 cells

Activation of the caspase cascade is an indicator of programmed cell death [45]. Members
of the caspase family, including caspase3/7, are activated in response to chemotherapeutic
drugs [46]. To determine whether PL induces cell death via caspase3/7 activation, Y79 cells
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were treated for 48 h with PL and stained with a caspase3/7-specific fluorochrome dye

(Fig. 4A). The results show that the PL-treated group expresses significantly more casp3/7 +
than either CBP, ETOP, or VINC-treated Y79 cells. Analysis of microscopic images of cells
stained with the casp3/7 dye showed that PL induced a significantly higher proportion of
casp3/7 + activities in Y79 cells compared to CBP, ETOP, or VINC (One-way ANOVA, p <
0.05) (Fig. 4B).

3.5. PL modifies the oncogenic signaling of RB extracellular vesicles

Because tumor-derived EVs encapsulate cargo that facilitates cancer development,
metastasis, and chemoresistance [23,24], we next focused on the potential of PL to alter
Y79-derived EV properties. Y79 EVs were isolated from control and experimental culture
media at 48 hrs. Nanoparticle tracking analysis (NTA) was performed using the ViewSizer
3000 to determine average diameters and release concentration (Fig. 6A, B). Y79 EV
average diameter for control was 148 nm + /- 59 nm with a concentration of 1.1E+ 11
particles/ml. PL-treated experimental Y79-EVs exhibited an average diameter of 164 nm
+ /- 68 nm at a concentration of 1.3E+ 11 particles/ml. To determine whether PL alters
the oncogenic cargo of Y79-EVs, Y79 cells were treated with PL for 48 hrs and EVs were
analyzed for the presence and potential changes in oncogenes including MDM4 Regulator
Of P53 (MDM4), Kinesin Family Member 14 (KIF14), E2F transcription factor 3 (E2F3)
and MYCN. KIF14 and E2F3 are predicted to facilitate proliferation and are overexpressed
in RB [47]. MDM4 and MYCN are reported to be involved in the pro-oncogenic signaling
of RB [48]. PL-treated cells showed a trend of decreased levels of MYCN compared to
the control (Fig. 5C). Importantly, PL significantly reduced the levels of MYCN in EVs
(Fig. 5C). While the gene transcripts for KIF14, E2F3, and MDM4 were detected across
EV conditions, expression levels did not exhibit significant differences (Fig. S1). Multiple
oncogenes present in retinoblastoma EVs may facilitate pathogenic processes including
tumor growth, metastasis, and resistance to therapy [49]. Next, effects of EVs from PL-
treated Y79 cells (PL-Y79-EVs) on target Y79 cells. The viability of Y79 cells co-incubated
with PL-Y79-EVs had significantly reduced cell growth (Fig. 5D). These results indicate
that PL reduces the oncogenic cargo of metastatic Y79 EVs with the potential to exert
similar effects via EV signaling at a distance.

3.6. UPLC-MS analysis for PL encapsulated in EVs

Emerging studies suggest that EVs can be carriers for natural products, including those

with anti-oncogenic properties [50]. Therefore, to further characterize PL Y79-EV cargo and
assess whether the induced decrease in target cell viability may be due to their encapsulation
and transfer of PL, we compared the metabolomic contents of PL-Y79-EVs to control EVs,
using Ultra-high Performance Liquid Chromatography-MS (UPLC-MS). UPLC-MS/MS has
high sensitivity and selectivity for the detection and identification of chemical compounds.
Both the PL-treated Y79 cells (Fig. 6 Al) and PL-Y79-EVs (Fig. 6 B1) exhibit peaks at

the same retention time, which are absent in the control untreated Y79 cells (Fig. 6A2) and
corresponding control EVs (Fig. 6B2). The chromatogram of the PL standard shows the
peak at the retention time of 5.86 (Fig. 6A3, B3). A second peak is also present in the cell
samples which may be a PL metabolite resulting from cellular metabolism. The data suggest
that PL is encapsulated by the PL-treated Y79 cells and their released EVs. The peak area of
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extracted samples and the PL standards are used to calculate the estimated concentration of

PL. An estimated PL concentration of 0.309598 pM was detected in treated Y79 cells and a
concentration of 0.026462 pM in their released EVs. The estimated PL concentration here is
derived from a small percentage of the total EVs isolated.

