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ABSTRACT
Cancer is a continuous global health issue. It is the second leading cause of death behind
heart disease. Disparities across the emergence of cancer and resulting fatalities raise
the importance of researching the disease. Treatments are available for certain types of
cancers. However, these are typically accompanied by residual problems including side
effects and the possibility for relapse. Some treatments attack all cells, leading to
unwarranted side effects that make the possibility of living a comfortable life nearly
impossible. Other treatments are specific to certain genetic alterations, making them only
useful for a small percentage of patients. Not one treatment provides certainty of complete
remission. Therefore, the need for novel treatments is still present and necessary.
Research in the past decades has provided information on the mechanisms that cancer
utilizes to persist. This has led to new approaches to attempt to target cancer cells. One
approach is to manipulate the characteristics that cancer cells use to thrive within the
body. An example of this is proteasome inhibition. Cancer cells rely on the proteasome
to degrade proteins and transcription factors that could have negative effects on their
persistence. Blocking cancer-supportive cellular machinery can lead to specific
therapeutic effects on cancer cells.
Drug discovery is a growing field. A critical aspect of anticancer drug discovery is to
investigate the mechanism of action. This provides essential information on how the
compound behaves within the cancer cells. Previous works have reported the cytotoxic
effects of piperidone compounds, but the exact method has not been fully detailed. In this
project, the investigation of the mechanism of action of potential anticancer piperidone
drugs is described. Transcriptomic and computational analyses raise the impact of this
vii

research since these methods provide more concrete evidence. Detailed in this
dissertation is the proteasome inhibition activity of four similarly structured piperidone
compounds that could be used in future experiments to result in an improved anticancer
therapy.
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CHAPTER 1: INTRODUCTION
1.1 GENERAL INTRODUCTION
1.1.1 GLOBAL CANCER STATISTICS
Cancer is the second leading cause of death worldwide [1]. In 2020, there were 19.3
million new cases of cancer diagnosed with 10.0 million deaths attributed [2]. Globally,
the leading cause of cancer death for males is lung cancer and for females is breast
cancer [2]. The incidence of cancer varies among different regions of the world [2].
Growing economies and changes in behavioral patterns of people affect these varying
incidence rates [2].
1.1.2 UNITED STATES CANCER STATISTICS
In the United States (U.S.), there were approximately 1,762,450 new cancer cases with
606,880 deaths in 2019 [3]. Cancer incidence varies in the US due to socioeconomic,
racial, and ethnic disparities [4]. It is the leading cause of death among Hispanics in the
U.S. [5]. Within the Hispanic community, the incidence rate is affected by factors such as
lack of insurance and unbalanced poverty levels [6]. Leukemia is the most common
cancer to be diagnosed in children from birth to 14 years old, with a higher incidence rate
for Hispanic children and adolescents [6], [7]. Given the demographics in our area, it is
particularly important to our southwest border region to investigate leukemia.
1.1.3 CANCER CHARACTERISTICS
Cancer is described as the evolution of normal cells to a malignant state [8].
Characteristics associated with malignant transformation are growth suppressor evasion,
cell death resistance, sustained proliferation, immortality, induction of angiogenesis, and
1

invasion/metastasis [8]. To promote the aforementioned characteristics, a circuitry that
involves reprogramming of normal cellular processes is used by cancer cells [8]. In normal
cells, excessive stress, such as ER stress from misfolded or unfolded proteins, can lead
to apoptosis [9]. However, cancer cells can manipulate regulatory mechanisms that
alleviate stress, such as the unfolded protein response (UPR), to avoid apoptosis [10].
Cancer cells also affect cellular feedback inhibition loops typically found in normal cells,
to drive oncogenic pathways such as the Ras, PI3K, and mTOR pathways [8]. There is
genome instability present in cancer cells which additionally causes progression of the
disease [8]. Finally, normal components of the cell including the ubiquitin-proteasome
system (UPS) have been implicated in the pathogenesis of cancer [11]. These inherent
qualities allow cancer cells to survive and thrive.
1.1.4 DEVELOPMENT OF CANCER
Normal cells are important components in the pathogenesis of cancer [8], [12]. The tumor
microenvironment consists of fibroblasts, endothelial cells, progenitor/stem cells,
pericytes, and immune cells which provide cancer cells nutrients for growth [12]. Cancer
stem cells are the malignant drivers of the tumor microenvironment which is essential in
the persistence of cancer cells [8]. These non-cancerous cells aid in vascularization and
angiogenesis to give cancer cells access to growth factors and means to metastasize [8].
Once the tumor microenvironment is formed, epithelial to mesenchymal transition can
occur to help cancer cells spread [10].
1.1.5 TARGETING CANCER CELLS

2

Typical characteristics of cancer cells can be used as therapeutic targets. Cancer cells
rely on the proteasome for various cellular activities, including the removal of proapoptotic proteins and cell cycle regulators [13], [14]. Manipulation of the proteasome and
the ubiquitin-proteasome system (UPS) can result in the reversal of several inherent
characteristics of cancers [14]. Inhibition of the proteasome leads to the accumulation of
misfolded and unfolded proteins causing proteotoxic stress [15]. Therapeutic approaches
that target important tumorigenic components, such as the proteasome, have proven
successful [13], [16]–[18]. Oncogene and non-oncogene addiction is a feature of cancer
cells that is defined by a larger degree of reliance than their normal counterparts to certain
genes and pathways [12]. These differences in reliance on genes and proteins which
would normally not be essential also make potential therapeutic targets [12]. Cancer cells
have a stress phenotype which is obtained by manipulation of cellular programs normally
used in growth and development [12]. This stress phenotype includes oxidative,
proteotoxic, and DNA damage stress [12]. Stress overload in cancer cells has therapeutic
potential since this can lead cells to apoptosis [12]. Finally, cancer cells have endogenous
high levels of reactive oxygen species (ROS), thereby making them sensitive to changes
in redox state [19]. Therapies that cause redox state imbalances have proven effective
[12], [19]. These mechanisms can be employed to target cancer cells specifically without
affecting normal cells.
1.2 SIGNIFICANCE
Current cancer therapies include chemotherapy, radiation therapy, surgery, hormone
therapy, targeted drug therapy, immune therapy, and gene therapy [20]. Personalized
therapies such as CAR-T cell and monoclonal antibody have emerged providing
3

individualized treatments to patients [21], [22]. Targeted therapies including small
molecules that are apoptosis inducers can be better therapeutic agents than currently
used chemotherapy [22]. Regardless of these advances, chemotherapy remains the gold
standard for anticancer therapies [23]. Although sometimes effective, it is common for
patients to become resistant to these treatments [20], [24]. Children and adolescents have
the largest percentage of cancer survival (more than 30 years) with the previously
mentioned treatments [25]. However, patients treated as children and adolescents for
cancer have shown long-term effects such as the increased risk for secondary cancers
and chronic disease [25]. Therefore, it is necessary to discover novel therapies to resolve
these issues.
1.2.2 ANTICANCER DRUG DISCOVERY
There are several characteristics to take into consideration when searching for anticancer
drugs. First, anticancer drug discovery has shifted from seeking cytotoxic agents which
kill all cells to an approach where cancer cells are specifically attacked [24]. Therefore,
selectivity is a key feature to look for. Next, drugs that induce apoptosis, known as
programmed cell death, are preferred as opposed to necrosis [26], [27]. Necrotic death
can cause the recruitment of immune cells to the site of damage and cause the release
of pro-inflammatory signals which can provide tumor cells a microenvironment with
beneficial growth factors [8]. Finally, the common stress phenotype of cancer cells is a
better target as opposed to targeting a single molecule [28], [29]. Therefore, drugs that
manipulate several inherent cancer-associated factors could be more effective. These
features can result in an effective drug for cancer treatment.

4

1.3 SPECIFIC AIMS
The goal of this project was to identify potential anticancer drugs and elucidate the
molecular mechanism of action. Preclinical studies involving in vitro assays have proven
to be viable options in anticancer drug discovery [30], [31]. Testing in cancer and noncancerous cell lines has been validated as an essential initial step in this field [32]. In vitro
drug screening is the focus of Dr. Aguilera’s laboratory [33]–[36]. A subset of the
anticancer drug discovery investigations involved the screening of several clusters of
conjugated unsaturated ketones [37]. These compounds contained a 1,5-diaryl-3-oxo1,4-pentadienyl group which is believed to be the primary binding site for cellular thiols
[38]. Thiols were targeted to reduce genotoxicity since thiols are not present in nucleic
acids [38]. One compound, P2, revealed potent cytotoxic activity against breast cancer
cells [39]. The details to the cytotoxic and apoptotic activity of P2 in breast cancer cells
was published, but the mechanism by which the compound acts was not elucidated [39].
Therefore, in this project we conducted a more thorough analysis to reveal the method of
action of P2. The molecular mechanism was investigated using several biochemical and
computational techniques. Leukemia cells were used as a disease model since these
were more sensitive to compound P2 than the previously investigated breast cancer cells
[39]. A library of analogs of P2 was then synthesized to increase cytotoxic activity. To
generate these analogs, hydroxyl groups were added to the 1,5-diaryl-3-oxo-1,4pentadienyl group to reduce hydrophobicity which can cause tumor resistance [23], [40].
There was also a secondary introduction of one or more alkylaminoalkyl groups which
was meant to increase atomic charges that would react with cellular thiols for an increased
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effect [40]. The specific aims for these investigations are detailed below and in the
dissertation that follow.
1.3.1 SPECIFIC AIM 1
–

Cytotoxic evaluation of P2 in tumorigenic and non-tumorigenic cells

–

Investigation of the potential of P2 to induce apoptosis in leukemic cells

–

Characterization of the mechanism of action elicited by P2 that leads to the death
of leukemic cells elucidated as proteotoxic stress induced by proteasome inhibition

1.3.2 SPECIFIC AIM 2
–

Examine cytotoxicity and apoptotic activity of analogs P3, P4, and P5

–

Investigate the potential of P3, P4, and P5 to behave as proteasome inhibitors

6

CHAPTER 2: NOVEL COMPOUND, P2, INDUCES CELL DEATH THROUGH
PROTEOTOXIC STRESS INDUCED BY PROTEASOME INHIBITION1
2.1 OBJECTIVE
Our laboratory previously reported piperidone compounds that were cytotoxic and tumor
selective in breast cancer cells [39]. In this project, one of these piperidone compounds,
P2 (2c in the aforementioned publication), was utilized for follow-up studies. The data
discussed and analyzed in this dissertation was published alongside a similarly structured
compound, P1 [41]. The characterization of P1 was the MS thesis project of Ruben
Calderon, the co-author of the aforementioned paper.

1

Published as part of Contreras L, Calderon RI, Varela-Ramirez A, Zhang H-Y, Quan Y, Das U, Dimmock
JR, Skouta R, Aguilera RJ (2018). Induction of apoptosis via proteasome inhibition in leukemia/lymphoma
cells by two potent piperidones. Cell Oncol. 41(6):623-636.
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2.2 EVALUATION OF THE CYTOTOXIC ACTIVITY OF P2 IN CANCEROUS AND NONCANCEROUS CELL LINES.
Cytotoxicity of P2 (Figure 2. 1) towards several cancer and non-cancerous cell lines was
investigated using a tetrazolium reagent, MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium). This tetrazolium reagentbased assay is used to detect viable cells and can be used to measure cytotoxicity of a
compound [42].

HCl

Figure

2.

1:

Structure

of

P2

(3,5-

bis(benzylidene)-1-[3-(2-

dimethylaminoethoxy)phenylcarbonyl]-4- piperidone hydrochloride)
Leukemia/lymphoma cell lines were seeded at a density of 25,000 cells/well and adherent
cell lines at 10,000 cells/well. Cells were treated with different concentrations of P2 to
determine the IC50 at 24 hours. The inhibitory concentration (IC50) is defined as the
concentration of compound required to inhibit 50% of the transformation of MTS to
formazan, indicating cytotoxicity. Before incubation end time, the tetrazolium salt MTS
and electron coupling reagent PMS (phenazine methosulfate) were added and incubated
8

for two hours to observe a colorimetric change for analysis through a spectrophotometer.
IC50

values

were

then

calculated

using

a

linear

interpolation

method

(https://www.johndcook.com/interpolator.html). The SCI indicates the selective profile a
drug exhibits towards cancer cell lines. The SCI was calculated using the following
equation: average IC50 of non-cancerous cell lines/ IC50 of cancer cells [39]. A chemical
compound with a higher SCI (above 1) is deemed a potential anticancer drug candidate
[39]. Table 2. 1 shows the IC50 values of P2-treated cancer and non-cancerous cell lines.
Hematological cancer cell lines (leukemia and lymphoma) display IC50 values well below
5 µM with selective cytotoxicity index (SCI) values well above 1. The most sensitive cell
line is the Ramos cell line with an IC50 of 0.67 µM. We observe higher cytotoxicity towards
hematological cell lines as opposed to other cell lines tested (Hs27, MCF-10A, and MDAMB-231).
Table 2. 1: IC50 values of P2-treated cancerous and non-cancerous cells after 24-hour
incubation.
Cell Line
Disease
IC50 (µM)a
BJAB
Burkitt's lymphoma
2.50
CCRF-CEM Acute Lymphocytic Leukemia (ALL)
3.41
HL-60
Acute Promyelocytic Leukemia
1.94
Hs27
none
11.38
Jurkat
Acute T Cell Leukemia
1.24
MCF-10A
Fibrocystic disease
11.24
MDA-MB-231
Adenocarcinoma
13.87
Nalm-6
Acute Lymphocytic Leukemia (ALL)
0.86
Ramos
Burkitt's lymphoma
0.67
a

S.D.
0.06
1.24
0.09
0.54
0.12
0.8
1.02
0.04
0.01

SCIb
4.52
3.32
5.83
9.12
0.82
13.11
16.81

IC50 (inhibitory concentration) is the concentration of compound required to inhibit 50% of the
transformation of MTS to formazan (indicating cytotoxicity)

b

Selective Cytotoxicity Index (SCI) was calculated using the following equation: average IC50 of
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non-cancer cells/ IC50 of the cancer cell line. Values above 1 indicate selective cytotoxicity of the
compound towards cancer cells.

