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Summary

Cancer remains the second most common cause of death in the US. Due to a recurrent problem with anticancer drug
resistance, there is a current need for anticancer drugs with distinct modes of action for combination drug therapy We have
tested two novel piperidone compounds, named 2608 (1-dichloroacetyl —3,5-bis(3,4-difluorobenzylidene)-4-piperidone)
and 2610 (1-dichloroacetyl-3,5-bis(3,4-dichlorobenzylidene)-4-piperidone), for their potential cytotoxicity on numerous
human cancer cell lines. We found that both compounds were cytotoxic for breast, pancreatic, leukemia, lymphoma, colon,
and fibroblast cell lines, with a cytotoxic concentration 50% (CCsy,) in the low micromolar to nanomolar concentration
range. Further assays focused primarily on an acute lymphoblastic lymphoma and colon cancer cell lines since they were
the most sensitive and resistant to the experimental piperidones. The cell death mechanism was evaluated through assays
commonly used to detect the induction of apoptosis. These assays revealed that both 2608 and 2610 induced reactive
oxygen species (ROS) accumulation, mitochondrial depolarization, and activated caspase-3/7. Our findings suggest that
the piperidones induced cell death via the intrinsic apoptotic pathway. Additional assays revealed that both piperidones
cause cell cycle alteration in lymphoma and colon cell lines. Both piperidones elicited DNA fragmentation, as evidenced
by an increment in the sub-G0/G1 subpopulation in both cell lines. Similar to other related compounds, both piperidones
were found to act as proteasome inhibitors by increasing the levels of poly-ubiquitinated proteins in both lymphoma and
colon cell lines. Hence, the two piperidones exhibited attractive cytotoxic properties and suitable mechanisms of action,
which makes them good candidates as anticancer drugs.

Keywords Colorectal Cancer - Hematopoietic malignancies - Cytotoxicity - Piperidones - Apoptosis - Anticancer -
Dichloroacetate

Introduction

Cancer is caused by uncontrolled cell growth in the body
that, if not curtailed, can lead to death [1]. An estimated
184,130 combined cases in the United States are expected
to be diagnosed with leukemia, lymphoma, or multiple
myeloma in 2022 [2]. Individuals with the highest risk for
developing leukemia or lymphoma are children of Hispanic
heritage [3]. Statistically, Hispanic children experience a
higher age-adjusted incidence rate for acute lymphoblastic
leukemia than all other demographic groups [3]. Based on
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these alarming statistics, we wanted to focus primarily on
an acute lymphoblastic lymphoma (CEM) to identify novel
anti-lymphoma cancer drugs in this study. In addition, we
compared the effects of the compounds on the CEM cell
line that was highly sensitive to the treatments to COLO
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205, which is a colon cancer cell line that was the most
resistant. Colorectal cancer is the third most common can-
cer diagnosed in both men and women and the second most
common cause of cancer-related death in both sexes com-
bined in the United States [1]. In 2022, it was projected that
106,180 new cases of colorectal cancer would arise, causing
52,580 deaths by the end of 2022 [2]. Deaths from colorec-
tal cancer amongst people younger than 55 years of age
have increased by 2% per year from 2007 to 2016 [1]. See-
ing as every case of cancer diagnosed is treated as unique,
here we strive to discover a compound that has the potential
to be cytotoxic amongst various cancer cell lines from dif-
ferent tissue origins.

In nature, piperidone-derived compounds have been
found to possess anticancer activity [4]. In addition,
piperidones are also known to possess antibacterial [5],
antimalarial [6], anti-inflammatory [7], and antiprolifera-
tive activities [8]. Previously, our group reported that two
compounds containing a piperidone structure could effi-
ciently induce cell death in leukemia/lymphoma cells,
acting as proteasome inhibitors, leading to activation of
pro-apoptotic pathways [9, 10]. The overall design of the
compounds was based on the considerations of tumors uti-
lizing glycolysis for the production of energy and pyruvate
dehydrogenase kinase 1 (PDKI1) in order for glycolysis
to occur. By doing so, the inhibition of this enzyme may
diminish tumor development. With this in mind, dichloro-
acetic acid is a designated anticancer agent and is known to
be an inhibitor of PDK1 [11]. Considerable effort has been
made to prepare analogs containing the 1,5-diaryl-3-oxo-
1,4-pentadienyl pharmacophore mounted on heterocyclic
and cycloaliphatic scaffolds [12] [13]. Hence the formation
of compounds containing both of these molecular features
led to the decision to prepare 2608 and 2610 and related
compounds [10]. The compounds were synthesized via the
synthetic chemical route outlined in Fig. 1 [10]. Leading to
the acid-catalyzed condensation between 4-piperidone and
various substituted aryl aldehydes led to the intermediate

3,5-bis(benzylidene)-4-piperidones, which were acylated
with dichloroacetyl chloride to give the desired products
2608 and 2610.

In this study, compounds 2608 and 2610 were found to
exhibit broad cytotoxic activity on various cell lines. We
tested both piperidones to determine the likely cause of
cytotoxicity and to elucidate whether they induce reactive
oxygen species (ROS) accumulation, depolarize the mito-
chondria, activate caspase3/7, and cause cell-cycle arrest.
Our results also clearly demonstrated that the mode of
action of the compounds was via induction of apoptosis.

Materials and methods
General procedure for synthesis of 2608 and 2610

In a 50 mL Erlenmeyer flask, 3,4-difluoro- or 3,4-dichlo-
robenzaldehyde (15.6 mmols) was dissolved in 10 mL of
ethanol by warming the solution in a hot water bath. To this
solution 4-piperidone monohydrate hydrochloride (6.50
mmols) followed by 10 mL glacial acetic acid were added
at room temperature. The mixture was then bubbled with
HCI gas for about 5 min. and stirred at room temperature
for 24 h. The resultant precipitate was collected by vacuum
filtration and resuspended in 10% aqueous K,COj; solution
(20 mL). The mixture was vigorously stirred overnight. The
precipitate was collected by vacuum filtration and washed
with water and finally dried in the oven at 50 °C to give
3,5-dibenzylidenepiperidin-4-ones with 70-80% yield.