PL predicted inhibition of Aurora A kinase leading to degradation of MYCN

As PL downregulated MYCN in this work and MYCN overexpression is associated with
retinoblastoma pathogenesis [51] we next investigated mechanisms of PL regulation of

MY CN using molecular docking analysis. MYCN protein has been considered undruggable
due to its chemical structure having no active site for small compound binding. But its
degradation is highly regulated by Aurora A kinase, and disruption of the Aurora A/IMYCN
complex will cause loss of MYCN [34] (Fig. 7). Several ATP-competitive inhibitors of
Aurora A at the ATP binding pocket have been identified to potently bind Aurora A at

its inactivation conformation and disrupt the Aurora-A/MYCN complex, leading to the
degradation of MYCN. We performed molecular docking of PL on Aurora A kinase and
tested its alignment with ADP at the binding pocket. The docking result showed that PL
aligned very well and shared similar protein-ligand interaction with ADP. The PL can

form H-bonds with the Aurora protein at residue LYS162 and LY S143 (Fig. 7) that were
consistent with ADP to Aurora A protein. This indicated that PL has the potential to disrupt
the ATP binding of Aurora A, which is essential to the protection of MYCN from being
phosphorylated and degraded.

4. Discussion

In the current study, we assessed the potential of PL as a candidate molecule for metastatic
RB therapy. Our approach involves comparing the cytotoxic responses of RB cells and
spheroids to PL and selected chemotherapeutic compounds (CBP, ETOP, and VINC) and
analyzing PLs reduction of pro-oncogenic properties of metastatic RB EVs. The underlying
rationale for this approach is based on reports that common therapeutic drugs enhance
cancer metastasis, chemoresistance, and malignant phenotypes mediated by EVs [19,24].
CBP enters cells via passive diffusion and transporters, its mechanism of action is binding

to DNA and inhibiting transcription which leads to cell death [52,53]. VINC uptake by has
been described as carrier-mediated transport and its mechanism of action is microtubule
depolymerization leading to cell-cycle arrest [54,55]. VINC has been studied in combination
with other therapeutic drugs for RB treatment in clinical trials [56,57] and has been
associated with colorectal cancer and neurotoxicity [58,59]. ETOP diffuses across the cell
membrane and functions by inhibiting topoisomerase I, leading to DNA damage and
apoptotic cell death [60, 61]. In this study, the results showed that at comparable doses,

PL exerts greater growth-limiting effects than either CBP, ETOP, or VINC. Staining of the
treated cells with AO/EtBr solution revealed a statistically greater proportion of cell death
caused by PL than by either CBP, ETOP, or VINC. Assaying for changes in AYM with
JC-10 dye revealed qualitatively greater loss of A¥M in PL-treated cells than in cells treated
with either CBP, ETOP, or VINC. Additionally, treatment of cells with PL resulted in greater
levels of caspase 3/7 activation compared to the chemotherapeutic drugs. Finally, the results
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showed that PL downregulates the MY CN transcripts carried in metastatic RB-derived EVs,
and Y79 cells treated with these EV's showed decreased cell growth.

In our study, the doses (0, 5, and 10 uM) at which PL induces growth-limiting and cytotoxic
effects are consistent with those of other studies including RB and other cancer types
[30,62,63]. The dose at which PL exerts these effects in our study is much lower than

the range of doses displayed by chemotherapeutic drugs. Zhu et al. (2021) showed a
dose-dependent decrease in the viability of wild-type Y79 cells treated with 0-200 pM

CBP (IC50 ~ 40 uM at 24 h) [64]. However, doses of CBP, ETOP, and VINC ranging

from 50 p to 200 uM are required to produce similar levels of cell viability [64] reported

for 5-10 uM of PL in our study. These observations suggest that PL is likely to exert
greater anti-cancer potential compared to chemotherapeutic drugs in vitro. The relatively
low dose-high cytotoxic effects of PL in our study are likely a consequence of the selective
targeting of the aberrant oncogenic pathways, ROS pathways, and transcription factors in
Y79 cells. For example, PL inhibits the growth of Y79 cells by induction of apoptosis

but this was associated with the downregulation of FOXMZ1[62]. On the other hand, most
chemotherapeutic drugs, including those used in standard RB treatment regimens (CBP,
ETOP, and VINC), are non-selective and therefore, may require either longer treatment time
or higher doses to elicit cytotoxic responses.

