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ABSTRACT 

Tumor interactions predominantly dominate cancer progression and its tumor 

microenvironment. Such interactions include, tumors generating signals that cause 

dysfunction and death to immune cells [1]. Inflammatory and immune cells present to 

eliminate cancer cells fail and lose their overall function [1]. These cells lose the overall 

ability to aid and are co-opted to promote tumor growth.  Ultimately, the result is 

escaping from the hosts' immune system and developing a complex mechanism that 

evades immune cells and the inability to undergo apoptosis. It is imperative to develop a 

better understanding of the complex machinery cancer develops. There are current 

therapies that are being utilized to treat cancer. Some of which include surgery, 

radiation, chemotherapy, immunotherapy, hormone therapy, etc. [2]. Said treatments 

had been proven to work in some cases. However, individuals that have received 

chemotherapy or radiation to the chest can develop heart problems post-treatment [3]. 

The overall impact of chemotherapy, radiation, and any other treatment can be more 

detrimental than that disease itself with long-lasting effects. There are treatments that 

target not only the cancer cells but normal cells as well, making it a difficult process. 

Other treatments are only specific for certain genes, targeting a small percentage of 

individuals. The need for alternative novel treatments is present. It has been shown that 

there are novel compounds undergoing testing through high-throughput drug screening 

that possess favorable cytotoxic and selective effects. 

Cancer is continuously affecting the lives of millions of people annually. It is the 

second leading cause of death and the disparities alone raise importance of 

investigating alternative methods to treat the disease. The process of drug discovery 
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has transformed in the past decade. It is now of great importance to investigate the 

mechanism of action at which said compounds induce cancer cell death. By doing this, 

it will provide great insight on how drug discovery can affect different pathways in the 

cell and how we can take an alternative approach to overcoming cancer. Previously 

published works have reported cytotoxic effects of piperidone compounds. It has been 

shown some piperidone compounds induce cell death by the intrinsic apoptotic pathway 

and inhibit the proteasome. Cancer cells utilize the proteasome to degrade proteins and 

various transcription factors to aid in their over proliferation. In this project, the 

mechanism of two piperidone compounds and one thiophenecarboxylate will be 

described. Detailed in this dissertation is the mechanism of death, proteasome inhibition 

of the piperidone compounds, and investigation of the thiophenecarboxylate that could 

potentially be used in future anticancer therapy.  
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CHAPTER 1: INTRODUCTION TO CANCER 

1.1 General Introduction 

1.2 Cancer Statistics 

It was estimated that in 2022, there would be approximately 1.9 million new cancer 

cases diagnosed and 609,360 cancer deaths in the United States alone [4]. It is the 

second leading cause of death amongst the population in the United States overall [4]. 

Naturally, cancer does not discriminate and affects every ethnicity, gender, and age. 

Many other external factors can come into play, such as genetics, diet, frequency of 

physical activity, weight, and smoking. For the Hispanic population, it is the leading 

cause of death, affecting 11% of Hispanics in the United States [5,6].  With lung, 

prostate, colorectal cancer being the leading cause of mortality amongst Hispanic males 

[5]. Among women, breast or lung cancer is either the first or second leading cause of 

death [5]. With colorectal cancer being the second leading cause of cancer-related 

death in the United States and is most commonly diagnosed in men [7]. In 2022, it was 

projected that 151,030 new cases of colorectal cancer would arise, causing 52,580 

deaths by the end of 2022 [4].  