To a solution of an appropriate (3E,5E)-3,5-dibenzyli-
denepiperidin-4-one (4.8 mmol) in 1,2-dichloroethane (70
mL) was added dichloroacetyl chloride (9.6 mmol) drop-
wise by keeping the reaction mixture in an ice-water bath.
After that triethyl amine (2.2 mmol) was added dropwise
to the reaction mixture and the mixture was stirred at room
temperature for 20 h. The precipitate formed was removed
by vacuum filtration and the filtrate was transferred into
a separatory funnel and extracted two times with 0.5 M

2608 : R!'=R*=F
2610:R!'=R2=Cl

Fig. 1 Synthesis of 2608 and 2610. i=HCI/CH;COOH, ii = Cl,CHCOCI. The 2608 (1-dichloroacetyl — 3,5-bis(3,4-difluorobenzylidene)-4-piperi-
done) and 2610 (1-dichloroacetyl-3,5-bis(3,4-dichlorobenzylidene)-4-piperidone) structures are depicted
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aqueous HCl solution (30 mL each) and one time with 30 mL
water. The organic phase was dried over anhydrous sodium
sulfate, filtered and evaporated using a rotary evaporator to
give crude product. The crude product was dissolved in a
minimum amount of dichloromethane (CH,Cl,) by heating
the mixture in a hot water bath and then hot ethanol (about
half of CH,Cl, volume) was added to it. The mixture was
kept overnight at room temperature for crystallization. The
crystalized product was collected by vacuum filtration and
washed with cold ethanol and finally dried in the oven at 50
°C to give (3E,5E)-3,5-dibenzylidene-1-(2,2-dichloroace-
tyl)piperidin-4-one (2608 or 2610).

NMR of compounds 2608 and 2610

The following 1 H and 13 C NMR spectra were determined
using a Bruker Avance III 500 MHz NMR spectrometer
while mass spectra were generated using a QSTAR XL
Hybrid LC/MS/MS system:

Compound 2608: Yield: 60%. mp 152.4-153.4 °C; 1 H
NMR (CDCly): d 7.82 (s, 1 H, =CH), 7.77 (s, 1 H, =CH),
7.25-7.15 (m, 6 H, Ar-H), 6.06 (s, 1 H, -CHCl,), 5.02 (s,
2 H, NCH,), 4.87 (s, 2 H, NCH,). 13 C NMR (CDCl,): §
184.82, 162.24, 152.22, 152.11, 150.19, 150.09, 137.07,
136.58, 131.30, 130.89, 127.12, 126.83, 119.31, 119.16,
118.91, 118.09, 65.42, 46.90, 44.57. HRMS (FD+): m/z
457.02666 (M+), caled 457.02595 for C,;H;5;C,,F,NO,.

Compound 2610: Yield: 72%. mp 161.6-162.1 °C; 1 H
NMR (CDCly): d 7.80 (s, 1 H, =CH), 7.76 (s, 1 H, =CH),
7.52-7.49 (m, 4 H, Ar-H), 7.28 (d, 1 H, Ar-H, J=7.5 Hz),
7.22 (d, 1 H, Ar-H, J=7.5 Hz), 6.06 (s, | H, -CHCl,), 5.03
(s, 2 H, NCH,), 4.86 (s, 2 H, NCH,). 13 C NMR (CDCl,):
S 184.63, 162.22, 136.78, 136.28, 134.33, 134.10, 133.47,
132.60, 131.91, 131.77, 131.52, 131.33, 131.02, 129.31,
129.07, 65.42, 46.98, 44.55. HRMS (FD+): m/z 520.90795
(M+), caled 520.90774 for C,,H;C(NO.,.

Experimental piperidones

Stock solutions of both 2608 (1-dichloroacetyl — 3,5-bis(3,4-
difluorobenzylidene)-4-piperidone) and 2610 (1-dichlo-
roacetyl-3,5-bis(3,4-dichlorobenzylidene)-4-piperidone)
piperidones were initially prepared in dimethyl sulfoxide
(DMSO; Sigma-Aldrich, St Louis, MO, USA), and then,
further working dilutions were also made using DMSO as
a solvent. As necessary, aliquots of the piperidones were
added directly to 24- or 96-well experimental plates con-
taining cells cultured in a complete growth medium. DMSO,
the piperidone diluent, was consistently tested at the same
concentration as contained in the experimental samples as a
control for non-specific solvent effects.

Cell tissue culture

Cell tissue cultures were obtained through the American
Type Culture Collection (ATCC, Manassas, VA, USA).
For the culture of lymphoma and leukemia, T lymphoblast
CEM (ATCC ®CRL-2265™), B lymphocyte RAMOS
(ATCC ®CRL-1596™), and promyelocytic leukemia
HL-60 (ATCC ®CCL-240™), multiple myeloma MM.1R
(ATCC ®CRL-2975™) MM.1 S (ATCC ®CRL-2974™),
U266 (ATCC ®TIB-196™), and RPMI-8226 (ATCC
®CRM-CCL-155™)_along with colon cancer (COLO 205,
ATCC ®CCL-222™), the RPMI-1640 medium (Hyclone,
Logan UT, USA), supplemented 10% fetal bovine serum
(FBS, Hyclone), 100 U/mL of penicillin and 100 pg/mL
of streptomycin (Thermo Fisher Scientific Inc. Rockford,
IL) was utilized. The HL-60 cells were grown using the
above medium but with 20% FBS instead of 10%. The
Hs-27 (ATCC ®CRL-1634™), MDA-MB-231 (ATCC
®CRM-HTB-26™), and PANC-1 (ATCC ®CRL-1469™)
cell lines were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM; CORNING, Corning, NY, USA) with
the addition of 10% FBS and 100 U/mL of penicillin and
100 pg/mL of streptomycin. A colorectal adenocarcinoma,
HT-29 (ATCC ®HTB-38™), was cultured in McCoy’s 5 A
Medium supplemented with 10% FBS and 100 Units/mL
Penicillin and 100 pg/mL Streptomycin. For colon fibro-
blast CCD-112-CoN (ATCC ®CRL-1541™), Eagles Mini-
mum Essential Medium supplemented with 10% FBS, 100
Units/mL Penicillin and 100 pg/mL Streptomycin was used.
Furthermore, MCF10A cells were grown in DMEM F12
supplemented with 10% FBS, 100 Units/mL Penicillin and
100 pg/mL Streptomycin [14]. Lastly, pancreatic carcinoma
( PC-3, ATCC ®CRL-1435™) utilized F-12 K Medium
supplemented with 10% FBS, 100 Units/mL Penicillin and
100 pg/mL Streptomycin. Consistently, all cell types were
incubated at 37°C in a humidified atmosphere of 5% CO,
using a conventional water-jacketed incubator.