2.3 INVESTIGATING THE ACTIVATION OF THE APOPTOSIS PATHWAY AFTER P2TREATMENT.
Apoptosis, known as programmed cell death, was observed through various biological
assays. For cancer therapy, compounds that induce apoptosis are preferred to those that
induce necrosis which can promote inflammation [43].
2.3.1 APOPTOSIS VS NECROSIS
To investigate the death mechanism induced by compound P2, we conducted an annexin
V-FITC assay. Typically, phosphatidylserine is found within the inner leaflet of the cellular
membrane but is exposed as a cell goes through apoptosis [26]. Therefore,
phosphatidylserine should only be readily available in apoptotic cells. Annexin V will bind
to phosphatidylserine only in cells that are undergoing apoptosis [26]. Ramos and HL-60
cells (100,000 cells per ml) were treated for 24 hours with P2 at 2 µM and the following
controls: vehicle (1% v/v DMSO), an apoptosis-inducing positive control (1 mM H2O2),
and untreated cells. Following treatment, cells were collected and stained with both
propidium iodide and annexin V-FITC according to the manufacturer’s instructions
(Beckman Coulter; IM3546). Samples were immediately read and analyzed by flow
cytometry (Gallios & Kaluza Analysis Software; Beckman Coulter). Figure 2. 1 displays
the percentage of annexin V positive HL-60 and Ramos cells after 2 µM P2 treatment.
Statistically significant differences as analyzed by the student’s t-test were observed (see
Appendix). There were 38% apoptotic cells in the HL-60 cell population and 75%
apoptotic cells in the Ramos cell population.
10
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Figure 2. 2: Apoptosis is induced in leukemia cells after P2 treatment. The annexin VFITC assay was performed in HL-60 and Ramos cells after 24-hour incubation with P2 at
a concentration of 2 µM. Each bar is an average of triplicates. The student’s t-test was
used to calculate the p-value (*p ≤ 0.05 deemed significant) of P2 vs DMSO.
The annexin V-FITC assay was also used to identify cells undergoing necrosis. Necrosis
is an unordered form of cell death that induces a pro-inflammatory response [26], [27].
The necrotic cell population is observed as those cells that are only stained with propidium
iodide (PI). We observed ~11% PI-positive HL-60 cells and ~5% PI-positive Ramos cells
(Figure 2. 2).
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Figure 2. 3: P2 treatment does not cause necrotic cell death. Propidium Iodide (PI)positive cells identified by the annexin V-FITC assay were considered necrotic cell
populations. Cells (HL-60 and Ramos) were treated for 24 hours with P2 (2 µM). Bars are
representative of the average of three replicates.
To further validate that apoptosis is the cell death mechanism employed by P2, we
investigated caspase-3 activation (Figure 2. 3). The apoptosis cascade ends in the
activation of the executioner caspase, caspase-3 [26]. The fluorogenic NucView 488
caspase-3 substrate can be used to identify active caspase-3 within live cells (Biotium;
30029). Ramos cells or HL-60 cells were plated at a density of 100,000 cells/ well and
treated with 2 μM of P2 for 7 hours. After incubation, samples were collected and stained
according to the manufacturer’s protocol. Samples were introduced and analyzed via flow
cytometry with approximately 10,000 events read. Cells emitting green fluorescence
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signals were counted as apoptotic cells with active caspase-3. The HL-60 cell line
displayed 40% and the Ramos cell line 65% active caspase-3.
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Figure 2. 4: P2 treatment activates caspase-3. To visualize activation of caspase-3, a kit
containing a fluorogenic dye that is attached to a caspase-3 substrate (DEVD), which is
cleaved by caspase-3, was used. This assay was conducted for 7 hours in leukemia cell
lines, HL-60 and Ramos, with P2 treatment at 2 µM. Each bar (average of triplicates)
represents the green fluorescence signal indicating active caspase-3. A p-value of less
than or equal to 0.05 (*) indicated a statistically significant difference between P2 and
DMSO.
2.3.2 INTRINSIC VS THE EXTRINSIC PATHWAY OF APOPTOSIS
There are two main pathways involved in the apoptosis cell death mechanism: the
extrinsic and intrinsic pathways [44]. The activation of the extrinsic pathway is dependent
on cell surface death receptors [44]. In contrast, the intrinsic pathway is activated through
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the mitochondria and involves changes in stress within the cell [44]. A loss of
mitochondrial transmembrane potential (ΔΨm) occurs as the mitochondrial outer
membrane is permeabilized as part of the intrinsic pathway of apoptosis [45]. We used
the JC-1 assay, which measures a change in the mitochondrial transmembrane potential,
to observe if P2 treatment activates the intrinsic pathway of apoptosis. The cationic JC-1
(5′,6,6′-tetrachloro-1,1′,3,3′tetraethylbenzimidazolylcarbocyanine iodide) dye can be used
to monitor mitochondrial membrane potential (Invitrogen; M34152) [39]. A red signal (JC1 aggregates) indicates an intact polarized mitochondrial membrane, while a green signal
(JC-1 monomers) indicates a depolarized mitochondrial membrane. Cells (Ramos and
HL-60, 100,000 cells/well) were treated for 5 hours with 2 µM of P2. Following
manufacturer’s instructions, cells were collected and stained with a final concentration of
2 µM JC-1 dye. The analysis was accomplished immediately by flow cytometry (Gallios;
Beckman Coulter). In Figure 2. 4, we observe a significant amount (*p≤0.05) of the cell
population (18% for HL-60 and 57% for Ramos cells) with depolarized mitochondrial
membrane after treatment with P2.
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Figure 2. 5: P2 disrupts mitochondrial transmembrane potential (ΔΨm) in leukemia cell
lines. The JC-1 dye was utilized to observe changes in ΔΨm. The monomer form of the
JC-1 dye, indicating depolarized mitochondria, emits a green fluorescence signal that is
visualized through flow cytometry. HL-60 or Ramos cells were treated for 5 hours with 2
µM P2. Percentage of cells emitting green signal are represented as bars (average of
triplicates). A statistically significant difference (p-value ≤ 0.05) between P2 and DMSO is
indicated by an asterisk (*).
The extrinsic pathway of apoptosis involves the activation of caspase-8 [46]. Therefore,
we decided to evaluate this mediator to see if our compound plays a role in the extrinsic
pathway of apoptosis. For this experiment, we used the Jurkat leukemia cell line that had
a similar IC50 to the other leukemic cell lines used in prior assays. Cells (250,000 cells/ml)
were incubated for 5 hours with 1.24 µM (IC50) and 2.48 µM (IC50 × 2) of P2. The caspase8 FITC staining kit was used for this experiment according to the manufacturer’s protocol
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(Abcam; Ab65614). The caspase-8 substrate FITC-IETD-FMK was used to identify active
caspase-8. We did not observe any significant differences in caspase-8 activation (Figure
2. 5) between P2-treated and DMSO-treated cells.

Figure 2. 6: Activation of caspase-8 was not observed after P2 treatment. The caspase8 assay allows visualization of active caspase-8 through the FITC signal attached to a
caspase-8 substrate (FITC-IETD-FMK). Jurkat cells were treated with 1.24 µM (IC50) and
2.48 µM (IC50 × 2) of P2 for 5 hours. No statistically significant activation of caspase-8
was observed.
2.4 PROTEOTOXIC STRESS IS EVIDENT AFTER P2 AND P1 TREATMENT AS
OBSERVED THROUGH DIFFERENTIALLY EXPRESSED GENE (DEG), GENE
ONTOLOGY (GO), AND CONNECTIVITY MAP (CMAP) ANALYSIS.
For a more in-depth investigation as to what pathway is induced by compound P2, we
conducted a whole transcriptome analysis. In our analyses, we decided to do a
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comparison alongside a similarly structured compound, P1 (Figure 2. 6), which was
previously evaluated in our laboratory [41]. Due to structural similarities, we predicted that
both compounds may affect similar genes.

Figure 2. 7: Structure of P1 (3E, 5E)-3,5-bis(3,4,5-trimethoxybenzylidene)piperidin-4-one
Briefly, HL-60 cells (200,000 cells/ml) were treated with 2 µM P1 or P2 or vehicle control
(0.3% v/v PEG-400) for 6 hours. The transcriptome analysis was accomplished after 6
hours to compare our expression profile to that of the expression profile of other chemical
compounds in the CMap database that were analyzed after 6 hours [47]. After treatment,
cells were washed once with 1 ml of PBS. Dry pellets were stored at -80°C overnight. The
following morning, RNA extraction and an additional DNase I (20 Units) digestion were
accomplished using the RNeasy Mini Kit (Qiagen; 74104). The following steps were
performed at the Analytical and Translational Genomics Shared Resource unit at the
University of New Mexico Comprehensive Cancer Center. Total RNA was quantified
using the Qubit Fluorometer (Thermo Fisher). Using the Ion AmpliSeq RNA Library Kit
(Life Technologies; 4482335), 10 ng of total RNA from each independent replicate was
reverse transcribed by poly-A priming followed by PCR pre-amplification (12 cycles).
Following primer digestion, adapters and molecular barcodes were ligated to the
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amplicons followed by magnetic bead purification. This library was amplified, purified, and
stored at -20°C. Sequencing was performed using an Ion Proton on a P1v3 Chip (Life
Technologies). A total of three biological replicates were done for each treatment.
A list of differentially expressed genes (DEGs) was obtained for further analysis.
Transcriptome analysis revealed 246 DEGs unique to P1-treatment, 98 DEGs unique to
P2-treatment, and 358 genes in common after P1- and P2-treatment (Figure 2. 7). As
predicted, P1 and P2 had similar effects on the transcriptome profile of leukemic HL-60
cells (Figure 2. 7). P1 and P2 caused the up-regulation of the same 8 genes: HMOX-1,
HSPA6, HSPA1B, HSPA1A, BAG3, DUSP1, ATF3, and DNAJA4 (Table 2. 2). The
aforementioned genes are inducible after stress i.e. proteotoxic, oxidative, and ER stress
[48]–[51]. Further examination of related DEGs led us to three more genes, CHAC1,
MYC, PMAIP1, which we believed to be important to the activity of P1 and P2. CHAC1
plays a role in the unfolded protein response (UPR) which is a cellular mechanism that
may be activated by stress within the cells [52]. MYC is an oncogene that is typically overexpressed in tumorigenic cells [53]. Down-regulation of MYC is a strategy to help hinder
the proliferative characteristic of cancer cells. Finally, PMAIP1 is one of the 13 important
genes for drug-induced apoptosis and encodes the pro-apoptotic protein Noxa [54]. Given
that the effects of P1 and P2 treatment were similar towards the transcriptome profile of
HL-60 leukemic cells, we hypothesized that the mechanism of action is similar.
Table 2. 2: Selected differentially regulated genes (DEGs) from transcriptome analysis of
HL-60 cells treated for 6 hours with compounds P1 and P2 using AmpliSeq technology.

18

Gene
HMOX1
HSPA6
HSPA1B
HSPA1A
BAG3
DUSP1
ATF3
DNAJA4
CHAC1
PMAIP1
MYC
a

b

FCa
700.26
518.38
425.37
231.61
139.22
100.19
96.70
85.74
51.29
20.65
-5.13

P1
P2
p-value b
FCa
p-value b
1.04 e-233 521.29 2.31 e-207
2.14 e-147 2393.62 1.12 e-262
1.15 e-133 409.43 2.80 e-132
2.40 e-131 769.40 1.26 e-270
2.44 e-124 333.08 2.29 e-206
6.76 e-43 249.38 9.39 e-84
1.50 e-97
79.28
2.35 e-83
4.29 e-133 178.03 1.95 e-221
3.19 e-153 31.12 1.14 e-108
9.92 e-87
14.47
2.99 e-67
4.17 e-44
-3.11
4.91 e-23

FC: Fold Change as compared to a 0.3% v/v PEG-400 (vehicle) control

p-value was adjusted (as transcriptome analysis was accomplished) using a multiple

correction test to apply a stricter filter on the statistical analysis i.e. to ensure that the differential
regulation is due to differences in our treatment and not due to chance since in a given dataset
there are bound to be differences by chance.

To better understand the pathways affected by compound treatment, we decided to do a
CMap and gene ontology (GO) analysis using our transcriptome data [54], [55]. The
transcriptome signature of the genes induced by both P1 and P2 (genes in common) were
compared to the expression signatures within the CMap of drug-treated cells. CMap is a
database that contains the gene profiles of five different human cancer cell lines exposed
to 1,309 chemical perturbations [47], [54]. The HL-60 cell line, which was used for our
transcriptome analysis, was one of the cancer cell lines within the CMap database [54].
The analysis was accomplished via a published route [56]. Briefly, the transcriptome
analysis obtained by AmpliSeq analysis of HL-60 cells after P1 and P2 treatment was
used for comparison against the perturbagens found within the CMap database. A list of
perturbagens with the most similar transcriptome profile to that of P1 and P2 was provided
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as the result. The top 12 compounds with the most similar profiles of up- and downregulated genes to those affected by P1 and P2 are shown in Table 2. 3. This data reveals
that the most similar compounds to P1 and P2 are proteasome inhibitors.
Table 2. 3: Top 12 CMap perturbagens with molecular signature most similar to that of
P1 and P2.
Rank

CMap Perturbagen

p-value

Type

1
2
3
4
5
6
7
8
9
10
11
12

MG-132
MG-262
PUROMYCIN
15-DELTA PROSTAGLANDIN J2
PARTHENOLIDE
PIPERLONGUMINE
DISULFIRAM
SECURININE
PHENOXYBENZAMINE
CELASTROL
LANATOSIDE C
WITHAFERIN A

4.60 e-72
8.58 e-72
1.20 e-71
2.07 e-69
5.00 e-62
6.68 e-62
9.60 e-59
1.50 e-58
3.81 e-54
3.14 e-53
8.71 e-51
1.22 e-50

Proteasome Inhibitor
Proteasome Inhibitor
Protein Synthesis Inhibitor
Proteasome Inhibitor
Anti-inflammatory agent that inhibits NF-κB activation
Proteasome Inhibitor
Acetaldehyde Dehydrogenase Inhibitor
GABA Receptor Antagonist
Alpha-adrenergic Receptor Antagonist
Proteasome Inhibitor
Na+/K+ Pump Inhibitor
Proteasome Inhibitor