Leukemia is the most common type of cancer in children younger than 20 years [8]. In 

2022, it is projected that 60,659 male and female will be diagnosed with Leukemia and 

24,000 will succumb to the illness [4]. The highest rates of childhood leukemia have 

been known to be children of Hispanic ethnicity [8]. Statistically, Hispanic children 

experience a higher age-adjusted incidence rate for acute lymphoblastic leukemia than 

all other demographic groups [8]. Approximately 30% of both male and female 

Hispanics will be diagnosed with cancer at some point in their lifetime [9]. 
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1.3 Cancer contributing factors 

Cancer disparities interplay among an array of factors including health, biology, 

behavior, and genetics [10]. All of which have negative effects on health, thus leading to 

cancer outcomes. Certain groups in the United States have an increase in cancer 

disparities due to low income, low health literacy, poor diets, obesity, and being 

physically inactive [10]. In terms of genetics, evidence suggests that there are 

differences in racial/ethnic groups like African Americans in regard to triple-negative 

breast, colorectal, and prostate cancer [10]. Differences amongst populations contribute 

to the lack of diversity in clinical research and therefore, need to be studied in depth 

[10]. 

1.4 Cancer characteristics 

Cancer results from the proliferation of different cells in the body. A tumor is an 

abnormal mass of cells that can either be malignant or benign [11]. A benign 

tumor most commonly resides confined to its original location, never invading the 

surrounding normal tissue [11]. A malignant tumor is capable of invading surrounding 

normal tissue and spreading throughout the whole body [11]. Both tumor types are 

classified from the type of cell they originate from. To promote malignant transformation 

a series of events need to occur. Tumor initiation is the genetic alteration of a single 

cell. This alteration can cause DNA damage and alter a nucleotide sequence that can 

lead to the expression of dysfunctional proteins [12]Damage to the DNA is critical for 

cancer cell progression and genome instability is what causes the progression of the 

disease. When the damage to the DNA has occurred, the possibility of mutations 
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generated increases [13]. In normal cells, endoplasmic reticulum (ER) stress from 

misfolded or unfolded proteins ultimately lead to apoptosis [14]. However, cancer cells 

possess the capability of bypassing regulatory mechanisms, such as the unfolded 

protein response (UPR), that degrade misfolded proteins. Certain components in the 

cell indirectly aid the pathogenesis of cancer, the ubiquitin-proteasome system (UPS) 

[15]. These are some inherent qualities that allow cancer cells to survive.  

1.5 Targeting cancer 

Targeted therapy is a type of treatment that is designed to target cancer without 

affecting surrounding normal tissue [16] Researchers have learned the environment in 

which cancer cells grow differ from certain cancer types [16] Some cancer cells inhibit 

the proteasome that ultimately leads to the accumulation of misfolded or unfolded 

proteins causing proteotoxic stress [17] This proteotoxic stress occurs when misfolded 

protein accumulation overwhelms cellular protein quality control mechanisms involving 

the proteasome and autophagy [17] With that being said, certain therapeutic 

approaches can be used to target the proteasome. Cancer cells manipulate cellular 

programs normally used in growth and development displaying a stress phenotype [17] 

Stress phenotypes are common for tumorigenesis and includes high levels of reactive 

oxygen species, oxidative, proteotoxic, and DNA damage stress [17]Therapies including 

redox state imbalances have proven to be effective [17] These variety of mechanisms 

can be utilized to target cancer cells.   
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1.6  Significance 

The current anticancer therapies available include chemotherapy, immunotherapy, 

radiation, hormone therapy, and surgery [2].  Such therapies can be seen as redundant 

and overused. Most treatments, such as radiation or chemotherapy, can leave an 

individual with long-lasting adverse side effects post-cancer treatment. With this in mind, 

it is beneficial to explore alternative methods regarding treatment. Cancer cell lines 

have played a prominent role in the initial stages of drug discovery, facilitating the 

screening of thousands of compounds of potential drug targets [12]. These alternative 

methods, drug screening, include the screening of potential novel therapeutic agents. It 

has been shown that piperidone compounds possess inhibitory effects on the growth of 

cultured cancer cells, and many have a beneficial impact on human cancer cells [13]. In 

our previously published works, it has been shown piperidone compounds possess the 

ability to induce apoptosis through the intrinsic apoptotic pathway and display 

proteasome inhibition [20].Here we will demonstrate two piperidone compounds that 

show effective cytotoxicity on various human cancer cell lines. We will also present a 

thiophenecarboxylate like compound that displays favorable cytotoxicity in a leukemia 

cell line from our ChemBridge DIVERset library. 