Differential nuclear staining (DNS) bioimaging assay
to determine CC;,

The potential cytotoxicity of the compounds was evaluated
on CEM and COLO 205 cell lines and various other cell
lines using a live-cell DNS bioimaging assay[15]. Cells
were grown and seeded in 96-well plates with a density of
10,000 cells per well in 100 pl of tissue culture medium.
Cells were then treated with a concentration gradient (0.1
pM-5 pM) of the two piperidones for a 48 h time point.
Both compounds were analyzed in each plate, including a
compound solvent control (dimethyl sulfide; 1% DMSO;
Millipore Sigma, St. Louis, MO USA), a positive control 1
mM hydrogen peroxide (H,0,; Millipore Sigma, St. Louis,
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MO USA), and untreated cells to monitor the background
of the dead cell population. To distinguish between the live/
dead cell populations, a mixture of propidium iodide (PI;
Biotium; Fremont, CA, USA) and Hoechst 33,342 (Invit-
rogen; Eugene, OR, USA), both DNA intercalating fluores-
cent dyes, was added to each well (5 ng/ml each) 2 h prior
to reading and incubated at 37°C. Hoechst is a fluorescent
dye that is permeable to both live and dead cells. In contrast,
PI is selective and can only permeate cells whose plasma
membrane has been compromised and is used primarily to
label the dead cells. Images were captured from each treated
well using a multi-well plate reader IN Cell 2000 analyzer
(GE Healthcare; Pittsburg, PA, USA). Cytotoxic concentra-
tions of 50% were then obtained using a linear interpolator
calculator (https://www.johndcook.com/interpolator.html).

poptosis/necrosis assay

An early indication of apoptotic death is the externalization
of phosphatidylserine (PS) on the cellular surface [16, 17].
With the use of flow cytometry, PS can easily be detected
via Annexin V-FITC. CEM cells were seeded in a 24-well
plate at 100,000 cell density in 1 mL of media [17]. COLO
205 cells were seeded in the same manner, respectively.
The cells were then incubated overnight and treated for
24 h with 2608 and 2610 CCs,’s. For vehicle control, cells
were treated with DMSO; as a positive control of cytotox-
icity, cells were treated with 1 mM H,0,, and untreated
control cells were used to monitor the background of the
dead cell population. Cells growing in suspension were then
harvested and placed in pre-chilled flow cytometric tubes.
Whereas adherent cells were treated with 400 ul trypsin,
incubated for 5 min, and collected in flow cytometric tubes.
Cells from each well were washed with ice-cold PBS and
centrifuged at 1200xRPM for 5 min. Cell pellets were then
gently resuspended with annexin V-FITC and Pl in 100 pl of
binding buffer and incubated in the dark for 15 min on ice.
Prior to analyses by flow cytometry, cells were added with
400 pl of ice-cold binding buffer. Approximately 10,000
events/cells were acquired per individual sample by using
Kaluza software (Beckman Coulter). The total apoptotic
cell populations are depicted as the sum of both early and
late facets of apoptosis. Three independent measurements
were performed, and the average and standard deviation
were calculated, obtaining the percentage of both apoptotic
and necrotic cells.

Analysis of mitochondrial membrane potential
using JC-1 and flow cytometry

CEM and COLO 205 cells were seeded in 24-well plates
and treated with 2608 and 2610 CCs, for an 8 h incubation.
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Following treatment, the cells were harvested and labeled
with fluorophore 5,5,6,6-tetracthylbenzimidazolylcarbocya-
nine iodide (JC-1). A flow cytometer was used to capture red
and green signals emitted by the cells. Healthy cells with
polarized mitochondria will emit a red fluorescence signal
due to the JC-1 aggregated formation [14, 16]. In contrast,
once the mitochondria are depolarized, they will form JC-1
monomers exhibiting a green fluorescence signal. The con-
trols used in this series of experiments were similar to those
in the previous assay. Each data point represents the average
of at least three independent measurements.

Cell cycle profile analysis via flow cytometry

To investigate the mechanism at which the compound
induces cell arrest, CEM and COLO 205 cells were seeded
in 24-well plates at a density of 100,000 cells per well in 1
ml of media [18]. CEM cells were treated with 2608 CC,,
(0.0397 pM) and 2610 CC,,, (0.0372 uM), and incubated for
72 h. COLO 205 cells were treated with 2608 CC,, (0.7616
puM) and 2610 CC,, (1.5164 pM) and incubated for 72 h.
The controls used for these experiments were the same
as described above. Following incubation, cells were col-
lected in flow cytometric tubes, centrifuged at 1200 RPM
for 5 min, and resuspended in 100 pl of room temperature
media. Lastly, a single nuclear isolation medium (NIM)-
DAPI reagent was added to each flow cytometry tube
(200 pl) and analyzed via flow cytometry [14, 19]. This dye
is able to stain the cell nuclei facilitating the quantification
of the total amount of DNA per cell. Roughly 10,000 events/
cells were acquired per sample (Gallios; Kaluza software;
Beckman Coulter). For this purpose, the FL-9 detector and
405 nm laser were solely responsible for quantifying the
total DNA content for each event (cell) and distributing
them to the designated subpopulation. Each experimental
point and its corresponding controls were performed using
at least three independent measurements.

Caspase-3/7 activation

The cellular activation of caspase 3/7 was detected by add-
ing the cell membrane-permeable fluorogenic NucView
488 caspase 3/7 substrate [20]. This substrate can perme-
ate living cells with an intact plasma membrane and allow
for identifying active caspase 3/7. The cells were examined
via flow cytometry with the same plating methodology, as
previously mentioned [17] and treated with their 24 h CCs,
respectively (CEM 2608 CCsy, 0.0993 uM and 2610 CCsy,
0.0932 uM and COLO 205 2608 CCs, 1.904 pM and 2610
CCs 3.791 uM). Cells were harvested in flow cytometry
tubes and centrifuged at 1200 RPM for 5 min. Cell pellets
were gently resuspended in 200 pl of PBS, containing 5 pl
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of NucView488 caspase 3/7 substrate, and incubated in the
dark for 45 min at room temperature. After this step, 300 ul
of PBS was added to each flow cytometry tube. A green flu-
orescent signal indicated caspase 3/7 activation within the
cell during the analysis. Furthermore, 10,000 events were
assessed per sample. Each sample was performed at least
three times. For sample acquisition and analysis purposes,
the Kaluza software was utilized (Beckman Coulter).