GO analysis can aid in understanding large datasets such as transcriptome data [55]. The
PANTHER classification system (pantherdb.org) was used for Gene Ontology (GO)
analysis [55]. To functionally classify genes by biological process, we placed the ID list of
DEGs in common after treatment with P1 or P2 into the PANTHER system. The output
provided a list of gene ontology terms classified by the number of genes from our list
belonging to each one of those terms. We conducted a GO analysis of the list of
differentially regulated genes in common between P1 and P2. Of importance, we
observed the following GO biological process terms: “positive regulation of apoptotic
process,” “regulation of cellular response to heat,” “regulation of protein ubiquitination,”
“cellular response to unfolded protein,” “regulation of proteasomal protein catabolic
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process,” and “intrinsic apoptotic signaling pathway in response to endoplasmic reticulum
stress” (Figure 2. 7).
Gene ontology biological process

Number of genes involved

positive regulation of transcription by RNA polymerase II
cellular response to cytokine stimulus
negative regulation of transcription by RNA polymerase II
negative regulation of cell population proliferation
positive regulation of apoptotic process
negative regulation of cell cycle
transcription by RNA polymerase II
regulation of small molecule metabolic process
regulation of leukocyte cell-cell adhesion
mRNA splicing, via spliceosome
regulation of cellular response to heat
cellular response to nutrient levels
regulation of gene expression, epigenetic
protein-DNA complex subunit organization
regulation of protein ubiquitination
protein stabilization
negative regulation of apoptotic signaling pathway
response to starvation
negative regulation of cell growth
cellular response to unfolded protein
viral life cycle
cellular response to heat
regulation of intrinsic apoptotic signaling pathway
regulation of extrinsic apoptotic signaling pathway
regulation of transcription from RNA polymerase II promoter in response to stress
regulation of proteasomal ubiquitin-dependent protein catabolic process
regulation of mRNA splicing, via spliceosome
chaperone cofactor-dependent protein refolding
positive regulation of proteasomal protein catabolic process
regulation of steroid biosynthetic process
protein refolding
negative regulation of myeloid cell differentiation
nuclear-transcribed mRNA catabolic process, deadenylation-dependent decay
positive regulation of ATPase activity
L-alpha-amino acid transmembrane transport
cholesterol biosynthetic process
chaperone-mediated autophagy
regulation of p38MAPK cascade
intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress
response to arsenic-containing substance
inactivation of MAPK activity
peptidyl-threonine dephosphorylation
negative regulation of inclusion body assembly
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Figure 2. 8: Gene ontology (GO) terms of biological processes affected by P1 and P2
treatment. The list of common differentially regulated genes (DEGs) between P1 and P2
treatment was input to the PANTHER system. The result was a set of gene ontology terms
(biological processes) affected by P1 and P2 treatment which was organized according
to the number of genes from our list involved in each process.
Several genes were chosen for further validation based on the importance of inducing
proteotoxic stress and the unfolded protein response (UPR) which is involved and can
lead to proteasome inhibition [15]. Reverse transcriptase real-time polymerase chain
reaction or quantitative real-time PCR (RT-qPCR) was conducted in both the HL-60 and
Ramos cell lines. HL-60 (1,000,000) or Ramos (1,500,000) cells were treated for 6 hours
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with 2 µM P2 and vehicle (0.3% v/v PEG-400). We used the Ramos cell line in these
experiments to verify the differential regulation of genes since the transcriptome was
previously accomplished only in the HL-60 cell line. After incubation, samples were
washed once with ice-cold PBS. Dry pellets were used immediately for RNA extraction
using the RNeasy Mini Kit (Qiagen; 74104) with a QIAshredder used in the initial steps
and an optional DNase I digestion accomplished. The RT2 HT First Strand Kit (Qiagen;
330411) was then used to synthesize cDNA from 500 ng of RNA. RT-qPCR was
conducted using an iCycler Thermal Cycler (Bio-Rad). Each reaction contained the
following components: 12.5 μl RT2 SYBR Green (Qiagen), 3.5 μl forward (sense) primer,
3.5 μl reverse (antisense) primer, 1.5 μl nuclease-free water, and 4 μl cDNA template.
There were three biological replicates for each treatment which were tested in at least
triplicates (technical replicates). The following PCR cycles were used for the reaction: 1
cycle for 10 min at 95°C, 40 cycles for 10 s at 95°C, 10 s at annealing temperature
(calculated using a Tm calculator from New England Biolabs), 10 s at 72°C and, finally, 1
cycle for 10 min at 72°C. A final cycle was added to create a melt curve of the primers’
specificity consisting of 80 cycles of 30 s, beginning at the melting temperature of the
corresponding primer pair and increasing by 0.5°C each cycle. Extension times were
calculated using a reference of 1 kb/min. Supplementary Table 1 displays sequences of
forward and reverse primers (each primer had a final concentration of 700 nM in each
reaction).
Fold change (FC) difference is of P2 treatment compared to a 0.3% v/v PEG-400 vehicle.
In HL-60 cells, FC is the following: PMAIP1 (4.68), MYC (-6.14), ATF3 (47.95), CHAC1
(26.79), and HMOX-1 (31.69) (Table 2. 4). In Ramos cells, FC is the following: PMAIP1
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(4.13), MYC (-5.20), ATF3 (95.39), CHAC1 (24.53) and HMOX-1 (154.75) (Table 2. 4).
The results were similar in both the cell lines, with an increase in FC for ATF3 and HMOX1 in the Ramos cell line.
Table 2. 4: Fold change values validating the differential expression of selected genes
after P2 treatment using RT-qPCR in HL-60 and Ramos cells.
Gene
PMAIP1
MYC
ATF3
CHAC1
HMOX-1

HL-60
4.68
-6.14
47.95
26.79
31.69

Ramos
4.13
-5.20
95.39
24.53
154.75

2.5 P2 TREATMENT CAUSES PROTEASOME INHIBITION AS OBSERVED BY THE
ACCUMULATION

OF

HIGH-MOLECULAR-WEIGHT

POLY-UBIQUITINATED

PROTEINS AND UP-REGULATION OF THE PRO-APOPTOTIC PROTEIN NOXA.
The accumulated data from the transcriptome, CMap, and GO analysis leads us to predict
that P1 and P2 could be behaving as proteasome inhibitors that induce apoptosis
induction in cancer cells. Therefore, we decided to investigate this hypothesis through
protein analyses. Accumulation of poly-ubiquitinated proteins due to defects in ubiquitin
processing is characteristic of proteasome inhibitors [57], [58]. The pro-apoptotic BH3only protein Noxa, encoded by PMAIP1, is important for the function of proteasome
inhibitors and detects proteasome integrity [59], [60]. We used mouse monoclonal antiubiquitin (1:1,000; Santa Cruz Biotech) and mouse monoclonal anti-Noxa (1:1,000;
Thermo Fischer) to investigate these proteins. First, we generated HL-60 cell protein
lysates using 3,000,000 cells. In this case, only the HL-60 cell line was used since the
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effects between HL-60 and Ramos were similar in other experiments. Samples were
treated with P2 (2 µM), MG-132 (2 µM), and 0.3% v/v PEG-400 for varying time points.
Samples were also treated with P1 (2 µM) but only data for ubiquitin is shown in this
document [41]. MG-132 was used as a positive control since it is a well-known
proteasome inhibitor present in our CMap analysis [61]. Dry cell pellets were resuspended in 70 μl 2× Laemmli buffer then boiled for 10 minutes at 100 °C to lyse the
cells. A concentration of 100 μg proteins was separated using a 10% SDS polyacrylamide
gel. Proteins were then transferred to a PVDF membrane. Membranes were blocked
overnight at 4°C in a 5% powder milk/ TBS-T (Tris Buffered Saline 0.001% Tween)
solution containing 0.02% sodium azide. The next day, membranes were incubated with
the previously mentioned primary antibodies previously for 1 hour at room temperature.
The mouse monoclonal anti-GAPDH (1:2,000; Fitzgerald) antibody was used as an
internal control. A polyclonal goat anti-mouse conjugated to horseradish peroxidase
(1:10,000; Thermo Scientific) antibody was used as a secondary. All antibodies were
diluted in a 5% BSA/ TBS-T solution. Images were obtained using the Thermo Fischer
iBright 1500 in the Genomic Analysis Core Facility at the Border Biomedical Research
Center (BBRC) at the University of Texas at El Paso (UTEP). Densitometry analysis was
accomplished using the Image Studio Lite (LI-COR) software. The accumulation of highmolecular-weight poly-ubiquitinated proteins with the treatment of P1, P2, and MG-132
was observed (Figure 2. 8). Proteins above 100 kDa were considered high-molecularweight. The following FC differences were observed after comparison to vehicle control:
4.7-fold at 1 hour and 3.3-fold at 8 hours for P2 treatment, 5.5 at 1 hour and 1.4-fold at 8
hours after MG-132 treatment, and 3.7-fold at 1 hour and 1.9-fold at 8 hours after P1
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treatment (Supplementary Figure 1). A clear increase in Noxa protein accumulation was
observed with P2 and MG-132 treatment (Figure 2. 9). Densitometry analysis revealed
the following FC differences of P2 when compared to vehicle: at 6 hours a 20-fold, at 9
hours a 45.6-fold, and at 12 hours a 46.6-fold difference (Supplementary Figure 2). This
trend was also observed with compound P1 (data not shown) [41].
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Figure 2. 9: Accumulation of high molecular weight poly-ubiquitinated proteins is observed
after P2 treatment. Western blot analysis reveals the accumulation of poly-ubiquitinated
proteins in HL-60 cells after 1 and 8-hour treatment with 2 µM P2, 2 µM MG-132, and 2
µM P1. A 0.3% v/v PEG-400 vehicle control (V, Lane 1) was used for comparison. GAPDH
was used as a protein loading control. Lanes (vertical black line) between vehicle and P2
were spliced as they did not pertain to this analysis.
25

Vehicle
Time (H)

0

6

P2

9

12

6

9

MG-132
12

9

Noxa
GAPDH

Figure 2. 10: P2 treatment causes increased levels of the pro-apoptotic protein, Noxa.
Analysis by western blot revealed the accumulation of Noxa after treatment with P2 and
known proteasome inhibitor, MG-132. HL-60 cells were treated with vehicle (0.3% v/v
PEG-400), P2 (2 µM), and MG-132 (2 µM) for denoted number of hours (0, 6, 9, and 12).
There is a clear difference between vehicle control and P2 or MG-132 treatment of Noxa
expression. The internal protein control used was GAPDH. Lanes (vertical black line)
between vehicle and P2 were spliced as they did not pertain to this analysis.
2.6 DISCUSSION
In this project, an in-depth investigation to compound P2 was conducted. The cytotoxic
and tumor selective effects of P2 and related piperidone compounds were previously
investigated in breast cancer cells [39]. However, the mechanism of action used by P2
was not established. Investigation to the cytotoxic effects revealed a higher IC50 value of
P2 in the MDA-MB-231 breast cancer cell line than previously reported [39]. This
difference was likely due to a 24-hour incubation time we used as compared to 72 hours
previously used. We evaluated the cytotoxicity of P2 towards both cancerous and noncancerous cell lines. P2 displayed selective cytotoxicity towards leukemia and lymphoma
cell lines as compared to non-cancerous cell lines (Table 2. 1).
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To understand the underlying mechanism of death that compound P2 utilizes, we
investigated apoptosis. To investigate if the apoptosis cascade is affected, we evaluated
important events within this pathway including phosphatidylserine externalization and
caspase-3 activation. The HL-60 cell line (acute promyelocytic leukemia) was used in
apoptosis assays since it was used for further gene and protein analyses. However, we
also conducted the apoptosis assays in the most sensitive cell line to P2, Ramos (Burkitt’s
lymphoma), to ensure that there were no significant differences between cell lines. We
observed phosphatidylserine externalization and activation of caspase-3 in both cell lines
(Figure 2. 1 and Figure 2. 3) [26]. As mentioned, necrotic cell death can promote
inflammation therefore apoptotic-inducing compounds are preferred [43]. Importantly, no
significant activation of necrosis was observed (Figure 2. 2). To investigate the two main
pathways of apoptosis, we looked at the loss of mitochondrial transmembrane potential
(ΔΨm), which is correlated with the intrinsic pathway of apoptosis, and caspase-8, which
is activated by cell death receptors that activate the extrinsic pathway of apoptosis [45],
[46]. We observed a higher percentage of the cell population with loss of mitochondrial
membrane potential when compared to our vehicle control (Figure 2. 4). However, there
was no significant activation of caspase-8 (Figure 2. 5). We can further corroborate the
induction of apoptosis through our GO analysis which revealed the terms “positive
regulation of apoptotic process” and “intrinsic apoptotic signaling pathway in response to
endoplasmic reticulum stress (Figure 2. 8). Finally, the pro-apoptotic encoding genes,
PMAIP1 (14.47 FC) and CHAC1 (31.12 FC), were up-regulated in our transcriptome
analysis (Table 2. 2) [62], [63]. This data taken together shows the induction of apoptosis
and more specifically the intrinsic pathway of apoptosis.
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For a more comprehensive analysis, we conducted a whole transcriptome analysis using
the Ion Ampliseq technology [64]. As compared to other technologies, the Ion Ampliseq
technology allowed us to use smaller amounts of starting material while providing robust
results [64], [65]. In our analyses, we used a similarly structured compound, P1, to
evaluate the effects on gene expression profile. This compound was evaluated for
cytotoxicity by a MS student before we used it in the current study along with P2.
Transcriptome analysis revealed 358 genes in common after P1 and P2 treatment
(Figure 2. 7). Genes in common were used to query the Broad Institute’s CMap to see
which perturbagens had gene expression profiles most like those of P1 and P2. The top
hits were proteasome inhibitors, suggesting a potential role of our compounds of interest
as such (Table 2. 3). Accumulation of poly-ubiquitinated proteins due to defects in
ubiquitin processing is characteristic of proteasome inhibitors [57]. We observed the
accumulation of high-molecular-weight poly-ubiquitinated proteins after P1 and P2
treatment (Figure 2. 8). The phenotype was like a known proteasome inhibitor, MG-132,
used as a positive control in our experiment and discovered in CMap analysis (Table 2.
3) [61]. Further, GO analysis revealed terms associated with proteasome inhibition
(“regulation of protein ubiquitination,” “cellular response to unfolded protein,” and
“regulation of proteasomal protein catabolic process” Figure 2. 7). Finally, proteasome
inhibitors are used as therapeutic agents for multiple myeloma (MM) [66]. To further
corroborate the idea that P2 behaves as a proteasome inhibitor, we tested for cytotoxicity
in MM cell lines. We observed lower CC50 values in MM cell lines (Table 2. 5) as
compared to the other cell lines tested in our initial cytotoxicity studies (Table 2. 1). We
observed strong cytotoxicity (below 0.5 µM) of P2 towards MM cell lines (Table 2. 5).
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Table 2. 5: CC50 analysis of P2 in MM cell lines.
Cell Line CC50 (µM)
RPMI-8226 0.13 µM
0.43 µM
U266
0.19 µM
MM.1S
0.17 µM
MM.1R