We also reported that PL-induced growth inhibition of Y79 cells is in part due to cell

death. In general, programmed cell death is regulated by two apoptotic pathways: the death
receptor-dependent extrinsic pathway and a mitochondrial-dependent intrinsic pathway [65].
mitochondrial-dependent apoptosis involves disruption of the mitochondrial membrane,
resulting in loss of ¥}, and the release of mitochondrial cytochrome c into the cytosol

[66]. These events in turn lead to the activation of the caspase 9/caspase 3 pathway, and
subsequent chromatin condensation and DNA fragmentation [67]. In our study, PL treatment
of Y79 cells resulted in the loss of ¥}, as evident by either the reduction or absence of red
fluorescence in treated cells compared with untreated cells, following staining with JC-10
dye (Fig. 3). Additionally, PL-induced loss of ¥}, was associated with significantly higher
levels of caspase3/7 positive cells (Fig. 4) following staining with a caspase 3/7-specific dye.
These results suggested that PL-induced apoptosis in metastatic RB likely involves the loss
of ¥)sand caspase 3/7 activation, which are associated with the mitochondrial-mediated
intrinsic cell death pathway. These events remained insignificant in cells treated with similar
doses (0, 5, and 10 uM) of either ETOP, CBP, or VINC. In contrast to our study, a recent
study showed that PL-induced cell death in RB cells proceeds via cellular accumulation

of ROS and caspase-3 independent cell death as evidenced by the presence of a cleaved
caspase-3 band in staurosporine-treated cells and its absence in PL-treated cells [62]. It

is not clear whether the caspase 3/7-dependent cell death in our study and the caspase-3-
independent cell death reported by Allaman-Pillet et al. (2021) [62] are due to differences in
caspase detection assays.

The data show PL facilitated reductions of MYCN mRNA transcripts in Y79 cells and

their released EVs (Fig. 5A). Additionally, Y79 cells treated with PL-Y79-EVs resulted in
decreased cell growth (Fig. 5B) and LCMS analysis detected PL in treated cells and released
EV samples (Fig. 6). The data suggest that PL is internalized. It has been shown that PL is
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internalized, undergoes intracellular hydrolysis, and binds to the intracellular protein GSTP1
[68]. Also, multiple studies demonstrate cell-based drug internalization and loading into
EVs, to generate EV-drug carriers [69,70]. To the best of our knowledge, this is the first
time a natural product is shown to reduce the pro-oncogenic contents of retinoblastoma EVs
with the ability to reduce proliferation in recipient cells. The growth-inhibiting effects of
the PL-Y79-EVs may be related to either 1) PL-induced downregulation of MYCNin Y79
EVs or 2) PL transferred to the treated cells via encapsulation or incorporation into EVs.
Pharmacologic drug concentrations delivered in EVs, drug stability, and uptake in recipient
cancer cells are well studied, demonstrating significant anti-cancer effects [71,72]. Either
scenario seems logical. To further investigate the possible mechanism of the interaction
between PL and MY CN, we performed a molecular docking of PL and Aurora A Kinase,
which is a crucial regulator of MYC function. As MYCN is considered undruggable due to
its chemical structure, loss of function of Aurora A kinase can potentially lead to MYCN
degradation. The docking results showed PL can be an ATP-competitive compound and
block Aurora A from binding ATP at its ATP-binding pocket (Fig. 7). This will lead to

an interruption of the protein-protein contact of Aurora A and MYCN, causing MYCN

loss of protection and degradation. Interestingly, non-metastatic WERI-RB1-EVs incubated
with WERI-RBL cells can facilitate cell growth [73] angiogenesis and expression of pro-
inflammatory cytokines [74], presumably as a consequence of pro-oncogenic cargo. In light
of these studies, future work into the therapeutic efficacy of PL and other novel compounds
that reduce the pro-oncogenic cargo of malignant EVs is warranted, since chemo-naive and
chemo-exposed cancer EVs harbor factors that can potentiate and promote metastasis [75]
and chemotherapeutic resistance [76].
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Fig. 1.

PL significantly reduces the viability of Y79 cells and spheroids compared to
chemotherapeutic drugs. A) Chemical structures of PL, CBP, ETOP, and VINC. B) Phase
contrast images comparing the morphology of cell and spheroids treated with (0, 5, and 10
uM) of each compound for 48 h. C) WST-1 cell proliferation assay shows PL induces

a significant decrease in cell viability compared to chemotherapeutic drugs (One-way
ANOVA, p < 0.05). D) CellTiter-Glo 3D spheroid viability assay also shows PL induces

a significant decrease in cell viability compared to chemotherapeutic drugs (One-way
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ANOVA, p = 0.0029, <0.05). PL, piperlongumine; CPB, carboplatin; ETOP, etoposide;
VINC, vincristine. Cell scale = 50 pm, spheroid scale = 100 um.
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Fig. 2.