Reactive oxygen species

The production of ROS signals for oxidative damage in the
mitochondria by retrograde redox signaling was investi-
gated [21]. Analysis of ROS production in CEM and COLO
205 cells treated with twice the CCsy, concentration of 2608
and 2610 24 h was conducted via carboxy-H2 DCFDA
(6-carboxy-2’ 7’dichlorodihydrofluorescein diacetate) fluo-
rescein reagent (Invitrogen, C400) and analyzed by flow
cytometry. CEM and COLO 205 cells were seeded in a
24-well plate at a density of 100,000 cells per well in 1mL
of culture medium. CEM and COLO 205 cells were treated
with compounds 2608 and 2610 8 h prior to reading. The
controls mentioned above were used for this experiment,
as well. Cells were collected and placed in flow cytometry
tubes and centrifuged for 5 min at 1200 RPM. Cells were
gently resuspended in PBS containing carboxy-H2 DCFDA
(master mix/loading buffer) and incubated for 1 h. Cells
were then centrifuged again to remove the excess loading
buffer and resuspended in 500 pl of fresh PBS. Immedi-
ately after, cells were analyzed via flow cytometry, acquir-
ing ~ 10,000 events (cells) per sample. Cytometry analysis
was performed as in the previous section.

Analysis of poly-ubiquitinated proteins in CEM and
COLO 205

A total of 3,000,000 CEM and COLO 205 cells were
seeded in T-25 flasks in 10 ml of complete RPMI medium.
Cells were then treated with 10 pl of the 2x CCs, of CEM
(0.198 um) and COLO 205 (3.808 um) 2608, 2610 (CEM;
0.186 um, COLO 205; 7.582 um), MG-132, and the vehi-
cle PEG-400 (0.3%) at an 8-hour time period. Following
incubation, the cells were then harvested in 15 ml conical
tubes to form pellets and transferred to 1.5 ml tubes. The
cells were then washed once with 1 ml PBS and pelleted
at 1000 g for 6 min. Once pelleted, the PBS was removed,
and the pellet was resuspended in 70 pl 2x Laemmli buf-
fer (120 mM Tris-HCI, 0.1% B-mercaptoethanol, 4% SDS,
20% glycerol, and 0.02% bromophenol blue) and boiled at
100 C for 15 min to lyse the cells. Protein was then quanti-
fied utilizing a Nano-Drop N-1000 system, and a total of
100 pg per sample was calculated. The final volume of

25 pl was loaded per lane on a 7% SDS PAGE gel and sepa-
rated at 100 V for 1.5 h. The gel was then transferred to a
PVDF membrane at 100 V for 1 h. Afterward, the PVDF
membrane was blocked overnight at 4 C in 5% powdered
milk. Following the overnight incubation, the primary anti-
body, mouse monoclonal anti-Ubiquitin (Santa Cruz Bio-
tech; sc-8017) was added to the membrane and incubated
for 1 h. The membranes were washed with TBS-T 3 times
for 15 min. The secondary polyclonal goat anti-mouse anti-
body (1:10,000 diluted in TBS-T) conjugated to horseradish
peroxidase (Thermo Fisher; 31,430) was added and incu-
bated at room temperature for 1 h. The membrane was then
rewashed with TBS-T 3 times for 15 min to wash away any
unbound antibodies. Prior to the reading, the membrane was
placed in the iBright machine and labeled with Enhanced
Chemiluminescence Solution (ECL), one part being 1 mL
peroxide and ImL of luminol. The ECL is based on the anti-
bodies that are conjugated to the membrane or labeled with
horseradish peroxidase [22]. The addition of the luminol
produces excited intermediates, and upon release, it emits
a blue signal [22]. Following the wash, the membrane was
then read with the Invitrogen iBright Imaging Systems and
quantified for further analysis.

Computational docking

The initial docking was performed utilizing the Schrodinger
software suite (Schrodinger, LLC, New York, NY, USA).
The protein crystal structure was used for this docking
experiment utilizing the protein data bank (https:/www.
rcsb.org/). The protein targets used for these experiments
were UCH-L5 (PDB: 3IHR) and USP14 (2AYO) and were
prepared as previously described [23]. Using the Maestro
12.8 interface and Protein Preparation Wizard, the crystal-
ized 3-dimensional figures were prepared. The program was
left to run as default, and the options for missing side chains,
missing loops, the removal of water, and any other inter-
fering ligands were the only ones selected. Prior to dock-
ing, the compounds were optimized and then minimized
to expose hidden crystal structures using the Schrodinger
Release 2018: LigPrep, Schrodinger, LLC, New York, NY,
2018 interface of the Schrodinger software, with Optimized
Potentials for Liquid Simulations 4 force field, at a pH 7 £2
using Schrédinger Release 2018: Epik, Schrodinger, LLC,
New York, NY, 2018 (OPLS4 force field) [24]. Specific
Residues that have been previously identified to form the
binding pocket of b-AP15 were used for the receptor grid
generation utilizing Schrédinger Release 2021-3: Induced
Fit Docking protocol; Glide, Schrédinger, LLC, New York,
NY, 2021; Prime, Schrédinger, LLC, New York, NY, 2021
[24]. This generates a binding grid around amino acids
Asn85, Cys88, Alal62, and Leul81 for UCH-LS, and
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Asnl09, Cys114, Ser433, Ser432, and Gly434 for USP14.
Lastly, molecular mechanics (MM-GBSA) of the docked
compounds was performed using the Prime tool on Maestro
12.8 Schrodinger Release 2018: Prime, Schrodinger, LLC,
New York, NY, 2018, and the best scoring compounds were
selected.

Statistical analyses

Every experimental point indicates a minimum of three
independent measurements unless otherwise stated. The
findings were displayed as the average of the several mea-
surements with their corresponding standard deviations to
denote the experimental variability. The Linear Interpolator
software was utilized to obtain the 50% cytotoxic concentra-
tion (CCs) (https://www.johndcook.com/interpolator.html;
accessed on 24 February 2022). Here, the CCs is defined
as the compound’s concentration required to kill 50% of
the cell population. The P-values were calculated using a
two-tailed paired Student’s ¢-test to establish statistical sig-
nificance between two samples, using the 7-Test Calculator
for 2 Independent Means software (https://www.socscista-
tistics.com/tests/studentttest/default2.aspx; accessed on 24
February 2022). On some circumstances, the significant
P-values (<£0.05) were annotated with asterisks; * P<0.05,
** P<0.01, and *** P<0.001.