S.D.
0.04
0.02
0.01
0.03

To further evaluate the possibility of proteasome inhibition being the mode of action
induced, we searched for connections between the differentially regulated genes found
in the transcriptome. We discovered that these genes are involved in proteotoxic stress
and the unfolded protein response (UPR) that are processes related to proteasome
inhibition. In our DEG analysis, the same eight genes were up-regulated after P1 and P2
treatment (Table 2. 2). These were HMOX-1, HSPA6, HSPA1B, HSPA1A, BAG3,
DUSP1, ATF3, and DNAJA4. These genes are associated with stress and, specifically,
HMOX-1, HSPA6, HSPA1B, and HSPA1A, are part of the heat shock response [48], [67].
The heat shock response and proteins associated with it are known to be activated in
response to the accumulation of unfolded proteins which corroborates proteasome
inhibition [15]. The heat shock response is also known to be induced as part of proteotoxic
stress [17]. The UPR is a cellular mechanism that is activated in response to stress within
the cell [52]. ATF3 and CHAC1 are associated with ER stress which causes activation of
the UPR [62], [68]. Further, highlighted in the GO analysis were terms associated with
stress and the heat shock response including “regulation of cellular response to heat,”
and “intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress”
(Figure 2. 7). The gene PMAIP1 and its protein, Noxa, are important to the activity of
proteasome inhibitors. There are 13 important genes for drug-induced apoptosis, PMAIP1
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is one of them [54]. Transcriptome analysis revealed PMAIP1 to be up-regulated 14.5fold after P2 treatment. Up-regulation was validated by RT-qPCR in HL-60 (4.68 FC) and
Ramos (4.13 FC) cells. Proteasome inhibitors model proteotoxic stress through the active
mechanism of activation of BCL-2 family members such as Noxa along with passive
mechanisms such as the generation of ROS [15]. Noxa protein can accumulate when
proteasome inhibitors are used [63]. We observed an accumulation of Noxa protein (up
to 46-fold compared to vehicle control) as incubation time with compound increased
(Figure 2. 9). Other genes have also been discovered to be involved in the activity of
proteasome inhibitors. Noxa is important for the function of proteasome inhibitors and
detects proteasome integrity [59]. ATF3 binds the Noxa promoter to regulate it [69].
Another gene, HMOX-1, is known to be inducible by proteasome inhibitors, including bAP15 [70]. MYC is an oncogene that is typically over-expressed in tumorigenic cells [53].
Proteasome inhibitors can target oncogenic components, such as MYC, to specifically
target cancer cells as opposed to normal cells [71]. In conclusion, P2 is likely behaving
as a proteasome inhibitor and its activity is mediated through proteotoxic stress.
The data for P2 was published alongside the data for P1 in Cellular Oncology [41]. Our
published data revealed compound P2 to have pro-apoptotic activity, to differentially
regulate important genes in proteotoxic stress, and to behave as a proteasome inhibitor.
This was validated by the accumulation of poly-ubiquitinated proteins and Noxa. These
results were similar for compound P1 which leads us to believe that the common portions
of the chemical structures allow these compounds to behave similarly.
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CHAPTER 3: THREE NOVEL PIPERIDONES DISPLAY SIMILAR CYTOTOXIC
BEHAVIOR AS P22
3.1 OBJECTIVE
Analogs of P2, identified as P3-P5, were generated to improve cytotoxicity and reduce
hydrophobicity. For these analogs, we followed the approach established for P2 to
investigate cell death and the potential to behave as proteasome inhibitors.
The material for this chapter was published in Pharmacological Reports from Springer.
The article can be published as part of this dissertation as permitted by the Creative
Commons License found here: http://creativecommons.org/licenses/by/4.0/. As the first
author, I was responsible for conceptualizing the project, conducting all experiments
(except where noted), and finally in drafting, editing, and finalizing the manuscript. The
co-authors are Stephanie Medina (SM), Austre Y Schiaffino Bustamante (AYSB), Edgar
A Borrego (EAB), Carlos A Valenzuela (CAV), Umashankar Das (UD), Subhas S Karki
(SSK), Jonathan R Dimmock (JRD), and Renato J Aguilera (RJA). The author
contributions are as follows: SM, AYSB, and EAB helped conduct the cytotoxicity (CC50)
assays; SM and AYSB helped perform the RT-qPCR and western blot experiments; CAV
conducted the docking experiments which was analyzed by both of us; UD, SSK, and
JRD synthesized the compounds that are the focus of this investigation; finally, RJA was
the mentor and principal investigator that guided the experimentation strategy and
feedback in all aspects of the manuscript preparation.
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Karki SS, Dimmock JR, Aguilera RJ (2021). Three novel piperidones exhibit tumor-selective cytotoxicity on
leukemia cells via protein degradation and stress-mediated mechanisms. Pharmacol Reports.
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3.2 ABSTRACT
3.2.1 BACKGROUND
Cancer is an ongoing worldwide health problem. Although chemotherapy remains the
mainstay therapy for cancer, it is not always effective and has detrimental side effects.
Here, we present piperidone compounds P3, P4, and P5 that selectively target cancer
cells via protein- and stress-mediated mechanisms.
3.2.2 METHODS
We assessed typical apoptotic markers including phosphatidylserine externalization,
caspase-3 activation, and DNA fragmentation through flow cytometry. Then, specific
markers of the intrinsic pathway of apoptosis including the depolarization of the
mitochondria and the generation of reactive oxygen species (ROS) were investigated.
Finally, we utilized western blot techniques, RT-qPCR, and observed the cell cycle profile
after compound treatment to evaluate the possible behavior of these compounds as
proteasome inhibitors. For statistical analyses, we employed the one-way ANOVA
followed by Bonferroni post hoc test.
3.2.3 RESULTS
P3, P4, and P5 induce cytotoxic effects towards tumorigenic cells, as opposed to noncancerous cells, at the low micromolar range. Compound treatment leads to the activation
of the intrinsic pathway of apoptosis. The accumulation of poly-ubiquitinated proteins and
the pro-apoptotic protein Noxa, both typically observed after proteasome inhibition,
occurs after P3, P4, and P5 treatment. The stress-related genes PMAIP1, ATF3, CHAC1,
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MYC, and HMOX-1 were differentially regulated to contribute to the cytotoxic activity of
P3-P5. Finally, compound P5 causes cell cycle arrest at the G2/M phase.
3.2.4 CONCLUSION
Taken together, compounds P3, P4, and P5 exhibit strong potential as anticancer drug
candidates as shown by strong cytotoxic potential, activation of the intrinsic pathway of
apoptosis, and show typical proteasome inhibitor characteristics.
3.3 INTRODUCTION
Cancer is the second leading cause of death worldwide and in the United States (U.S.)
[3], [72]. In the U.S., disparities in cancer incidence are influenced by both socioeconomic
status and race/ethnicity [4]. Moreover, several behavioral risk factors are associated with
developing cancer, including smoking, diet, obesity, physical inactivity, and the absence
of preventative care [4]. Therapies for the disease are rapidly evolving. In recent years,
several treatments, including monoclonal antibody and Chimeric Antigen Receptor (CAR)
T-cell therapy, have been explored with benefits that can resolve many facets of the
disease [21], [22]. Nevertheless, chemotherapy remains the mainstay therapy for cancer
[23]. It is typical for cancer cells to become resistant to current chemotherapeutic agents
[23], [73]. Chemotherapy can also result in off-target toxicity of healthy cells [73].
Therefore, it is necessary to investigate new therapies to target cancer cells specifically.
Piperidones have been extensively studied in our laboratory as tumor selective cytotoxic
agents [33], [41], [74], [75]. Previously, we reported two piperidone compounds, P1 and
P2, which efficiently killed tumorigenic cells by apoptosis [41]. We detected several genes
essential to these compounds' cytotoxic activity, and these were PMAIP1, ATF3, CHAC1,
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MYC, and HMOX-1 [41]. These genes play a role in generating the cytotoxic effects
induced by P1 and P2. Protein analysis revealed the accumulation of poly-ubiquitinated
proteins, characteristic of proteasome inhibition [57]. In addition, the induction of the BH3only pro-apoptotic protein Noxa (the product of PMAIP1), which is known to accumulate
during proteasome inhibition, was detected after compound exposure [41], [63]. We
concluded that these compounds induce apoptosis through proteotoxic stress that is
developed by the accumulation of misfolded/unfolded proteins characteristic of
proteasome inhibition [41]. Proteasome inhibitors are therapeutic agents that can
selectively target cancer cells [13]. This type of targeted therapy may alleviate the issues
currently observed with chemotherapy [22].
Here, we present the characterization of three related piperidones (P3, P4, and P5;
Figure 3. 1). In prior studies, P3, P4, and P5 showed potential as anticancer agents since
they reduced the proliferation of human and murine leukemia cells at low micromolar
concentrations [40]. Furthermore, tumor selective cytotoxicity was observed towards oral
cell carcinoma and leukemia cancer cells as opposed to non-cancerous cells (gingival
fibroblasts, pulp cells, and periodontal ligament fibroblasts) [40]. In the current study, we
investigate P3, P4, and P5's cytotoxic activity towards more cancer (lymphoma, leukemia,
breast cancer, and colon cancer) and non-cancerous cell lines (fibroblasts and breast
epithelial cells). Structural similarities can indicate a similar mode of action, as is the case
with several compounds containing ɑ, β unsaturated keto moieties which behave as
inhibitors of proteasome-associated deubiquitinases [76]. Therefore, we investigated the
potential of these compounds to behave as proteasome inhibitors as we did with P1 and
P2.
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Figure 3. 1: Structures of a) P3, b) P4, and c) P5
3.4 MATERIALS AND METHODS
3.4.1 COMPOUND SYNTHESIS
Compounds were obtained from our collaborator’s library at the University of
Saskatchewan. The compounds were prepared by a literature procedure [40]. In brief, a
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Mannich reaction was undertaken between 4-hydroxybenzaldehyde, formaldehyde, and
the appropriate amine hydrochloride to afford the desired 3,4-disubstituted aryl aldehyde,
which was condensed with 4-piperidone to give the desired products.
3.4.2 CELL CULTURE
All cell lines were obtained commercially from ATCC (American Type Culture Collection).
Several cancer and non-cancerous cell lines were used for this analysis. Hematological
cancer cell lines included CCRF-CEM (Acute Lymphoblastic Leukemia; CCL-119), HL-60
(Acute Myelocytic Leukemia; CCL-240), Jurkat (Acute Lymphocytic Leukemia; TIB-152),
K562 (Chronic Myelogenous Leukemia; CCL-243), KCL22 (Chronic Myelogenous
Leukemia; CRL-3350), and Ramos (Burkitt’s Lymphoma; CRL-1596), which were
cultured under the same conditions with RPMI-1640 medium. Solid tumor cancer cell lines
included MDA-MB-231 (Adenocarcinoma; HTB-26) cultured in DMEM medium, HT-29
(Colorectal Adenocarcinoma; HTB-38) cultured in McCoy’s 5A medium, and COLO 205
(Colorectal Adenocarcinoma; CCL-222) cultured in RPMI-1640 medium. Non-cancerous
cell lines included Hs27 (No disease, foreskin; CRL-1634) cultured in DMEM medium and
MCF-10A

(Fibrocystic

Disease;

CRL-10317)

cultured

in

DMEM/F12

medium

supplemented with 20 ng/ml epidermal growth factor, 0.5 µg/ml hydrocortisone, and 10
µg/ml insulin. Additionally, all media used for cell culture was supplemented with 10%
heat-inactivated fetal bovine serum (FBS), and a mixture of 25 µg/ml amphotericin B,
1,000 U/ml penicillin, and 1,000 µg/ml streptomycin. The HL-60 cell line was
supplemented with 20% FBS and the same antibiotic mixture described. All cell lines were
grown in an incubator supplemented with 5% CO2 at 37 °C.
3.4.3 DIFFERENTIAL NUCLEAR STAINING (DNS) ASSAY
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Cytotoxic activity was evaluated through the DNS assay [35], [36]. This assay involves
labeling live and dead cells with two nucleic acid intercalators, Hoechst 33342 and
propidium iodide (PI). Hoechst 33342 stains all cells (healthy and dead), but PI stains
only dead or dying cells with a compromised cell membrane [35], [36]. For the experiment,
each cell line was plated at a density of 10,000 cells per well (96-well plate) in 100 µl
media and placed in the incubator overnight under cell culture conditions. Cells were then
treated with varying concentrations of the compound of interest for 48 h.
Two hours before incubation elapsed, 10 µl of a dye mixture consisting of phosphatebuffered saline (PBS), Hoechst 33342 (1 μg/ml final; Invitrogen, H1399), and PI (1 μg/ml
final; Invitrogen, P1304MP) was added to each well. The IN Cell 2000 analyzer, a highcontent analyzer (HCA), was used to image the plates (GE Healthcare). For quantitative
analysis, images were segmented through the IN Cell Analyzer Workstation 3.2 software
(GE Healthcare). Cytotoxic concentration 50% (CC50) values were calculated using a
linear interpolation method previously described [34]. CC50 is defined as the concentration
of compound needed to kill 50% of the cell population [34]. Each plate had the same set
of controls that included 1% v/v DMSO as vehicle control, 1 mM hydrogen peroxide (H2O2)
as a positive control for death, and untreated cells as a negative control. Each compound
concentration and each control were assessed in triplicate. The selective cytotoxicity
index (SCI) is defined as a compound's ability to preferentially kill cancer cells as opposed
to non-cancerous cells [39]. SCI was calculated using the following equation: CC50 of the
non-cancer cell line/CC50 of the cancer cell line [39].
3.4.4 CONCENTRATIONS FOR CELL DEATH INDUCTION