1.7  Drug discovery 

Cytotoxic agents that have been tested on both cancer and non-cancer cell lines have 

been cytotoxic towards both. Selectivity amongst the compounds are now of interest. 

Cytotoxic agents that induce cell death are more favorable than those that induce a 

necrotic death. Cells undergoing a necrotic death cause the recruitment of immune cells 

and cause the release of pro-inflammatory signals that can provide tumor cells a 
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microenvironment with beneficial growth factors [21]. Compounds that possess the 

ability to induce a favorable death, target a variety of mechanisms could be a more 

effective drug for cancer treatment.  
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CHAPTER 2: PROJECT INTRODUCTION 

Our laboratory has previous published works on piperidone compounds that have been 

shown to be cytotoxic [20,22]. Here we display, two piperidone compounds, 2608 and 

2610, in this study.  

 

 

 

 

 

 

 

 

 

 

 

___________________________________ 

Swain RM, Contreras L, Varela-Ramirez A, Hossain M, Das U, Valenzuela CA, et al. Two novel piperidones 

induce apoptosis and antiproliferative effects on human prostate and lymphoma cancer cell lines. 

Investigational New Drugs 2022 40:5 [Internet]. Springer; 2022 [cited 2022 Aug 24];40:905–21. Available 

from: https://link.springer.com/article/10.1007/s10637-022-01266-y 
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2.1 Introduction 

Cancer begins when a cell continues to divide uncontrollably, and all of the daughter 

cells produced contain the same corrupt replication machinery. At that point, the tumor 

can either be diagnosed as either malignant or benign. A malignant tumor is defined as 

an invasive group of cells that can potentially affect nearby tissue and proliferate 

uncontrollably at another origin in the body, causing cancer in a new area [23]. The 

overall loss of cell adhesion allows a malignant cell to dissociate from the original tumor 

into new tissue [24]. This single event results in the death of many individuals with an 

invasive type of cancer.   

Cancer aberrations in cell signaling pathways can manipulate normal progression and 

division rates in non-cancerous cells, such as signaling for apoptosis, normal-rate 

division, contact inhibition, and replication machinery. The vast majority of the time, 

cancer cells inhibit the signals that lead to apoptosis. They do this by either 

overexpressing antiapoptotic proteins or under the expression of proapoptotic proteins 

[25]. Those very slight changes can cause intrinsic resistance to current therapies like 

chemotherapy and prevent the cell from undergoing natural cell death [25]. 

When cells undergo malignant transformation, they lose the ability to utilize contact 

inhibition to prevent over proliferation. This transformation gives rise to the malignant 

cells' ability to invade host tissues for tumor growth, invasion, and ultimately metastasis 

[26]. With this in mind, this project is aimed to test compounds that may possess 

anticancer activity. Utilizing other treatment methods, such as a therapeutic approach 

with compounds that can activate the apoptotic pathway, can be beneficial and need to 

be further explored. Here we will provide an extensive investigation of therapeutic 
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piperidone compounds 2608 and 2610. Piperidones have been previously shown to 

possess anticancer activity[27]. In addition, they have also been known to possess 

antibacterial [28], antimalarial [29] anti-inflammatory [30], and anti-proliferative activities 

[31]. Compounds containing a piperidone like structure have been previously reported 

to induce cell death in leukemia/lymphoma cell lines [32,33]. Thus, acting as 

proteosome inhibitors and leading to the activation of pro-apoptotic pathways [32,33]. 