Results

Determination of cell death induction via the live-
cell Differential Nuclear Staining (DNS) cytotoxicity
assay

The cytotoxic effects of 2608 and 2610 piperidones were
analyzed using the DNS imaging assay on twelve human
cancer cell lines and two non-cancerous fibroblast cell
lines. The DNS assay is reliable and validated for primary
and secondary screens for potential anticancer cytotoxic
experimental compounds [14, 15] [25]. This assay utilizes
Hoechst fluorescent dye that permeates both living and dead
cells when treated 2 h before reading [26]. In addition, PI
stains the nucleus of dead or dying cells with a compro-
mised plasma membrane. As indicated in Table 1, both 2608
and 2610 piperidones display a range of cytotoxicity across
various cancer cell lines tested. The cell lines that were
grown in suspension, lymphoma, leukemia, and multiple
myeloma cell lines, CEM, RAMOS, U266, RPMI-8226,
MMIR, MM1S and HL-60, were incubated for 48 h with
2608 or 2610 to obtain the CCs, values. The adherent cell
lines, HT-29, MDA-MB-231, PC-3, Hs-27, PANC-1, CCD-
112-CoN, COLO 205, and MCF-10 A, were initially incu-
bated overnight to allow their attachment to the bottom of
the plate, in the absence of the experimental compounds.
Next, a concentration gradient of the piperidones was added
to the cells and incubated for an additional 48 h, obtaining a
dose-response curve to calculate the concentration at which
50% (CCs) of the cell population dies. The CCs, values
ranged from 0.02 uM on CEM to 1.1 uM on PANC-1 cell
lines.

Table 1 2608 and 2610 cytotoxic concentrations 50% (CCs,) on various cancer cell lines at a 48 h time point

2608 2610

CELL TYPE CELL LINE CCs(uM) S.D. SCI CCsy(uM) S.D. SCI*
Acute Lymphoblastic Lymphoma CEM 0.02 0.003 22.75 0.03 0.004 6.66
Burkitt’s Lymphoma RAMOS 0.095 0.041 4.789 0.036 0.005 5.55
Acute Promyelocytic Leukemia HL-60 0.064 0.041 7.109 0.024 0.011 8.33
Breast Adenocarcinoma MDA-MB-231 0.047 0.008 9.68 0.121 0.055 1.65
Breast Epithelial MCF-10 A 0.175 0.007 2.6 0.120 0.004 1.66
Colorectal Adenocarcinoma HT-29 0.162 0.021 2.80 0.036 0.004 5.55
Colorectal Adenocarcinoma COLO 205 0.424 0.010 1.07 1.664 0.184 0.12
Colon Fibroblast CCD-112-CoN 0.12 0.042 - 0.176 0.015 -
Normal Foreskin Epithelial HS-27 0.455 0.035 - 0.2 0.028 -
Pancreatic Carcinoma PANC-1 1.132 0.259 0.40 0.4135 0.045 0.48
Prostatic Adenocarcinoma PC-3 0.301 0.005 1.51 0.446 0.003 0.44
Multiple Myeloma U266 0.0144 0.001 31.59 0.762 0.010 0.26
Multiple Myeloma RPMI-8226 0.0397 0.002 11.46 0.3335 0.031 0.599
Multiple Myeloma MMI1 S 0.0181 0.0007 25.138 0.0261 0.0028 7.66
Multiple Myeloma MMI1 R 0.0160 0.001 28.43 0.009 0.005 22.22

*SCI: Selective cytotoxicity index values were calculated using the following equation: CCs,of non-cancer cells divided by the CCyof
the cancer cell line. SCI calculated using Hs-27 as non-cancer cell line
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Fig. 2 Both experimental
piperidones induce significant
PS externalization in CEM and
COLO 205 cells in a dose-
dependent modality. Cells were
exposed to the experimental
piperidones for 24 h, and cells
were then stained with Annexin
V and PI and monitored via
flow cytometry. The concentra-
tions of the compounds are
shown for each treatment and
represent twice the CCj, values
for each cell line (see Table 1).
Figure 2 A and 2B contain the
percentage of apoptotic cells
that are Annexin V-FITC posi-
tive, whereas panel 2b shows
the percentage of necrotic cells
that are PI-positive Annexin
V-FITC negative. The following
controls were included: DMSO
as solvent control, 1 mM H,0,
was incorporated as a positive
control for cytotoxicity, and
untreated (Unt) cells. Statistical
analyses were accomplished
using a two-tailed Student’s
paired t-test. The asterisk (¥)
annotations compare untreated
cells with 2X CCs, of both
2608- and 2610-treated cells
with P-values of <0.00001

and 0.00001 for CEM and
P-values of <0.007 and 0.0001
for COLO 205, respectively.
The double dagger symbols ()
compare the DMSO-treated
cells with CCs, of 2608- and
2610-treated cells with P-values
of <0.00001 and 0.00001 for
CEM and P-values of <0.0005
and 0.00003 for COLO 205,
respectively. Representative
flow cytometric dot plots were
used in panel C to create the bar
graphs corresponding to CEM
cells
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Analyses of phosphatidylserine (PS) externalization
using the Annexin V/PI assay

To determine whether both 2608 and 2610 cause cell death
via apoptosis or necrosis, we measured the externalization
of phosphatidylserine (PS) in CEM and COLO 205 cells,
respectively, using an annexin-V-FITC/PI assay. For this
assay, we used the 2x CCs, concentrations determined on
COLO 205 for both 2608 and 2610 CEM (see Fig. 2 for
details). The data indicate significant PS externalization
compared to the DMSO solvent control for both cell lines.
As expected, a high percentage of PS externalization was
detected when cells were treated with the positive control
H,0, (39%), whereas DMSO and untreated cells showed
low PS externalization (18—19%). Furthermore, the results
indicate that both compounds triggered apoptosis to induce

Fig. 3 Significant ROS induced
by 2610 and 2608 piperidones A
on CEM and COLO 205 cells

as compared with the DMSO-

cell death due to the significant percentage of PS external-
ization in CEM and COLO 205. However, PS externaliza-
tion was more pronounced in the CEM cell line.