37

For the experiments conducted, the concentrations used correspond to either CC50 or
CC50 × 2 in the specified cell line. In HL-60, compound P3 has a CC50 of 1.7 µM and a
CC50 × 2 of 3.4 µM, compound P4 has a CC50 of 2 µM and a CC50 × 2 of 4 µM, and
compound P5 had a CC50 of 2 µM and a CC50 × 2 of 4 µM. For the cell cycle analysis,
lower concentrations were used to observe the effects of the compound as the cell divides
over a longer period (72 h). Therefore, we used a CC10 and a CC30 concentration. The
concentrations used for P3 treatment were 0.34 µM (CC10) and 1.02 µM (CC30), for P4
treatment were 0.4 µM (CC10) and 1.2 µM (CC30), and for P5 treatment were 0.4 µM
(CC10) and 1.2 µM (CC30).
3.4.5 ANNEXIN V-FITC ASSAY
The annexin V-FITC assay was used to evaluate the induction of apoptosis (Beckman
Coulter; IM3546) [77]. HL-60 cells were seeded at a density of 100,000 cells in 1 ml
complete medium. Cells were treated with the three compounds of interest for 24 h.
Concentrations used for P3 were 1.7 µM and 3.4 µM, for P4 were 2 µM and 4 µM, and
for P5 were 2 µM and 4 µM. Controls used were a vehicle control (0.1% v/v DMSO), an
apoptosis-inducing positive control (1 mM H2O2), and an untreated cell negative control.
Following treatment, cells were collected and stained with both PI and annexin V-FITC
according to the manufacturer’s instructions (Beckman Coulter; IM3546). Samples were
immediately read by flow cytometry (Gallios; Beckman Coulter). Data analysis was
accomplished with Kaluza software (Kaluza Analysis Software; Beckman Coulter).
3.4.6 CASPASE-3 ASSAY
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The activation of caspase-3 was detected using the fluorogenic NucView 488 caspase-3
substrate, which identifies active caspase-3 within live cells (Biotium; 30029). The
percentage of cells emitting a green fluorescent signal, observed through flow cytometry,
were counted as cells with active caspase-3. HL-60 cells were plated in a 24-well plate at
a density of 100,000 cells/1 ml/well. Cells were treated for 8 h with P3 at 1.7 µM and 3.4
µM, P4 at 2 µM and 4 µM, and P5 at 2 µM and 4 µM. The same controls as mentioned
previously were used (0.1% v/v DMSO, 1 mM H2O2, and untreated cells). After incubation,
samples were collected and stained according to the manufacturer’s protocol. Samples
were then analyzed via flow cytometry (Gallios & Kaluza Analysis Software; Beckman
Coulter).
3.4.7 MITOCHONDRIAL MEMBRANE POTENTIAL (ΔΨM) POLYCHROMATIC ASSAY
The cationic JC-1 (5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylben zimidazolylcarbocyanine
iodide) dye can be used to monitor mitochondrial membrane potential (Invitrogen;
M34152). A red signal (JC-1 aggregates) indicates an intact polarized mitochondrial
membrane, while a green signal (JC-1 monomers) indicates a depolarized mitochondrial
membrane. HL-60 cells were plated in a 24-well plate (100,000 cells/ well) and treated
with P3 (1.7 µM and 3.4 µM), P4 (2 µM and 4 µM), and P5 (2 µM and 4 µM) for 5 h. A
vehicle, positive, and negative control (as previously described) were included as well.
Following incubation, cells were collected and stained per the manufacturer’s instructions
with a final concentration of 2 µM JC-1 dye. Samples were then examined utilizing flow
cytometry (Gallios; Beckman Coulter). Analysis of the subsequent data was completed
using Kaluza software (Kaluza Analysis Software; Beckman Coulter).
3.4.8 REACTIVE OXYGEN SPECIES (ROS) ASSAY
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Reactive oxygen species (ROS) generation can be quantified using the 6-carboxy-2',7'dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) dye (Invitrogen; Molecular
Probes, C400) [34], [78]. This non-fluorescent dye shifts to a green fluorescent form as
oxidation, induced by ROS, occurs within the cell. Therefore, a green fluorescent signal,
corresponding to the oxidized form of carboxy-H2DCFDA, indicates ROS generation.
Cells (HL-60) were plated overnight at a density of 100,000 cells in 1 ml. The next
morning, cells were treated with P3 at 1.7 µM and 3.4 µM, P4 at 2 µM and 4 µM, and P5
at 2 µM and 4 µM for 18 h. Samples were collected, centrifuged at 262g for 5 min, and
re-suspended in 1 ml PBS to remove the complete medium. Then, cells were loaded with
a final concentration of 10 µM carboxy-H2DCFDA dye for 45 min at 37 °C. Following
incubation with dye, cells were centrifuged at 262g for 5 min and re-suspended in 500 µl
PBS. Then, samples were processed using flow cytometry (Gallios; Beckman Coulter).
Data analysis was completed with the Kaluza software (Kaluza Analysis Software;
Beckman Coulter). Controls used were the same as mentioned before (0.1% v/v DMSO,
1 mM H2O2, and untreated cells) with an additional unstained (not loaded with dye) control
to observe the normal population of cells.
3.4.9 CELL CYCLE ANALYSIS WITH NIM-DAPI
The phases of the cell cycle can be visualized through flow cytometry by measuring the
amount of DNA content of cells [79]. The DNA intercalating fluorophore 4, 6-Diamidino2-phenylindole (DAPI) can be used to stain DNA. Cells can be permeabilized and stained
using a nuclear isolation medium (NIM)-DAPI solution (Beckman Coulter) to quantify DNA
content [34], [35]. HL-60 cells (100,000 cells/ ml) were treated with 0.34 µM and 1.02 µM
of P3, 0.4 µM and 1.2 µM of P4, and 0.4 µM and 1.2 µM of P5 for 72 h. Controls included
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were a vehicle (0.1% v/v DMSO), positive (1 mM H2O2), and negative (untreated cells)
control. Subsequently, cells were collected in flow cytometry tubes and centrifuged at
262g for 5 min. Then, the supernatant was removed, and the cell pellet was re-suspended
in a mixture of 100 µl of PBS and 200 µl of NIM-DAPI. Samples were immediately read
and analyzed through flow cytometry (Gallios & Kaluza Analysis Software; Beckman
Coulter). Approximately 10,000 events were acquired per sample. Data are represented
as plots that display peaks (Figure 3. 6e) which represent fragments of DNA (Sub-G0/1
phase), cells before they replicate DNA (G0/1 phase), active replication of DNA (S phase),
and post-replicative stage while entering mitosis (G2/M phase) [79].
3.4.10 WESTERN BLOT
HL-60 cells (3,000,000) were treated with P3 (3.4 µM), P4 (4 µM), P5 (4 µM), and a
vehicle control (0.3% v/v PEG-400) for 8 h. Then, 70 µl of 2 × Laemmli buffer (120 mM
Tris-HCl, 0.1% β-mercaptoethanol, 4% SDS, 20% glycerol, and 0.02% v/v bromophenol
blue) were added to dry cell pellets and boiled for 10 min at 100 °C to extract protein. The
NanoDrop 1000 system (Thermo Fischer) was used to quantify protein content. A
concentration of 100 µg protein in a final volume of 25 µl was loaded per lane on a 10%
SDS polyacrylamide gel. Proteins were separated for 1 h at 100 V, then transferred by
wet transfer to a polyvinylidene fluoride (PVDF) membrane for 1 h at 100 V. Membranes
were blocked overnight at 4 °C in a 5% milk/TBS-T (Tris-Buffered Saline-0.001% Tween)
solution. Then, membranes were incubated with primary antibody for 1 h at room
temperature. Primary antibodies used were mouse monoclonal anti-ubiquitin (1:1,000
dilution; Santa Cruz Biotech, sc-8017) and mouse monoclonal anti-Noxa (1:1,000;
Thermo Fischer, MA1-41000) diluted in a 5% Bovine Serum Albumin (BSA)/TBS-T
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solution and a mouse monoclonal anti-β actin conjugated to horseradish peroxidase
(1:25,000 dilution; Sigma-Aldrich A3854) diluted in a 5% milk/TBS-T solution. The
secondary antibody used was polyclonal goat anti-mouse conjugated to horseradish
peroxidase (1:10,000 dilution; Thermo Scientific) diluted in TBS-T. Images were obtained
using the Thermo Fischer iBright 1500 instrument in the Genomic Analysis Core Facility
at the Border Biomedical Research Center (BBRC) at the University of Texas at El Paso
(UTEP). The final figure shows blots that were cropped to focus on the area of interest.
Original, unedited blots can be found in Supplementary Figure 6 and Supplementary
Figure 7. Densitometry analysis was accomplished using the Image Studio Lite (LI-COR)
software.
3.4.11 REVERSE TRANSCRIPTASE REAL-TIME POLYMERASE CHAIN REACTION
(RT-QPCR)
A total of 1,000,000 HL-60 cells (plated at a density of 200,000 cells per ml) were treated
with P3 (3.4 µM), P4 (4 µM), P5 (4 µM), and a vehicle control (0.3 v/v PEG-400) for 6 h.
After the incubation period elapsed, cell pellets were washed by centrifuging at 262g for
5 min and resuspending in 1 ml of PBS. Dry cell pellets were used for RNA extraction.
RNA was extracted immediately according to the manufacturer’s instructions of the
RNeasy Mini Kit (Qiagen; 74104). A QIAshredder was used to lyse the cells, and the
optional DNase I digestion was also accomplished. Three biological replicates were used
for each treatment. RNA was stored at -80 ºC overnight, then the RNA was used to
synthesize cDNA using the RT2 HT First Strand Kit (Qiagen; 330,411). The amount of
RNA used per sample was 500 ng, which was quantified using a NanoDrop ND-1000
system (ThermoFisher Scientific). RNA was diluted using RNase-free water to obtain the
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desired concentration (500 ng) in 9 µl. As per the manufacturer’s protocol, we incubated
9 µl of the sample with 6 µl GE2 (gDNA elimination buffer) for 5 min at 37 °C, then we
added 6 µl BC4 Reverse Transcriptase Mix and incubated for 15 min at 42 °C, 5 min at
95 °C and, finally, a 4 °C hold. Then, 91 µl of RNase-free water was added to each sample
for a final concentration of 4.5 ng/µl. The generated cDNA was then stored at -20 °C. An
iCycler Thermal Cycler (Bio-Rad; 582BR) was used to carry out real-time polymerase
chain reactions (qPCR). Each qPCR reaction (25 µl total volume) contained the following
components: 12.5 µl RT2 SYBR Green (Qiagen; 330512), 3.5 µl forward (sense) primer
(Bioneer), 3.5 µl reverse (anti-sense) primer (Bioneer), 1.5 µl nuclease-free water, and 4
µl cDNA template. For each reaction, samples were tested in triplicate (technical
replicates) along with a negative control (nuclease-free water). Three independent
experiments were conducted for each gene. For data analysis, gene expression levels
were normalized to the housekeeping gene (ACTB) and quantified using the comparative
Ct method (2-∆∆Ct). Fold change differences were calculated by comparing gene
expression levels of compound treatment versus vehicle control. PCR cycles and details
of primer sequences were obtained from a published methodology (Supplementary
Table 1) [41].
3.4.12 IN SILICO SCREENING
The compounds were prepared using the Ligprep interface of the Schrodinger software
[80] with an OPLS3 force field at a pH 7 ± 2 using Epik [81]. The other options were set
to the default of the Schrodinger software. The preparation of proteins was done as
previously described [82]. Protein’s crystal structures were obtained from the Protein Data
Bank (PDB) (https://www.rcsb.org/). For UCHL5 PDB: 3RII, 4UEM, and 4UF5 were used,
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and for USP14 PDB: 2AYN, 2AYO, and 6IIN were used. Receptor grid generation was
defined by using the Sitemap tool in the Schrodinger software [83], the best scoring sites
were selected for the receptor grid generation tool in maestro 11.5. Molecular docking
was performed using the Glide tool on maestro 11.5 [84] using the standard precision
(SP) algorithm. Finally, molecular mechanics (MM-GBSA) of the docked compounds was
performed using the Prime tool on maestro 11.5 [85].
3.4.13 STATISTICAL ANALYSIS
The data obtained were analyzed using Microsoft Excel® and an online calculator
(https://astatsa.com/OneWay_Anova_with_TukeyHSD/). Data are presented as the
mean value (n= 3, except where noted) for each experiment ± standard deviation (SD).
Statistically significant differences between treatment and control groups were assessed
by one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test. For all
analyses, a p-value ≤ 0.05 was considered significant.
3.5 RESULTS
3.5.1 TUMOR SELECTIVE CYTOTOXICITY IS OBSERVED WITH TREATMENT OF P3,
P4, AND P5
The DNS assay was utilized to measure the cytotoxic ability of compounds P3, P4, and
P5. The compounds of interest were tested at a 48-h time point in nine cancerous cell
lines and two non-cancerous cell lines. After these assays, we calculated the cytotoxic
concentration at which 50% of the cell population is dead (CC50) for each compound in
each cell line. The average CC50 values of P3-P5 towards the nine tumorigenic cell lines
listed in Table 3. 1 are 2.26 µM, 1.91 µM, and 1.52 µM, respectively. The most sensitive
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cell line to P3 and P4 treatment was HL-60 and to P5 treatment was CCRF-CEM, both
hematological cancer cell lines. An important feature of candidate cytotoxins is to exert a
greater cytotoxic effect on neoplasms than on normal cells. Therefore, P3-P5 were
screened against non-malignant Hs27 and MCF-10A cells where the results are
presented in Table 3. 1. We observed selective cytotoxicity (SCI above 1) towards
cancerous cells as opposed to non-cancerous cells with the treatment of all three
compounds Table 3. 1. The average CC50 values for P3-P5 towards Hs27 and MCF-10A
are 4.99, 3.83, and 3.84 µM, respectively, indicating the normal cells' greater tolerance to
P3 than to P4 and P5.
Table 3. 1: CC50 determination of compounds P3, P4, and P5 on various cancerous and
non-cancerous cell lines.
Cell line