The design of the compounds was based on the considerations of tumors utilizing 

glycolysis for the production of energy and pyruvate dehydrogenase kinase I (PDK1) in 

order for glycolysis to occur. The inhibition of the enzyme potentially may diminish tumor 

development. Dichloroacetic acid  is a designated anticancer agent and is known to be 

an inhibitor of PDK1 [34]. Effort has been made to prepare the analogs containing a 1,5-

diaryl-3-oxo-1,4-pentadienyl pharmacophore mounted on the heterocyclic and 

cycloaliphatic scaffolds [35,36]. These compounds were synthesized via the synthetic 

chemical route outlined in Fig 1. Leading to the acid-catalyzed condensation between 

the 4-piperidone and various substituted aryl aldehydes led to the intermediate 3,5-

bis(benzylidene)-4-piperidones, which were acylated with dichloroacetyl chloride to give 

the desired products 2608 and 2610 [33]. Here we explore the two piperidone 

compounds 2608 and 2610 and their ability to induce reactive oxygen species (ROS) 

accumulation, depolarization of the mitochondria, activate caspase 3/7, and cause cell-

cycle arrest. 

2.2 Lab Purpose 

Our lab focuses primarily on screening potentially cytotoxic compounds on various 

cancer cell lines and going above and beyond to determine which mechanism the 
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compound utilizes to induce cell death. For Chapter 2, We will focus on two novel 

piperidone compounds, 2608 and 2610, sent from our collaborator Dr. Dimmock from 

the University of Saskatchewan. The experimental compounds are from a 2000 series 

library that was synthesized through previously published articles [37]. These analogs 

will be tested on leukemia/lymphoma and colon cell lines to gauge their variability on 

different cell lines. For our chapter 3, we will explore a new compound, F8 (methyl 5-

[(dimethylamino)carbonyl]-4-methyl-2-[(3-phenyl-2-propynoyl)amino]-3-

thiophenecarboxylate), that was discovered in our 30,000 compound library. The 

compound showed favorable cytotoxicity towards leukemia cell lines. Here we will 

explore the compounds mechanism of death and phosphorylation inhibition abilities. 

2.3 Evaluate the cytotoxicity of compounds 2608 and 2610 on cancer cell lines 

Differential nuclear staining (DNS) bioimaging assay to determine CC50 

The potential cytotoxicity of the compounds was evaluated on CEM and COLO 205 cell 

lines and various other cell lines using a live-cell DNS bioimaging assay[38]. Cells were 

grown and seeded in 96-well plates with a density of 10,000 cells per well in 100 µl of 

tissue culture medium. Cells were then treated with a concentration gradient (0.1 µM-5 

µM) of the two piperidones for a 48 h time point. Both compounds were analyzed in 

each plate, including a compound solvent control (dimethyl sulfide; 1% DMSO; Millipore 

Sigma, St. Louis, MO USA), a positive control 1 mM hydrogen peroxide (H202; Millipore 

Sigma, St. Louis, MO USA), and untreated cells to monitor the background of the dead 

cell population. To distinguish between the live/dead cell populations, a mixture of 

propidium iodide (PI; Biotium; Fremont, CA, USA) and Hoechst 33342 (Invitrogen; 

Eugene, OR, USA), both DNA intercalating fluorescent dyes, was added to each well (5 
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µg/ml each) 2 h prior to reading and incubated at 37ºC. Hoechst is a fluorescent dye 

that is permeable to both live and dead cells. In contrast, PI is selective and can only 

permeate cells whose plasma membrane has been compromised and is used primarily 

to label the dead cells. Images were captured from each treated well using a multi-well 

plate reader IN Cell 2000 analyzer (GE Healthcare; Pittsburg, PA, USA). Cytotoxic 

concentrations of 50% were then obtained using a linear interpolator calculator 

(https://www.johndcook.com/interpolator.html). 

 

                  2608 : R1 = R2 = F 

          2610 : R1 = R2 = Cl 

Figure 1: Synthesis of 2608 and 2610.  i = HCl/CH3COOH, ii = Cl2CHCOCl. The 2608 (1-dichloroacetyl -3,5-bis(3,4-
difluorobenzylidene)-4-piperidone) and 2610 (1-dichloroacetyl-3,5-bis(3,4-dichlorobenzylidene)-4-piperidone) structures are 

depicted.  