Piperidone compounds induce an accumulation of
reactive oxygen species (ROS)

To further examine the mechanism by which 2608 and 2610
induce cell death, the accumulation of ROS in CEM and
COLO 205 cells was measured after treatment of cells with
the piperidones for 6 h with the 24 h CCs, concentration. We
incubated for 6 h in order to detect ROS generation since a
longer incubation time would not have been advantageous;
as ROS generation occurs in the early stages of apoptosis
[27]. Following the exposure to the 24 h CCs, for both com-
pounds, the cells were incubated for one hour with 10 uM

% of ROS Accumulation

P =0.008
treated cells. Statistical analyses 3.8 UM h . COLO 205
were acquired by using the two- 2608 0.2 uM % P =0.0001
tailed Student’s paired t-test. £ H D CEM
H,0, (1 mM)-treated cells were 7.6 UM
included as an oxidative stress 261 0{ P=0.011
positive control. Representative 0.2 uM
flow cytometric dot plots were
used in panel B to create the bar H,0, {
graphs corresponding to CEM 5
cells
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of carboxy-H2 DCFDA ROS. Subsequently, the cells were
analyzed via flow cytometry for those emitting a green sig-
nal indicating ROS accumulation. As shown in Fig. 3, both
CEM and COLO 205 cells generated ROS in the presence
of the 2x CCs;, 0f 2608 and 2610, indicating the induction of
the intrinsic apoptotic pathway. However, the accumulation
of ROS was more prominent in the CEM cell line than in
COLO 205.

Induction of mitochondrial depolarization by
piperidones 2608 and 2610

High ROS production levels are known to lead to mitochon-
drial depolarization, including damage of DNA, proteins,
and lipids [28] [29]. To further investigate the mechanism

Fig.4 The experimental piperi-
dones induced significant mito- A
chondrial depolarization activity
on COLO 205 and CEM cells.
Cells were incubated for 6 h
with the experimental piperi-
dones and then stained with
JC-1 reagent and monitored

by flow cytometry. Statistical
analyses were acquired by using
the two-tailed Student’s paired
t-test. The asterisk annotations
on each bar graph represent the
statistical significance of the
experimental treatments com-
pared with the vehicle control

by which 2608 and 2610 induce cell death, we evaluated
both compounds in CEM and COLO 205 cells using the
JC-1 polychromatic fluorescent reagent and flow cytometry.
Both CEM and COLO 205 cells were incubated for 6 h with
the compounds, and the mitochondrial membrane potential
was examined. This analysis revealed that the piperidones
induced significant mitochondrial depolarization at their
CCs, and twice the CCy, concentrations compared to the
untreated and DMSO-treated cells for CEM and COLO 205
(Fig. 4). Overall, these findings further confirm that com-
pounds 2608 and 2610 are able to depolarize the mitochon-
dria, indicating that the compounds induce apoptotic death.
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Treatment of cancer cells with the novel piperidones
leads to activation of caspases

It is known that the activation of caspase-3/7 is a biologi-
cal marker of a cell undergoing apoptosis [30]. Individual
caspases mediate apoptosis and various other biological
processes [30]. In this study, we analyzed the activation
of caspase-3/7 via flow cytometry by using a live-cell
NucView 488 caspase-3/7 fluorogenic enzyme substrate
after 7.5 h of incubation of CEM and COLO 205 cells with
both piperidones. As shown in Fig. 5, a significant amount
of caspase-3/7 activation was detected at the CCs, and twice
the CCjs, concentrations of both compounds compared to
the untreated and vehicle control cells. For the positive
control, H,0,-treated cells were significant for caspase-3/7

Fig.5 Both 2610 and 2608

activation (Fig. 5). These results showed that compounds
2608 and 2610 induce cell death through the caspase-3/7
activation pathway for both cell lines, a hallmark of
apoptosis.

Alteration of the cell cycle by the novel piperidones

A cell cycle analysis was conducted in order to determine
if compounds 2608 and 2610 induce cell cycle alterations
and ultimately cause the arrest and antiproliferative cellu-
lar activity. The cell cycle profile was examined via flow
cytometry utilizing the DNA intercalating agent, DAPI
(4’,6-diamidino-2-phenylindole). Both CEM and COLO
205 cells were treated with a low concentration of 2608
or 2610 (CC,, concentrations) and incubated for 72 h. It
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is important to note that at the CCs,, concentrations of both
compounds, extensive DNA degradation was observed in
both cell lines that interfered with the cell cycle analyses
(data not shown). Low concentrations of compound (CC,)
were used to monitor the cell cycle cycle. As in those pre-
sented in the other sections, the same controls were used
in this experimental series. After incubation, both 2608
and 2610 did not alter the cell cycle profile in the cell
lines tested, CEM and COLO 205 (Fig. 6). Given the data,
2608 induced DNA fragmentation in CEM cells but not in
COLO 205. In comparison, 2610 caused DNA fragmenta-
tion on both cell lines, CEM and COLO 205 (Fig. 6 A). The
P-values of DMSO-treated CEM cells compared with 2608

Fig.6 2608 elicited selective
DNA fragmentation on just
CEM cells, and 2610 induced
significant DNA fragmenta-
tion on CEM and COLO 205
cells (A; sub G0/G1), without

[l cEM
Il coLo 205

and 2010 treated CEM cells were 0.0036 and 0.011, respec-
tively. The P-value of COLO 205 DMSO treated cells com-
pared with 2608 treated COLO 205 cells was insignificant,
whereas when compared with 2610 treated COLO 205 cells
was 0.0038. Thus, the DNA fragmentation activity of 2608
was selective on CEM cells, whereas 2610 exhibited this
activity on both cell lines tested. Also, both 2608 and 2610
compounds did not induce arrest in any cell cycle facets.

arresting them in a particular
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Analysis of poly-ubiquitinated proteins in CEM and
COLO 205 cells

In prior reports, several piperidones have been found to dis-
rupt proteasome activity leading to the induction of proteo-
toxic stress and apoptosis [31]. Proteosome inhibitors have
been investigated due to their selective toxicity on cancer
cells[32]. The disruption has been previously shown to
result in an accumulation of polyubiquitinated proteins and
inhibition of proteasomal activity [31]. The accumulation of
polyubiquitinated proteins with compounds 2608 and 2610
were evaluated by western blotting after an 8 h treatment.
Following densitometric quantification of high molecular
weight poly-ubiquitinated proteins, the results denoted a
strong increase in polyubiquitinated protein accumulation
for compound 2610 in COLO 205 (1.41-fold increase),
closely similar to the increase seen in the MG132 protea-
some inhibitor control (1-fold increase). However, only a
slight 0.61-fold increase was observed in CEM cells for

Fig. 7 Western Blot analysis
reveals an accumulation of high
molecular-weight poly-ubiqui-
tinated proteins for both COLO
205 and CEM cell lines. Cells
were treated for 8 h time point
with; PEG 400 (vehicle con-

this compound. Compound 2608 also showed a moderate
increase in the accumulation of polyubiquitinated proteins
in COLO 205 and CEM; 0.40- and 0.59-fold increase,
respectively (Fig. 7).