Disease

CCRF-CEM
COLO 205
HL-60
Hs27
HT-29
Jurkat
K562
KCL22
MCF-10A
c
MDA-MB-231
Ramos

a

Acute lymphocytic leukemia (ALL)
Colorectal adenocarcinoma
Acute promyelocytic Leukemia
None
Colorectal adenocarcinoma
Acute T-cell leukemia
Chronic myelogenous leukemia (CML)
Chronic myelogenous leukemia (CML)
Fibrocystic disease
Adenocarcinoma
Burkitt’s lymphoma
a

b

CC₅₀
0.87
4.66
0.59
8.23
0.89
0.96
9.05
0.87
1.75
1.52
0.94

P3
SD
0.02
0.38
0.05
0.49
0.09
0.03
0.93
0.10
0.21
0.13
0.08

b

SCI
9.47
1.77
13.92
–
9.21
8.57
0.91
9.44
–
1.15
8.75

CC₅₀
0.75
2.79
0.64
4.13
0.79
0.97
8.37
0.93
3.52
0.99
1.00

P4
SD
0.02
0.29
0.07
0.27
0.06
0.02
0.92
0.14
0.17
0.08
0.10

SCI
5.48
1.48
6.51
–
5.26
4.26
0.49
4.47
–
3.55
4.13

CC₅₀
0.65
0.80
0.74
5.50
1.93
0.91
4.25
1.57
2.18
1.74
1.06

P5
SD
0.06
0.14
0.01
0.89
0.08
0.02
0.99
0.22
0.13
0.07
0.13

SCI
8.42
6.87
7.47
–
2.85
6.05
1.29
3.49
–
1.26
5.19

CC50 values in µM

Selective Cytotoxicity Index (SCI) was calculated using the following equation: CC50 of noncancer cells divided by the CC50 of the cancer cell line. Values above 1 indicate selective
cytotoxicity of the compound towards cancer cells.
c

SCI calculated using MCF-10A CC50 (breast epithelial). All others using Hs27.
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Melphalan is an established anticancer drug whose efficacy towards the nine tumorigenic
cell lines is presented in Table 3. 2. Our compounds of interest revealed improved
cytotoxicity when compared to the cytotoxicity of melphalan. P3, P4, and P5 are 7.88,
9.32, and 11.7 times, respectively, more potent than melphalan, which exhibited an
average CC50 value of 17.8 µM.
Table 3. 2: Cytotoxic evaluation (CC50) of melphalan in various cancerous cell lines
Cell line

Disease

Melphalan
CC₅₀ (µM)

SD

CCRF-CEM

Acute lymphocytic leukemia (ALL)

3.17

0.62

COLO 205

Colorectal adenocarcinoma

20.40

0.67

HL-60

Acute promyelocytic leukemia

1.57

0.27

HT-29

Colorectal adenocarcinoma

21.07

1.86

Jurkat

Acute T-cell leukemia

1.91

0.23

K562

Chronic myelogenous leukemia (CML)

19.63

0.55

KCL22

Chronic myelogenous leukemia (CML)

81.28

5.65

MDA-MB-231

Adenocarcinoma

9.23

1.68

Ramos

Burkitt’s lymphoma

2.05

0.39

3.5.2 COMPOUNDS P3-P5 INDUCE THE CELL DEATH MECHANISM OF
APOPTOSIS, SPECIFICALLY THE INTRINSIC PATHWAY OF APOPTOSIS
To

investigate

the

induction

of

apoptosis,

we

examined

phosphatidylserine

externalization and the activation of caspase-3. Phosphatidylserine is exposed as a cell
goes through apoptosis [26]. Annexin V-FITC can bind to exposed phosphatidylserine to
quantify the percentage of apoptotic cells [26]. Treatment with P3-P5 caused a significant
increase of Annexin V-FITC-positive cells in comparison to the DMSO control, as
assessed by one-way ANOVA (F6,14 = 129.10, p < 0.0001). Bonferroni post hoc analysis
revealed significant differences between P3, P4, and P5 treatment versus the DMSO
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control (Figure 3. 2a). A significant increase of ~23%, ~32%, and ~30% Annexin V-FITCpositive cells, respectively, after P3, P4, and P5 treatment at the CC50 concentration was
observed (Figure 3. 2a). Increasing the dose of compounds P3 and P4 induced a
significant increase of ~49% and ~46% Annexin V-FITC-positive cells, respectively, in
comparison to DMSO (Figure 3. 2a). Caspase-3 is an executioner caspase involved in
the apoptosis cascade [26]. The percentage of cells with active caspase-3, indicated by
a green fluorescent signal, can be determined using flow cytometry and a caspase3/fluorogenic dye substrate. Analysis by one-way ANOVA revealed significant differences
in caspase-3 activation between treatment and control groups (F6,13 = 3.60, p = 0.03). P3and P4 treatment increased caspase-3 activation in ~27% and ~19% of cells,
respectively, as compared to DMSO (Figure 3. 2b). However, the post hoc analysis
revealed a significant increase only after P5 treatment with ~49% of cells showing active
caspase-3 (Figure 3. 2b).
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Figure 3. 2: Treatment with P3, P4, and P5 causes the induction of apoptosis in HL-60
cells. a) The annexin V-FITC assay was employed to detect phosphatidylserine
externalization. The percentage of cells emitting a fluorescent signal from the annexin VFITC complex bound to phosphatidylserine was considered apoptotic. HL-60 cells were
treated with the indicated concentrations for 24 h. b) A complex containing a caspase-3
substrate attached to a DNA dye was used to evaluate the activation of caspase-3. A
green fluorescent signal is emitted when caspase-3 cleaves the DNA dye from the
caspase-3 substrate. The percent of cells with active caspase-3, i.e., green fluorescence
signal, was detected after 8-h treatment with compounds of interest. c) Representative
plots from flow cytometer analysis (approximately 10,000 events per sample) depicting
Annexin V-FITC and propidium iodide (PI) staining. The following controls were included:
a vehicle control (0.1% v/v DMSO), an apoptosis-inducing positive control (1 mM H2O2),
and a negative control of untreated cells. The data represent the mean ± SD (n = 3, except
for DMSO in (b) where n = 2). One-way ANOVA followed by Bonferroni post hoc test were
used to assess significant differences between the treatment groups and the vehicle
control (*p < 0.05, ***p < 0.0001).
The intrinsic and extrinsic pathways are the two main pathways of apoptosis [26]. The
intrinsic pathway involves cellular stress, the generation of ROS, and changes in the
mitochondrial membrane potential (ΔΨm) [86]. Utilizing the JC-1 dye, the mitochondrial
membrane potential was monitored [86]. The monomer form of the JC-1 dye, emitting a
green fluorescent signal, indicates depolarized mitochondrial membrane potential [86]. A
significant difference in the percentage of cells with depolarized mitochondrial membrane
potential between P3- and P4-treatment groups and DMSO (F4,10 = 7.06, p = 0.006), as
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well as between P5 treatment and DMSO (F2,6 = 11.53, p = 0.009) was observed.
Bonferroni post hoc analysis revealed a significant increase in the cell population with a
depolarized mitochondrial membrane of ~5% after P3 treatment at 1.7 µM, ~5% after P4
treatment at 2 µM, ~6% after P4 treatment at 4 µM, and ~10% after P5 treatment at 4 µM
in comparison to DMSO (Figure 3. 3a, b).

Figure 3. 3: Compounds P3, P4, and P5 cause mitochondrial membrane potential
depolarization that leads to the activation of the intrinsic pathway of apoptosis. The JC-1
dye was utilized to observe changes in mitochondrial membrane potential (ΔΨm). The
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monomer form of the JC-1 dye, indicating depolarized mitochondria, emits a green
fluorescent signal that is visualized through flow cytometry. a, b) Bars (mean ± SD, n = 3)
represent the percentage of the HL-60 cell population with depolarized mitochondria after
5-h treatment with P3, P4, and P5. Controls included vehicle (0.1% v/v DMSO), an
apoptosis-inducing positive control (1 mM H2O2), and untreated cells. Significant
differences between compound treatment and the vehicle control were assessed by oneway ANOVA followed by Bonferroni post hoc analysis (*p < 0.05 and **p < 0.01).
ROS generation was evaluated using the dye carboxy-H2DCFDA [78]. The oxidized form
of carboxy-H2DCFDA, green fluorescent signal, indicates ROS production [78].
Significant differences, assessed by one-way ANOVA, between compound treatment
groups and the DMSO control were observed in the percentage of green-positive or ROSproducing cells (F6,14 = 50.77, p < 0.0001). Post hoc analysis revealed a significant
increase of ~34%, ~46%, and ~38% of cells positive for ROS production after P3, P4, and
P5 treatment, respectively (Figure 3. 4). Additionally, treatment with twice the
concentration of P3, P4, and P5 displayed significant differences of 54%, ~53%, and
~65% of cells positive for ROS production, respectively, as compared to DMSO (Figure
3. 4). Finally, dose dependence was observed after P3 and P5 treatment (Figure 3. 4).
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Figure 3. 4: Generation of ROS is observed after treatment with compounds P3, P4, and
P5 further verifying the activation of the intrinsic pathway of apoptosis. Reactive oxygen
species (ROS) were detected via oxidation of the carboxy-H2DCFDA dye which emits a
green fluorescent signal when ROS are generated. The percentage of cells (HL-60)
positive for ROS accumulation after 18-h incubation with compounds P3, P4, and P5 is
shown in the bar graph. An unstained control was used as a baseline and subtracted from
each treatment value. Data are presented as a means ± SD (n = 3). A vehicle control
(0.1% v/v DMSO), a positive control (1 mM H2O2), and a negative control of untreated
cells were used for this experiment. One-way ANOVA test followed by Bonferroni post
hoc analysis were employed to assess significant differences of the treatment groups
compared to the vehicle control (***p < 0.0001).
3.5.3

CELLULAR

MODULATIONS

CHARACTERISTIC

OF

PROTEASOME

INHIBITION, INCLUDING ACCUMULATION OF POLY-UBIQUITINATED PROTEINS
AND THE PROTEIN NOXA, ARE OBSERVED AFTER P3-P5 TREATMENT IN
LEUKEMIA CELLS
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Next, we investigated proteasome inhibition by visualizing the accumulation of polyubiquitinated proteins [57]. Western blot analysis revealed the accumulation of highmolecular-weight poly-ubiquitinated proteins after treatment with P3 (0.54-fold), P4 (0.45fold), and P5 (0.64-fold) when compared to vehicle control (Figure 3. 5a and
Supplementary Figure 3). The pro-apoptotic protein Noxa is known to accumulate under
conditions involving proteasome inhibition [59], [60]. P3 treatment induced a 2.54-fold
increase, P4 treatment induced a 1.58-fold increase, and P5 treatment induced a 1.96fold increase when compared to vehicle control (0.3% v/v PEG-400; Figure 3. 5b).
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Figure 3. 5: The accumulation of poly-ubiquitinated proteins and the pro-apoptotic protein
Noxa is observed after treatment with P3-P5. Leukemic HL-60 cells were treated with
vehicle (V; 0.3% v/v PEG-400), P3 at 3.34 µM, P4 at 4 µM, and P5 at 4 µM for 8 h. a) An
accumulation of high-molecular-weight poly-ubiquitinated proteins is observed after
compound (lane 2-lane 4) treatment. b) Increased Noxa protein expression is evident
(lane 2-lane 4) following treatment with compounds. Actin was used as a housekeeping
(protein loading) control. The identifiers for each lane are as follows: lane 1 = vehicle (V),
lane 2 = P3, lane 3 = P4, and lane 4 = P5. Blots were cropped to focus on the area of
interest. Original, unedited blots can be found in Supplementary Figures 6 and 7. The
data presented are of one biological replicate (n = 1).
Proteasome inhibitors are known to cause cell cycle arrest [87]. Therefore, we
investigated the cell cycle profile after compound treatment. The Sub-G0/1 phase
corresponds to cells with DNA fragmentation [79]. One-way ANOVA analysis revealed
significant differences in the percentage of cells with DNA fragmentation between
compound treatment groups and the DMSO control (Figure 3. 6a) (F6,13 = 11.36, p =
0.0002). Post hoc analysis revealed a significant increase of 11% of cells with DNA
fragmentation after P5 treatment (0.4 µM). No significant differences were observed
between treatment and control groups in the G0/1 phase (F6,13= 2.74, p = 0.06). The S
phase displayed significant differences between compound treatment and control groups
(F6,13 = 18.08, p < 0.0001). Post hoc analysis revealed a significant decrease in the
percentage of cells in the S phase after P3, P4, and P5 treatment at double the CC50
concentration as compared to DMSO (Figure 3. 6c). Significant differences were
observed between the compound treatment and control group in the G2/M phase (F6,13 =
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13.16, p < 0.0001). Post hoc analysis revealed a significant increase in the percentage of
cells (~9%) arrested at the G2/M phase after P5 treatment (0.4 µM) when compared to
the DMSO vehicle control (Figure 3. 6d). Increasing the dose of P5 (threefold) also led
to a significant increase in cells arrested at the G2/M phase.
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Figure 3. 6: The cell cycle is disrupted with the treatment of compounds P3, P4, and P5.
The phases of the cell cycle were visualized by measuring DNA content using NIM-DAPI
and flow cytometry. a-d) Graphs represent the percentage of HL-60 cells treated with P3,
P4, and P5 for 72 h at the indicated concentrations. a) Treatment with P3, P4, and P5
causes DNA fragmentation as observed by an increase in the cell population's percent in
the Sub-G0/1 phase compared to vehicle control. b) The G0/1 phase was not affected in
a statistically significant manner after compound treatment. c) There is a decrease of cells
in the S phase after compound treatment. d) Compounds P4 and P5 cause cell cycle
arrest at the G2/M phase. e Representative histograms from flow cytometer analysis
(approximately 10,000 events per sample) displaying the DNA content distribution after
NIM-DAPI staining which corresponds to the different phases of the cell cycle. Data
represent the mean ± SD (n = 3, except treatment P5 at 1.2 µM which is n = 2). Significant
differences between the treatment groups and the vehicle control were assessed with the
one-way ANOVA followed by the Bonferroni post hoc analysis (*p ≤ 0.05, **p ≤ 0.01).
3.5.4 P3-P5 CAUSE THE DIFFERENTIAL EXPRESSION OF GENES IMPORTANT TO
THEIR CYTOTOXIC ACTIVITY
Finally, we examined the differential expression of PMAIP1, ATF3, CHAC1, MYC, and
HMOX-1, which were discovered in the transcriptome analysis of the compounds (P1 and
P2) that we previously characterized [41]. We sought to investigate the aforementioned
genes because we believe they are related to processes relevant to the activity of these
types of piperidones. These processes include the generation of stress that exploits the
stress phenotype of cancer cells to induce apoptosis in malignant cells, and not normal
cells [12]. The PMAIP1 gene and its encoded protein Noxa are important apoptotic
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mediators [54]. ATF3 is inducible after subjecting cells to oxidative and endoplasmic
reticulum (ER) stress [88]. CHAC1 plays a role in the unfolded protein response (UPR),
which occurs as a response to ER stress and is also pro-apoptotic [52], [62]. HMOX-1 is
over-expressed after oxidative stress [89]. Overexpression of MYC helps cancer cells
maintain their unregulated proliferative characteristics, and its down-regulation can
reverse this effect [90]. We obtained the following fold-change differences after a
comparative analysis of the normalized gene expression levels of compound-treated
versus vehicle-treated samples. P3 treatment induced fold-change differences of 200.73
for PMAIP1, 45.32 for ATF3, 117.09 for CHAC1, and 737.96 for HMOX-1 (Figure 3. 7a,
b). MYC was not detected after P3 treatment. P4 treatment induced fold-change
differences of 61.38 for PMAIP1, 123.50 for ATF3, 85.47 for CHAC1, -7.17 for MYC, and
2234.25 for HMOX-1 (Figure 3. 7a, b). Finally, P5 treatment induced fold-change
differences of 79.50 for PMAIP1, 204.56 for ATF3, 106.96 for CHAC1, -4.15 for MYC,
and 2464.89 for HMOX-1 (Figure 3. 7a, b).