The cytotoxic effects of 2608 and 2610 piperidones were analyzed using the DNS 

imaging assay on twelve human cancer cell lines and two non-cancerous fibroblast cell 

lines. The DNS assay is reliable and validated for primary and secondary screens for 

potential anticancer cytotoxic experimental compounds [38,39] [40]. This assay utilizes 

Hoechst fluorescent dye that permeates both living and dead cells when treated 2 h 

before reading [41]. In addition, PI stains the nucleus of dead or dying cells with a 

compromised plasma membrane. As indicated in Table 1, both 2608 and 2610 

piperidones display a range of cytotoxicity across various cancer cell lines tested. The 

cell lines that were grown in suspension, lymphoma, leukemia, and multiple myeloma 
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cell lines, CEM, RAMOS, U266, RPMI-8226, MM1R, MM1S and HL-60, were incubated 

for 48 h with 2608 or 2610 to obtain the CC50 values. The adherent cell lines, HT-29, 

MDA-MB-231, PC-3, Hs-27, PANC-1, CCD-112-CoN, COLO 205, and MCF-10A, were 

initially incubated overnight to allow their attachment to the bottom of the plate, in the 

absence of the experimental compounds. Next, a concentration gradient of the 

piperidones was added to the cells and incubated for an additional 48 h, obtaining a 

dose-response curve to calculate the concentration at which 50 percent (CC50) of the 

cell population dies. The CC50 values ranged from 0.02 µM on CEM to 1.1 µM on 

PANC-1 cell lines.  

Table 1: 2608 and 2610 cytotoxic concentrations 50% (CC50) on various cancer cell lines at a 48 h time point. Selective cytotoxicity 

index (SCI) values for 2608 and 2610 treated cancer cells are displayed. SCI values were calculated using the following equation: 

CC50 of non-cancer cells divided by the CC50 of the cancer cell line. Sci calculated using Hs-27 as non-cancer cell line. 

  
2608 

 
2610 

 

CELL TYPE CELL LINE CC50 

(µM) 

S.D. SCI CC50 

(µM) 

S.D. SCI 

Acute Lymphoblastic 

Lymphoma 

CEM 0.02 0.003 22.75 0.03 0.004 6.66 

Burkitt’s Lymphoma RAMOS 0.095 0.041 4.789 0.036 0.005 5.55 

Acute Promyelocytic 

Leukemia 

HL-60 0.064 0.041 7.109 0.024 0.011 8.33 
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Breast Adenocarcinoma MDA-MB-

231 

0.047 0.008 9.68 0.121 0.055 1.65 

Breast Epithelial MCF-10A 0.175 0.007 2.6 0.120 0.004 1.66 

Colorectal 

Adenocarcinoma 

HT-29 0.162 0.021 2.80 0.036 0.004 5.55 

Colorectal 

Adenocarcinoma 

COLO 205 0.424 0.010 1.07 1.664 0.184 0.12 

Colon Fibroblast CCD-112-

CoN 

0.12 0.042 - 0.176 0.015 - 

Normal Foreskin 

Epithelial 

HS-27 0.455 0.035 - 0.2 0.028 - 

Pancreatic Carcinoma PANC-1 1.132 0.259 0.40 0.4135 0.045 0.48 

Prostatic 

Adenocarcinoma 

PC-3 0.301 0.005 1.51 0.446 0.003 0.44 

Multiple Myeloma U266 0.0144 0.001 31.59 0.762 0.010 0.26 

Multiple Myeloma RPMI-

8226 

0.0397 0.002 11.46 0.3335 0.031 0.599 
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Multiple Myeloma MM1 S 0.0181 0.0007 25.138 0.0261 0.0028 7.66 