Computational docking of UCHL5

In previously published work, a structure relationship study
was performed on piperidone b-AP15 (VLX1500) revealed
that this compound acted as a proteasome inhibitor, specifi-
cally interacting with Deubiquitinases (DUBs) Ubiquitin-
Specific Protease 14 (USP14) and Ubiquitin C-terminal
Hydrolase L5 (UCHLS5) [24]. USP14 and UCHLS and two
cysteine proteases constitute the deubiquitinating enzymes
within the 19 S regulatory particle in proteasome 26 S
[33-36]. The 26 S proteasome contains one or two 19 S
regulatory particles necessary for substrate recognition,
deubiquitination, unfolding, and translocation [37, 38].
Based on the similar chemical structure of our compounds

B
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to piperidone b-AP15, we attempted to determine if they
could also interact with USP14 and UCHLS. Utilizing the
b-AP15 docking site and PDB code 3IHR, which has been
used to generate the grid for docking, we performed in silico
docking to this site with compounds 2608 and 2610 [24].
The binding affinity b-AP15 to the pocket of UCH-L5 was
compared to the potential binding affinities of 2608 and
2610. To expose the hidden pocket in the crystal structure
of b-AP15 (PDB: 3IHR), we utilized induced-fit docking to
reveal and expose the binding site [24]. The analogs previ-
ously described share an o, - unsaturated carbonyl group
that is likely to react with the Cys88 found in said hidden
binding pocket [24]. Our docking results confirm the previ-
ous experiment with the o, B- unsaturated carbonyl group
(Michael acceptors) in proximity with Cys88 [24]. This
docking would likely result in covalent binding, making
the irreversible molecules inhibitors of UCHLS. With this
in mind, compounds 2608 and 2610 lacked a, B- unsatu-
rated carbonyl group, which resulted in a different binding
mode and scored higher than b-AP15. Molecular mechanics
were then used to approximate the binding affinity between
the protein and the ligand of b-AP15, 2608, and 2610 to
UCHLYS, resulting in high scores relative to b-AP15, as
seen in Fig. 8. Both compounds MM/GSA scores 2608
(-68.34 kcal/mol) and 2610 (-73.27 kcal/mol) fell well
within the binding score of b-AP15 (-69.25 kcal/mol), indi-
cating that both compounds are likely inhibitors of UCHLS
and bind with relatively good affinity. These results sug-
gest that, like b-AP15, both compounds cause proteasome
inhibition.

Computational docking of USP14

USP14 plays an essential role in proteasomal degradation
[39]. The USP14 has been used to inhibit proteasomal func-
tion inducing apoptotic cell death in cancers [39]. As stated
above, we utilized USP14 and UCHLS5 to compare the
docking scores of b-AP15 to our piperidones 2608 and 2610
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Fig. 8 Computational docking of b-AP15 (A), 2608 (B), and 2610
(C) to UCHLS. Exhibited docking scores of, 2608 (-68.34 kcal/mol)
and 2610 (-73.27 kcal/mol). Both compounds fell within the score of
b-AP15, -69.25 kcal/mol, indicating potential inhibition of UCHLS

to observe similarities. The compounds were docked using
the same methodology described above with PDB code
2AYO. The best scoring poses of b-AP15 were chosen and
used for molecular dynamics (MM-GBSA), which resulted
in the binding affinity of -50.76 kcal/mol [24]. The binding
affinity of 2608 and 2610 was estimated to be -53.82 kcal/
mol and —56.10 kcal/mol, respectively. These results sug-
gest that both can function similarly to b-AP15 inhibiting
USP14 function and blocking access to the c-terminus of
ubiquitin (25).

Discussion

Previously, it has been shown that piperidone compounds
have been highly cytotoxic toward various cancer cell lines
[40]. In addition, structurally similar piperidones, P3, P4,
and P5 have demonstrated cytotoxic effects towards tumori-
genic cells, as opposed to non-cancerous cells, at the low
micromolar range [41]. The treatment of the compounds
induced apoptosis via the intrinsic apoptotic pathway and
the accumulation of poly-ubiquitinated proteins and the pro-
apoptotic protein Noxa [41]. This study demonstrated that
both 2608 and 2610 piperidone compounds exhibited cyto-
toxic activity on 14 different cancer cell lines, ranging from
hematological cancers to solid tumors, with CCsy, values
fluctuating from nanomolar to low micromolar concentra-
tions (0.009 uM to 1.664 uM). Compounds P3, P4, and P5
demonstrated lower cytotoxicity in CEM and COLO 205
with CCs values ranging from 0.65 uM -0.87 uM for CEM
and 0.80 uM -4.66 uM for COLO 205 [41]. Additionally, we
examined the effects of the compounds on a non-cancerous
cell line and denoted SCI values (Table 1). Of the two com-
pounds, 2608 displayed the highest selectivity (SCI above
5) in most cell lines compared to 2610. For these assays, we
utilized a cell line that was most sensitive to the compounds,
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Fig. 9 Computational docking of b-AP15 (A), 2608 (B), and 2610
(C) to USP14. Exhibited docking scores of, 2608 (-53.82 kcal/mol)
and 2610 (-56.10 kcal/mol). Both compounds fell within the score of
b-AP15, -50.76 kcal/mol, indicating potential inhibition of UCHLS5
and USP14
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CEM, and one that is most resistant, COLO 205, to deter-
mine if the compounds elicited different responses that may
display their resistance or sensitivity to the compounds.
Once treated with a cytotoxic compound, cells can undergo
apoptosis or necrosis as a cell death mechanism [42]. Thus,
we investigated the cell death mechanism induced by both
piperidones. Hallmarks for apoptosis include the external-
ization of phosphatidylserine, mitochondrial membrane
depolarization, reactive oxygen species generation, and the
activation of executioner caspase-3 [43]. After conducting
the Annexin V/PI assay, it was determined that both 2608
and 2610 induce cell death via the apoptotic pathway due
to the significant PS externalization in both cell lines. In
cells undergoing programmed cell death, phosphatidylser-
ine translocates to the outside of the cell membrane and is
characteristic of apoptosis [16, 26].