57

Figure 3. 7: RT-qPCR data reveal differential regulation of genes important to the
cytotoxic activity of P3-P5. PMAIP1, ATF3, CHAC1, MYC, and HMOX-1 have roles in
apoptosis, more specifically, stress-mediated cell death. a, b) HL-60 cells were treated
for 6 h with P3 (3.34 µM), P4 (4 µM), and P5 (4 µM). The fold-change differences of
compound treatment relative to vehicle control (0.3% v/v PEG-400) are displayed on the
y-axis. Each bar represents the mean fold change of three independent experiments
(±SD). The comparative Ct method (2−∆∆Ct) was used to calculate gene expression and
fold-change values. Gene expression levels were normalized to the housekeeping gene
actin (ACTB). Data for HMOX-1 are of two independent experiments
3.6 DISCUSSION
In this study, we evaluated novel piperidone compounds P3, P4, and P5 (Figure 3. 1) to
determine if they have similar cytotoxic properties as those previously published. The
structures of P3-P5 differ only in the nature of the heterocyclic ring attached to the
arylmethylene groups. These heterocycles are the pyrrolidine (P3), piperidine (P4), and
morpholine (P5) groups. The pKa values of pyrrolidine, piperidine, and morpholine are
11.31, 11.12, and 8.50, respectively [91]. Hence, there will be more molecules of P5
existing as the free bases than is the case with P3 and P4, which may facilitate
penetration of the cell membranes leading to greater toxicity. Such was the case, as P5
was the most toxic compound towards the nine cancerous cell lines (Table 3. 1). Given
the strong cytotoxic effects of these compounds on cancerous cells, we additionally
examined the effects on non-malignant cells. Preferential cytotoxicity, denoted by SCI
values above 1 (Table 3. 1), towards cancer cells as opposed to non-cancerous cells was
observed. Of the three compounds, P3 displayed the highest selectivity (SCI above 8) in
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most cell lines, except the colon COLO 205 and breast MDA-MB-231 cancer cell lines.
Melphalan, a chemotherapeutic agent used in treating multiple myeloma (MM), leukemia,
lymphoma, and other cancers, was tested in concert with the compounds of interest as a
positive control [92]. Melphalan displayed significantly higher CC50 values than P3, P4,
and P5 (Table 3. 2), indicating that it has lower cytotoxicity than the piperidone
compounds. Collectively, we believe P3-P5 are three potent compounds that are far more
cytotoxic to cancer cells as opposed to non-cancer cells and with improved activity to that
of a current chemotherapy drug.
Cytotoxic cancer therapies typically induce apoptosis [54], [93]. Thus, we decided to
investigate if compounds P3-P5 induce apoptosis. A hallmark of apoptosis is the
externalization of phosphatidylserine and the activation of the executioner caspase,
caspase-3 [26]. Flow cytometry analysis revealed both phosphatidylserine externalization
and caspase-3 activation after treatment with the piperidone compounds (Figure 3. 2).
Although a significant increase of caspase-3 activation was not observed after P3 and P4
treatment, apoptosis can occur in a caspase-independent manner when the inner
mitochondrial matrix is permeabilized [86]. Cells undergoing apoptosis display the
morphological characteristic of DNA fragmentation [26]. P3-P5 caused DNA
fragmentation of leukemic cells, identified as cells in the Sub-G0/1 phase (Figure 3. 6a).
As previously mentioned, there are two main pathways of apoptosis: the intrinsic and
extrinsic pathways [26]. The intrinsic pathway of apoptosis involves the mitochondria [26].
Mitochondrial membrane permeabilization causes a loss of the membrane potential
(ΔΨm), which commits cells to apoptosis [86]. We observed mitochondrial membrane
depolarization after treatment with compounds P3-P5 (Figure 3. 3). Additionally, ROS
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can play a role in initiating the intrinsic apoptosis cascade by being released after
mitochondrial membrane depolarization [86], [94]. Treatment with the three compounds
led to a large increase in ROS production (Figure 3. 4). Gene expression
analyses also corroborate the induction of the intrinsic pathway of apoptosis. Compound
treatment revealed the up-regulation of PMAIP1 and CHAC1, as previously detected with
compounds P1 and P2 (Figure 3. 7) [41]. PMAIP1 is known as one of thirteen important
genes for drug-induced intrinsic apoptosis [54]. CHAC1 promotes apoptosis through the
apoptosis-inducing factor-poly(ADP-ribose) polymerase (AIF-PARP) signaling cascade,
which is essential in the intrinsic pathway of apoptosis [62], [86]. From these results, we
can deduce that apoptosis, more specifically the intrinsic pathway of apoptosis, is the cell
death mechanism induced by P3-P5 treatment.
Proteasome inhibition is an approach to exert tumor specific therapeutic effects [71].
Bortezomib, the first clinically approved proteasome inhibitor, causes the accumulation of
poly-ubiquitinated proteins, the accumulation of the pro-apoptotic protein Noxa, and gene
expression alterations [95]. We previously discovered that piperidone compounds P1 and
P2 induced these same cellular modulations; therefore, we investigated if the same was
observed with P3-P5 treatment. As in our previous study, an accumulation of highmolecular-weight poly-ubiquitinated proteins with the treatment of P3-P5 was observed
(Figure 3. 5a). Noxa is required for the activity of proteasome inhibitors in chronic
lymphocytic leukemia (CLL), melanoma, and myeloma cells [48], [60], [96]. Cancer cells
rapidly degrade Noxa due to its anti-proliferative characteristics, but proteasome inhibition
can allow Noxa to accumulate [63]. The current evaluation revealed the accumulation of
Noxa (~1.5, ~2, and ~2.5- fold differences), respectively, after P3-P5 treatment when
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compared to vehicle control (Figure 3. 5b). In addition to the components evaluated for
P1 and P2, we examined the generation of ROS and cell cycle arrest after P3-P5
treatment to further investigate proteasome inhibition. ROS accumulate at early stages
after treatment with proteasome inhibitors, as observed with Bortezomib in multiple
myeloma cells [97]. Treatment with P3-P5 (Figure 3. 4) revealed a large accumulation of
ROS. Proteasome inhibition can cause the accumulation of cell cycle regulators that
cause cell cycle arrest to reverse certain inherent characteristics of cancer cells [87]. For
example, proteasome inhibitors can revert the function of tumor suppressor p53 resulting
in an arrest at the G2/M phase [87]. Bortezomib causes cell cycle arrest at the G2/M phase
in non-small-cell lung cancer cells, colorectal cancer, and chronic myeloid leukemia
(CML) [13], [87]. Another proteasome inhibitor, MG-132, causes G2/M cell cycle arrest in
cervical and gastric cancer [87]. Analysis of the cell cycle profile after compound
treatment revealed cell cycle arrest in the G2/M phase with the treatment of P5 (Figure 3.
6d). It is not clear why P3 and P4 did not cause cell cycle arrest at the G2/M phase, but it
may be related to the lack or down-regulation of c-Myc expression (as shown in Figure
3. 7), which is an important gene for the proper function of the cell cycle [90]. Further
analysis would have to be accomplished to understand this mechanism. Based on our
data, we can deduce that our compounds behave as proteasome inhibitors.
Since we observed similar cytotoxic activity of compounds P3-P5 to that of P1 and P2,
we decided to investigate if the same genes (PMAIP1, ATF3, CHAC1, MYC, and HMOX1) were differentially regulated. Proteasome inhibitors can drive a cancerous cell to
apoptosis by contributing to the endogenous stress phenotype [98]. The aforementioned
genes are important to the development of proteotoxic stress, which can occur after
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proteasome inhibition, and the response of the cell to this stress [48], [50], [71], [98]. The
same trend that was previously observed with compounds P1 and P2 of gene expression
(up- and down-regulation) was also observed with the current piperidone compounds
(Figure 3. 7). However, one difference was the lack of detectable expression of MYC
after P3 treatment (Figure 3. 7). Repression of MYC results in the reversal of
tumorigenesis in various in vivo mouse models, including T-cell acute lymphoblastic
leukemia, hepatocellular carcinoma, osteosarcoma, among others [90]. Therefore, the
down-regulation or complete loss of the MYC oncogene can reverse the uncontrolled
replicative characteristic of cancer cells. In the case of compound P3, the lack of MYC
expression can provide an additional therapeutic advantage that must be further
evaluated. In addition to the importance of these proteins/genes in generating the stress
to cause apoptosis, some modulate Noxa which we believe may be key to the activity of
P3-P5. The Noxa promoter has ATF3 and MYC binding sites, which can regulate its
expression [69]. These gene expression analyses reinforce proteasome inhibition activity
induced by our compounds.
We hypothesize that the molecular targets of the compounds of interest are
deubiquitinating enzymes found within the 19S regulatory particle of the proteasome.
Prior studies have shown that b-AP15, with a similar structure to piperidones P3-P5,
shows inhibitory activity towards UCHL5 and USP14 and not towards other
deubiquitinating enzymes found within the proteasome [99]. Through combined molecular
docking and molecular mechanics, we evaluated the potential of our compounds to bind
to the deubiquitinating enzymes UCHL5 and USP14. Although there is no consensus of
threshold cutoff for docking studies, predicted binding energies are used to rank ligand62