Multiple Myeloma MM1 R 0.0160 0.001 28.43 0.009 0.005 22.22 

 

Table 1 displays the selectivity of compounds 2608 and 2610 on a range of cancer cell 

lines. Some CC50 values were in the nanomolar range, which is ideal for an anticancer 

therapeutic agent. As the vast majority of CC50 values are below 1 µM range, this gives 

us further indication of the compounds' toxicity and will pave the way to further 

experimentation. The following assays were focused primarily on leukemia/lymphoma 

cell lines and colon cancer cell lines as a comparison since they were the most sensitive 

and resistant, respectively, to the experimental piperidones. We will be utilizing the 24 h 

CC50 of compounds 2608 and 2610 in the various assays (Table 2.) 

2.4 Investigate the cytotoxicity of compounds 2608 and 2610 on leukemia/lymphoma 

and colon cell lines 

The CC50 were assessed in CEM and COLO 205 for 24 h in order to obtain 24 h CC50. 

Table 2: 24 h CC50's of compounds 2608 and 2610 with standard deviation calculation. 

 

 

 

2608 2610

CELL LINE CC50 (µM) SD CC50 (µM) SD

CEM 0.0993 0.00093 0.0932 0.00098

COLO 205 1.904 0.298 3.791 0.409
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2.5 Determine the mechanism of action of 2608 and 2610 on leukemia/lymphoma and 
colon cell lines 

An early indication of apoptotic death is the externalization of phosphatidylserine (PS) 

on the cellular surface [42,43]. With the use of flow cytometry, PS can easily be 

detected via Annexin V-FITC. CEM cells were seeded in a 24-well plate at 100,000 cell 

density in 1 mL of media [43]. COLO 205 cells were seeded in the same manner, 

respectively. The cells were then incubated overnight and treated for 24 h with 2608 

and 2610 2X CC50's. For vehicle control, cells were treated with DMSO; as a positive 

control of cytotoxicity, cells were treated with 1 mM H2O2, and untreated control cells 

were used to monitor the background of the dead cell population. Cells growing in 

suspension were then harvested and placed in pre-chilled flow cytometric tubes. 

Whereas adherent cells were treated with 400 µl trypsin, incubated for 5 min, and 

collected in flow cytometric tubes. Cells from each well were washed with ice-cold PBS 

and centrifuged at 1200xRPM for 5 min. Cell pellets were then gently resuspended with 

annexin V-FITC and PI in 100 µl of binding buffer and incubated in the dark for 15 min 

on ice. Prior to analyses by flow cytometry, cells were added with 400 µl of ice-cold 

binding buffer. Approximately 10,000 events/cells were acquired per individual sample 

by using Kaluza software (Beckman Coulter). The total apoptotic cell populations are 

depicted as the sum of both early and late facets of apoptosis. Three independent 

measurements were performed, and the average and standard deviation were 

calculated, obtaining the percentage of both apoptotic and necrotic cells.  

Phosphatidylserine Externalization 

To determine whether both 2608 and 2610 cause cell death via apoptosis or necrosis, 

we measured the externalization of phosphatidylserine (PS) in CEM and COLO 205 
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cells, respectively, using an annexin-V-FITC/PI assay. For this assay, we used the 2X 

CC50 concentrations determined on CEM and COLO 205 for both 2608 and 2610 (see 

Fig.2 for details). The data indicate significant PS externalization compared to the 

DMSO solvent control for both cell lines. As expected, a high percentage of PS 

externalization was detected when cells were treated with the positive control H202 

(39%), whereas DMSO and untreated cells showed low PS externalization (18-19%). 

Furthermore, the results indicate that both compounds triggered apoptosis's mechanism 

to induce cell death due to the significant percentage of PS externalization in CEM and 

COLO 205. However, PS externalization was more pronounced in the CEM cell line.   