When a cell undergoes apoptosis, it can go through the
intrinsic or the extrinsic cell death pathway [44]. The intrin-
sic pathway implicates releasing factors by the mitochon-
dria within the cell [45]. Caspase-3 is also activated by the
permeabilization of the outer mitochondrial membrane and
by releasing apoptogenic proteins that signal cell death [45].
On the other hand, the extrinsic pathway initiates apoptosis
through cell membrane proteins known as death receptors
[44]. A mitochondrial depolarization (JC-1) assay was con-
ducted to investigate the depolarization of the mitochondria,
which usually occurs when the cell is undergoing apoptosis
via the intrinsic pathway. Both compounds induced signifi-
cant mitochondrial depolarization for both cell lines. This
depolarization was more prominent in the CEM cell line,
proving that the compounds act via the intrinsic apoptotic
pathway, as shown in Fig. 4.

To further investigate and characterize the mechanism by
which 2608 and 2610 induce cell death, we studied ROS
generation after compound treatment of CEM and COLO
205 cells. The generation of ROS plays a role in the intrinsic
apoptotic cascade by being released after the mitochondria’s
membrane is depolarized [27, 46] It is well known that the
overproduction of ROS can cause cellular stress, activate
caspases, and lead to the induction of cell death [43, 47]. As
shown in Figs. 3, 2608 and 2610 induced ROS overproduc-
tion in a dose-dependent manner on CEM cells. Activation
of apoptosis was significant with compound 2608 in COLO
205.

When mitochondria are used to initiate the apoptosis cas-
cade (intrinsic pathway), frequently due to the ROS over-
production, its membrane potential is disrupted during the
early stages of the program, ending in its depolarization
[48]. Due to mitochondrial depolarization, a downstream
effector enzyme, caspase-3, is activated [49]. Caspase-3
is the enzyme where the intrinsic and extrinsic apoptotic
pathways converge [50]. Typically, apoptotic cell death is
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irreversible after caspase-3 is activated [51, 52]. To con-
firm the progression facets of apoptosis induced by the two
piperidones, caspase-3/7 activation was evaluated in CEM
and COLO 205 cells. As expected, these assays indicated
that caspase-3/7 was significantly activated in a concentra-
tion-dependent manner by both piperidines, 2608 and 2610,
which agrees with our results. Overall, our findings sug-
gest that both piperidones induce the apoptosis pathway to
induce cell death on both cell lines.

The DAPI staining flow cytometry protocol, to measure
total cellular DNA contents, was used to examine whether
2608 and 2610 compounds could alter the cell cycle pro-
file and reveal their potential DNA fragmentation activity
on CEM and COLO 205 cell lines [14, 53-55]. Both 2608
and 2610 did not change the cell cycle profile in the two
cell lines tested (Fig. 6). More specifically, 2608 induced
DNA fragmentation on CEM cells but not in COLO 205
cells. In contrast, 2610 caused DNA fragmentation on both
tested cell lines (Fig. 6 A). Thus, the DNA fragmentation
activity of 2608 was selective on CEM cells, whereas 2610
exhibited this activity on both cell lines tested. Also, both
2608 and 2610 compounds did not induce cell cycle arrest.
Cells that are undergoing apoptosis display the morphologi-
cal characteristic of DNA fragmentation[43].

The ubiquitin-proteasome system has been known for the
recognition and degradation of misfolded proteins in addi-
tion to performing essential roles in DNA replication, cell
cycle regulation, cell migration, and immune response [56].
Prior work from our laboratory and others has demonstrated
that piperidones induced proteasome inhibition [9]. Piperi-
done compounds P1 and P2 displayed similar polyubiqui-
tination and increased Noxa protein expression in HL-60
cells [9]. Due to the similar structure and activity of the
compounds, we investigated if the piperidones could also
inhibit proteasome activity in both CEM and COLO 205.
As demonstrated in previous works, piperidones have been
shown to cause the accumulation of polyubiquitinated pro-
teins [41]. Our results revealed that piperidone compound
2610 displayed a strong increase in polyubiquitinated pro-
tein accumulation in COLO 205, suggesting the inhibition
of the proteome. In comparison, a fold increase was dis-
played more so in COLO 205 than in CEM for compound
2610. Compound 2608 displayed a moderate increase in
polyubiquitinated proteins in both COLO 205 and CEM. In
addition, MG 132 displayed slight proteasome inhibition in
the CEM cell line in comparison to COLO 205. These data
parallel our previous results with piperidones P1 and P2 in
the polyubiquitination in both cell lines upon treatment with
piperidones 2608 and 2610 suggesting that they also inhibit
the proteasome [9]. As been previously shown, the results
suggest that these piperidones induce cell death partly due
to moderate inhibition of proteasome function [41]. Further



Investigational New Drugs (2022) 40:905-921

919

work would need to be conducted to advance the understand-
ing of 2608 and 2610 compounds as proteasomal inhibitors.
In order to further confirm that said compounds are protea-
somal inhibitors, we sought to compare the compounds with
piperidone b-AP15, which is a known proteasome inhibi-
tor. Here we characterized compounds 2608 and 2610 that
display structural similarity with b-AP15, which have been
shown to act as inhibitors of proteasomal associated deubiq-
uitinates (DUBs) [31, 57]. Previous work has demonstrated
the ability of b-AP15 to inhibit two 19 S regulatory DUBs,
UCH-LS5 and USP-14 [31]. It was also shown that b-AP15
displays cytotoxicity to various cancer cell types, includ-
ing multiple myeloma cells resistant to the 20 S proteasome
inhibitor bortezomib, suggesting that proteasome DUB
inhibitors may have clinical potential [24]. Recent stud-
ies also support the notion that deubiquitinating enzymes
(DUB) are essential factors in proteolytic degradation and
that their aberrant activity is linked to cancer progression
and chemoresistance [57]. Here we focused primarily on
the potential binding affinity of compounds 2608 and 2610
to UCH-LS5 and USP-14, seeing as both compounds have
a similar structure as b-AP15. With this in mind, the two
compounds may also target the same DUBs as b-AP15. Our
docking experiments suggested that both piperidones could
interact with the same DUBs as b-AP15 and likely inhibit
the proteasome similarly to the b-AP15 compound.

In summary, both piperidones were shown to possess
favorable cytotoxic properties on 14 cell lines, consisting of
hematological cancers and solid tumor cells, from the low
nanomolar to the low micromolar range (0.009 uM to 1.664
uM). The two piperidones consistently induced cell death
via the intrinsic apoptotic pathway, as evidenced and con-
firmed by the phosphatidylserine (PS) externalization, ROS
generation, caspase 3/7 activation, mitochondrial depolar-
ization, and DNA fragmentation for both CEM and COLO
205. Furthermore, the two piperidones exhibited attractive
antiproliferative, cytotoxic properties and suitable action
mechanisms to be considered potential anticancer drugs.
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