protein interactions [100], [101]. However, docking alone should not be used to predict
the affinity of a ligand-substrate interaction [102]. Molecular mechanics is a follow-up
analysis to molecular docking predictions [100], [103]. When used in combination, these
are reliable predictive tools of ligand-protein interactions [103]. Successful use of these
tools includes the scoring of various chemotherapeutic agents such as paclitaxel,
gemcitabine, and cisplatin to investigate the protein MDR1 which contributes to multi-drug
resistance [104]. In our studies, we performed molecular mechanics using Prime MMGBSA from Schrodinger to calculate and rank the compounds based on binding affinity
(kcal/mol) to improve the confidence of protein-ligand interactions observed in molecular
docking experiments conducted with the Glide software. Since UCHL5 and USP14 could
have many possible binding sites for these compounds, we explored various binding sites
using sitemap generation included in Schrodinger. Sitemap ranks the likelihood of regions
within a protein to be considered active binding sites. We took the best scoring sitemaps
and performed docking and subsequent molecular mechanics simulations. Compound
P2, which we evaluated in a previous study, was also included in these molecular docking
and molecular mechanics studies since the current evaluation of P3-P5 was
accomplished as a follow-up study [41]. The top scores (i.e., most negative) for UCHL5
(PDB: 4UEM) were for sitemap 2 (see Supplementary Figure 4). The docking scores
and binding affinities, respectively, to UCHL5 for P2 are -5.61 and -68.83 kcal/mol, for P3
are -5.12 and -65.44 kcal/mol, for P4 are -5.23 and-74.15 kcal/mol, and for P5 are -4.96
and -62.89 kcal/mol. Supplementary Figure 4 displays the docking data of P2, P3, P4,
and P5 bound to sitemap 2 of UCHL5. The top scores for USP14 (PDB: 6IIN) were for a
known inhibitor site (see Supplementary Figure 5). The docking scores and binding
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affinities, respectively, to USP14 are the following: P2 -7.21 and -45.64 kcal/mol, P3 -6.18
and -51.67 kcal/mol, P4 -5.86 and -57.16 kcal/mol, and P5 -5.16 and -58.45 kcal/ mol.
Supplementary Figure 5 displays the docking data of P2, P3, P4, and P5 bound to the
inhibitor site of UCHL5. From these data, we can predict that the piperidones being
investigated bind to deubiquitinases UCHL5 and USP14. Based on docking scores, P2
displayed favorable results for having the strongest interaction with UCHL5 and USP14.
However, the more reliable molecular mechanics analysis revealed that P4 and P5 had
the best binding affinity to UCHL5 and USP14, respectively. In vitro data supporting
inhibition of the proteasome, i.e., the accumulation of poly-ubiquitinated proteins (Figure
3. 6a), the up-regulation of Noxa (Figure 3. 6b), and the differential regulation of genes
important to this activity (Figure 3. 7), supports the interaction of P4 with UCHL5. The in
vitro results are also in concert with P5 binding USP14 to inhibit the proteasome since it
displayed the highest fold-change increase (0.64) of poly-ubiquitinated proteins (Figure
3. 5a), up-regulation of Noxa (Figure 3. 5b), up- and down-regulation of important
proteasome inhibition-related genes (Figure 3. 7), and finally cell cycle arrest at the G2/M
phase (Figure 3. 6d). This was in addition to the strong apoptotic induction of P5 which
had the lowest CC50 average against tumorigenic cell lines and a significant increase in
the percentage of cells with phosphatidylserine externalization, caspase-3 activation,
mitochondrial membrane depolarization, and DNA fragmentation. In the future,
biochemical experiments need to be performed to conclude that the deubiquitinating
enzymes UCHL5 and USP14 are the actual targets of these compounds.
3.7 CONCLUSIONS
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The behavior of compounds P3, P4, and P5 is in concert with the behavior of the
previously published compounds P1 and P2 [41]. We observe apoptosis as the cell death
mechanism activated by these compounds, specifically, the activation of the intrinsic
pathway of apoptosis. Investigation of the mechanism by which these compounds induce
apoptosis leads us to believe that the piperidone compounds can cause proteasome
inhibition that leads to proteotoxic stress. There is a strong correlation between the genes
and proteins affected by these compounds to that of proteasome inhibitors. These
compounds appear to inhibit deubiquitinating enzymes within the proteasome as other
similarly structured compounds do [76]. Given that clinically approved proteasome
inhibitors can eventually become ineffective, these compounds could resolve resistance
issues by targeting different components of the proteasome in combination with currently
approved proteasome inhibitors [76], [105]. In conclusion, we have discovered that
compounds P3, P4, and P5, display strong potential as anticancer agents to be explored
in the future.
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CHAPTER 4: CONCLUSIONS
4.3 FINAL DISCUSSION
The use of in vitro models has been validated as a good starting point for the rapid
evaluation of small molecules in the anticancer drug discovery field [30]–[32]. Drugs that
are not well established in the in vitro setting may result in unnecessary experiments once
in the in vivo setting. These experiments can be beneficial by off-setting costs and by
narrowing down drug choices that do not cause off-target effects such as being
detrimental towards normal tissues [106]. Therefore, the work conducted here is an
important steppingstone in the drug development process.
Proteasome inhibitors used as therapeutic agents towards cancer cells have some
advantages. The piperidone compounds evaluated in this project induce the intrinsic
pathway of apoptosis with evidence of proteasome inhibition activity. Proteasome
inhibitors can induce cytotoxicity towards multiple cancers including MM, CLL, CML, and
oral squamous cell carcinoma [13]. Thus, displaying their versatility. Cancer cells are
more susceptible to proteasome inhibitors than normal cells due to high protein turnover
rates [76]. Therefore, there can be specific targeting of cancer cells and not normal cells.
Another advantage of targeting the proteasome is the availability of multiple sites for
inhibition [68]. Proteasome inhibition is a strong anticancer therapeutic strategy.
An important aspect of the research conducted here is the parallel analysis of all four
piperidone compounds (P2-P5) using molecular docking and mechanics against the
hypothesized molecular target, USP14 and UCHL15. b-AP15 is a structurally similar
compound to P2 which has shown DUB inhibition activity [107]. This compound inhibits
USP14 and UCHL15 found within the 19S regulatory particle of the proteasome [107],
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[108]. Given that P2-P5 also have α, β-unsaturated keto moieties within the structure, we
hypothesized they would have similar targets. Inhibition of deubiquitinases could help
overcome resistance present with the use of currently available proteasome inhibitors
[76]. The first FDA-approved proteasome inhibitor Bortezomib, PS-341, targets the
chymotrypsin-like activity of the 20S portion of the proteasome [95]. Although Bortezomib
has successfully been used against MM and mantle cell lymphoma (MCL), there are
problems with resistance towards tumors [95]. Additionally, unlike Bortezomib, cells
rapidly uptake b-AP15 and are irreversibly committed to apoptosis within one hour [108].
An analog of b-AP15, VLX1570, has also shown rapid cellular uptake [109]. The
difference in the target may provide a better therapeutic index than typically used
proteasome inhibitors.
4.1 LIMITATIONS
Possible limitations to these studies would be the requirement to move to an in vivo animal
model before any clinical setting [30]. The research presented here is an initial analysis
that would require further experimentation into the pharmacokinetics, toxicity, and dosage
using in vivo animal models, specifically mice [30], [110]. Another limitation could be that
we focused on only one type of cancer, leukemia. There is evidence that there is transsimilarity across cancers, meaning that cancers are more similar to each other than the
tissue of origin [111]. Therefore, although this research primarily focuses on leukemia,
the results may be applied to other types of cancers.
4.2 FUTURE DIRECTIONS
Molecular docking and mechanics analyses displayed potential interactions of
compounds P2-P5 with USP14 and UCHL5 (Supplementary Figure 4 and
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Supplementary Figure 5). Although these are reliable tools, in vitro experiments could
provide tangible evidence of these interactions [103]. Surface plasmon resonance could
be accomplished in the future via a published methodology to examine binding
interactions of P2-P5 to USP14 and UCHL5 [109].
To investigate the therapeutic effects in an in vivo model the following could be
accomplished. Xenograft mice models using multiple myeloma cell lines have been
successfully used to evaluate anticancer drugs such as the FDA-approved proteasome
inhibitor bortezomib [112]. A similar model can be used for our leukemia cancer studies.
We can generate a subcutaneous xenograft mouse model using the HL-60 leukemia cell
line used in our in vitro studies. The xenograft model could be created using
immunodeficient mice, such as SCID mice, to avoid rejection of the human cell line. The
piperidone compounds (P2-P5) can be tested alongside known chemotherapeutic drugs.
As a positive control, we could test the known proteasome inhibitor MG-132 that has
shown similar gene expression profiles as P2 in our initial CMap analyses.
4.3 FINAL CONCLUSIONS
Cancer cells can become resistant to current treatments, increasing the demand for novel
therapies [23], [73]. In this project, we successfully implemented multiple techniques that
led to the discovery of the molecular target of piperidone compounds P2-P5 (Figure 4. 1).
We presented the in vitro investigation of compounds P2-P5 using various biochemical
techniques that included flow cytometry, gene, and protein analyses. Through
computational analyses, we elucidated the target of compounds P2-P5. We discovered
that compounds P2-P5 are inhibiting the proteasome and DUBs within the 19S particle.
Additionally, we were able to set up a framework to be used by other students working
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with similar compounds in the laboratory. As mentioned, research has shown that the α,
β-unsaturated keto moiety is present in DUB inhibitors. Therefore, analogs that contain
the α, β-unsaturated keto moiety could be made in our lab to discover more potent drugs
and use them in more advanced projects along the drug development pipeline including
in vivo investigations.

Figure 4. 1: Proposed mechanism of apoptosis induction by compounds P2-P5. We
propose that P2-P5 behave as proteasome-associated deubiquitinase inhibitors that
cause apoptosis. This figure was created with BioRender.com.
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APPENDIX
ADDITIONAL METHODS
COMPOUNDS
The compounds used in these studies were obtained from our collaborator's library, Dr.
Dimmock at the University of Saskatchewan, and synthesized through a published route
[38]. Lyophilized compounds were stored at -20°C. For all cell-based experiments, stocks
of each compound dissolved in DMSO were generated. The molecular weight of each
compound was used to calculate the volume of DMSO to add to achieve a final
concentration of 10mM. To not exceed five freeze-thaw cycles, aliquots were made of the
stock compounds. Compounds in DMSO at -20°C were used up to 24 months. New
stocks were made from the lyophilized compound past this point.
CELL CULTURE
Multiple cancer and non-cancerous cell lines were used for this analysis. All cell lines
were cultures in an incubator supplemented with 5% CO2 at 37°C. Cell culture was
performed using the Cytometry, Screening and Imaging Core Facility at the Border
Biomedical Research Center (BBRC) at the University of Texas at El Paso (UTEP).
Hematological cancer cell lines included BJAB (Burkitt’s Lymphoma), CCRF-CEM (Acute
Lymphoblastic Leukemia), HL-60 (Acute Myelocytic Leukemia), Jurkat (Acute
Lymphocytic Leukemia), Nalm-6 (Acute Lymphocytic Leukemia), and Ramos (Burkitt’s
Lymphoma) which were cultured under the same conditions with RPMI-1640 medium.
The solid tumor cancer cell line used was MDA-MB-231 (Adenocarcinoma) cultured in
DMEM medium. Non-cancerous cell lines used included Hs27 (No disease, Foreskin)
cultured with DMEM medium and MCF-10A (Fibrocystic Disease) cultured with
89

DMEM/F12 medium and supplemented with 20 ng/ml Epidermal Growth Factor, 0.5 µg/
ml hydrocortisone, and 10 µg/ ml insulin. Additionally, all media used for cell culture was
supplemented with 10% heat-inactivated fetal bovine serum (FBS), and a mixture of 25
µg/ml Amphotericin B, 1,000 U/ml Penicillin, and 1,000 µg/ml Streptomycin.
STATISTICAL ANALYSIS (STUDENT’S T-TEST)
For the experiments in chapter 1, analysis to determine statistically significant differences
was evaluated using the student’s t-test. A variance test was first used to determine equal
or unequal variance then the student’s t-test was applied. A p-value of ≤ 0.05 was deemed
significant.
SUPPLEMENTARY FIGURES
Supplementary Table 1: Primer sequences for RT-qPCR. Displayed are the forward and
reverse primer sequences used in the RT-qPCR reactions. The final concentration of each
primer (forward and reverse) in each PCR reaction was 700 nM. (L. Contreras, et al.,
Induction of apoptosis via proteasome inhibition in leukemia/lymphoma cells by two
potent piperidones. Cell. Oncol. 2018)
Annealing Temp.
Forward 5`-3`
Reverse 5`-3`
for primer pair
TTG CAG AGC TAA ATG GTT CTC TGC
ATF3
NM_001674 GCA GTA GTG GTA TGC TGG GAT TCT 56°C
CCT GAA GTA CCT GCA GCA AGT ATT
CHAC1 NM_024111 GAA TGT GCG AGA CAA GGT TGT GGC 57°C
CTT CTC TCC GTC GAA GGT GAT CCA
MYC
NM_002467 CTC GGA TTC T
GAC TCT GAC CTT 57°C
HMOXCTC AAA CCT CCA TCA AAA ACC ACC
1
NM_002133 AAA GCC
CCA ACC C
50°C
GCT GGA AGT CGA CCT GAG CAG AAG
PMAIP1 NM_021127 GTG TGC TA
AGT TTG GA
53°C
Primer

RefSeq
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GGC ACC CAG CAC GCC GAT CCA CAC
NM_001101 AAT GAA G
GGA GTA CT
56°C
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Supplementary Figure 1: Densitometry analysis of poly-ubiquitinated proteins after
treatment with P2, MG-132, and P1. (a) High molecular poly-ubiquitinated proteins (above
100 kDa) (b) Total poly-ubiquitinated proteins. The Image Studio™ Lite (LI-COR)
Software was used for analysis. Fold change differences were calculated by comparing
signal values from the protein of interest (Ubiquitin) to the loading control (GAPDH).
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Supplementary Figure 2: Densitometry analysis reveals a fold-change increase of Noxa
protein in P2- and MG-132-treated cells. The Image Studio Lite™ (LI-COR) software was
used to conduct densitometry analysis. Fold change differences were calculated by
comparing Noxa protein levels to GAPDH (housekeeping control) protein levels. Then,
protein levels of each treated sample (P2 and MG-132) to the protein levels of
corresponding 0.3% v/v PEG-400 (vehicle) control.
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Supplementary Figure 3: Densitometry analysis of western blot images. The Image Studio
Lite (LI-COR) software was used for analysis. (a) Fold change values for ubiquitinated
proteins above 75 kDa. (b) Fold change values for the Noxa protein. The following method
was used to determine fold change values: the protein of interest was first compared to
the protein loading control (actin), then, each compound (P3, P4, and P5) was compared
to the vehicle control (0.3% v/v PEG-400).
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Supplementary Figure 4: 2D diagrams of compounds bound to UCHL5. Shown are 2D
diagrams of (a) P3 (b) P4 (c) P5 and (d) P2 interacting with the binding site (sitemap 2)
of UCHL5 (PDB:4UEM).
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Supplementary Figure 5: 2D diagrams of compounds bound to USP14. Shown are 2D
diagrams of (a) P3 (b) P4 (c) P5 and (d) P2 interacting with the inhibitor site of USP14
(PDB:6IIN).
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DESCRIPTION FOR SUPPLEMENTARY FIGURE 6 AND 7
Images of original, unedited blots were obtained using the Thermo Fischer iBright 1500
instrument. The images were attained by exposing the polyvinylidene fluoride (PVDF)
membranes for varying times that were calculated using the “Auto Exposure” function of
the iBright instrument. Two separate gel electrophoresis experiments (Supplementary
Figure 6 and Supplementary Figure 7) were conducted using the same protein samples
obtained using the methods described in the manuscript. The second gel electrophoresis
experiment (Supplementary Figure 7) was accomplished for visualization purposes and
to remove samples that were not relevant to this analysis.
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a
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Supplementary Figure 6: Original, unedited image of the blot corresponding to Figure
3.5a. (a) The blot was probed with anti-ubiquitin to detect high-molecular
polyubiquitinated proteins. (b) The blot was probed with anti-actin to detect the loading
control protein actin. The following edits were made to each blot (both a & b) to obtain the
final images: crop of the last six lanes, horizontal flip, and slight rotation of the blot. The
last six lanes were cropped because the samples used in this manuscript are in the first
four lanes. Lane five corresponds to the molecular weight ladder that is shown by tick
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marks on the final image. The last five lanes (lane 6 to lane 10) correspond to samples
from different treatments that are not relevant to the analysis accomplished in this
manuscript. The other two adjustments were done for aesthetics. We did a horizontal flip
so that the vehicle would be on the first lane and followed by the treatment (P3, P4, and
P5). Once we did the horizontal flip, we slightly rotated the image to the left to straighten
out the lanes.

a

b

V P3 P4 P5

V P3 P4 P5
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Supplementary Figure 7: Original, unedited image of the blot corresponding to Figure
3.5b. (a) The blot was probed with anti-Noxa to detect the protein Noxa. (b) The blot was
probed with anti-actin to detect the loading control protein actin. One modification was
made to each blot (both a & b) to obtain the final images. There was a crop to only display
the area where the protein of interest is located.
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