PL potently induces greater cell death compared to chemotherapeutic drugs in Y79 cells.
A) Images qualitatively showing the effects of PL compared to CBP, ETOP, OR VINC
on Y79 cells. B) PL resulted in statistically significant levels of cell death compared to
chemotherapeutic drugs CBP, ETOP, and VINC (One-way ANOVA, p < 0.05). Y79 cells
incubated overnight were treated with 0, 5, and 10 uM of each compound for 48 h then
stained with AO-EtBr solution and imaged immediately.
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Fig. 3.

PI? is associated with a significant loss of mitochondrial membrane potential. PL-treated
Y79 cells showed significant depolarization of mitochondrial membrane potential compared
to CBP, ETOP, or VINC treatments. A) Viable cells with mitochondria membrane potential
(W' n) maintained exhibit red fluorescence (590 nm) localized to the mitochondria matrix.
In PL-treated cells, the mitochondrial matrix is significantly depolarized compared to the
control (two-tailed t-test, P < 0.0001), leading to JC-10 diffusion out of mitochondria, and
conversion to its monomeric form, leading to loss of red fluorescence and increased green
(520 nm) fluorescence. B) The ratio of 520/590 is significantly increased for 10 uM PL
treated cells compared to control or 10 uM of either CBP, ETOP, or VINC. Scale bar = 50
um.
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PL treatment was associated with significantly greater levels of caspase 3/7 activity. A)
Representative images of Y79 cells treated with 10 uM of PL, CBP, ETOP, or VINC.
Caspase3/7 + cells stained green, indicating caspase activation. B) PL treatment resulted in a
significantly higher proportion of caspase3/7 (green) positive cells, compared to either CBP,
ETOP, or VINC at 10 um (One-way ANOVA, p < 0.05).
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Fig. 5.

PL downregulates MYCN contained in EVs and reduces the growth of Y79 cells. ViewSizer
3000 nanoparticle particle analysis allowed for the characterization of Y79 EV diameters
and release rate. A) The average diameter for control Y79 EVs was 148 nm £ 59 nm with

a concentration of 1.1E+ 11 particles/ml. B) PL-treated experimental Y79-EVs exhibited

an average diameter of 164 nm + 68 nm at a concentration of 1.3E+ 11 particles/ml. C)
Following PL treatment, gPCR revealed a significant downregulation of MYCN transcripts
in Y79 EVs (MYCN_EV PL) (p < 0.05). MYCN downregulation was observed in cells
(MYCN_CELL PL) (p <0.05). D) Untreated Y79 cells treated with EVs from PL-treated
Y79 cells (PL_ EVs) exhibited a significant reduction in cell growth compared to control
EVs from Y79 cells cultured in DMSO, (DMSO_EVs) (One-way ANOVA, p < 0.05).
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UPLC-MS analysis of PL treated Y79 cell and EV extract. PL was suspended in 100 pL of
water/acetonitrile; 5 uL was injected. The chromatogram of the PL standard shows the peak
at a retention time of 5.86 (A3, Fig. B3). Both the PL-treated Y79 cell extract (A1) and EV
released from the PL-treated cells (B1) show peaks at the same retention time, which are not
present in the untreated cells (A2) and EVs (B2) samples, which aligns with peaks in PL
cell and EV experimental samples. PL was detected in Y79 cell samples with an estimated
concentration of 0.310pM and EV samples with an estimated concentration of 0.026pM. PL

standard for cells (A3) and EVs (B3).
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A

Fig. 7.
Molecular docking of PL and Aurora A. A. Chemical structures of ADP and PL. B. Surface

representation of Aurora A(blue) MYCN(red) complex and PL(pink) in ATP binding pocket.
C. Docking poses showing the interaction between PL(pink), ADP(yellow), and Aurora

A (blue)/MYCN(red) complex(PDB: 7ZTL). D. Detailed interaction at the ATP-binding
pocket. Green dotted lines show possible hydrogen binds formation between Aurora A
protein and PL or ADP at residue LYS143A and LYS162A.
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