16 

 



17 

Figure 2. Both experimental piperidones induce significant PS externalization in CEM and COLO 205 cells in a dose-dependent 

modality. Cells were exposed to the experimental piperidones for 24 h, and cells were then stained with Annexin V and PI and 

monitored via flow cytometry. Fig 2A and 2B contain % of apoptotic cells that are Annexin V-FITC positive, whereas panel 2b shows 

% of necrotic cells that are PI-positive Annexin V-FITC negative. The following controls were included: DMSO as solvent control, 1 

mM H2O2 was incorporated as a positive control for cytotoxicity, and untreated (Unt) cells. Statistical analyses were accomplished 

using a two-tailed Student's paired t-test. The asterisk (*) annotations compare untreated cells with 2X CC50 of both 2608- and 2610-

treated cells with P-values of <0.00001 and 0.00001 for CEM and P-values of <0.007 and 0.0001 for COLO 205, respectively. The 

double dagger symbols (‡) compare the DMSO-treated cells with CC50 of 2608- and 2610-treated cells with P-values of <0.00001 

and 0.00001 for CEM and P-values of <0.0005 and 0.00003 for COLO 205, respectively. Representative flow cytometric dot plots 

were used in panel C to create the bar graphs corresponding to CEM cells. 

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

CEM and COLO 205 cells were seeded in 24-well plates and treated with 2608 and 

2610 2X CC50 for an 8 h incubation. Following treatment, the cells were harvested and 

labeled with fluorophore 5,5,6,6-tetraethylbenzimidazolylcarbocyanine iodide (JC-1). A 

flow cytometer was used to capture the cells' red and green signals. Healthy cells with 

polarized mitochondria will emit a red fluorescence signal due to the JC-1 aggregated 

formation [39,42]. In contrast, once the mitochondria are depolarized, they will form JC-

1 monomers exhibiting a green fluorescence signal. The controls used in this series of 

experiments were similar to those in the above assay. Each data point represents the 

average of at least three independent measurements.   

High ROS production levels are known to lead to mitochondrial depolarization, including 

damage of DNA, proteins, and lipids [44] [45]. To further investigate the mechanism by 

which 2608 and 2610 induce cell death, we evaluated both compounds in CEM and 

COLO 205 cells using the JC-1 polychromatic fluorescent reagent and flow cytometry. 

Both CEM and COLO 205 cells were incubated for 6 h with the compounds, and the 

mitochondrial membrane potential was examined. This analysis revealed that the 
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piperidones induced significant mitochondrial depolarization at twice the CC50 

concentration compared to the untreated and DMSO-treated cells for CEM and COLO 

205 (Fig. 3). Overall, these findings further confirm that compounds 2608 and 2610 are 

able to depolarize the mitochondria, indicating that the compounds induce apoptotic 

death.  
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Figure 3. The experimental piperidones induced significant mitochondrial depolarization activity on COLO 205 and CEM cells. Cells 

were incubated for 6 h with the experimental piperidones and then stained with JC-1 reagent and monitored by flow cytometry. 

Statistical analyses were acquired by using the two-tailed Student's paired t-test. The asterisk annotations on each bar graph 

represent the statistical significance of the experimental treatments compared with the vehicle control (1% DMSO). Cells treated 

with 1 mM H2O2 were included as an inducer for mitochondrial depolarization. Representative flow cytometric dot plots were used in 

panel B to create the bar graphs corresponding to CEM cells. 
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Piperidone compounds induce an accumulation of Reactive Oxygen Species (ROS) 

The production of ROS signals for oxidative damage in the mitochondria by retrograde 

redox signaling was investigated [46]. Analysis of ROS production in CEM and COLO 

205 cells treated with 2608 and 2610 24 h 2X CC50 was conducted via carboxy-H2 

DCFDA (6-carboxy-2' 7'dichlorodihydrofluorescein diacetate) fluorescein reagent 

(Invitrogen, C400) and analyzed by flow cytometry. CEM and COLO 205 cells were 

seeded in a 24-well plate at a density of 100,000 cells per well in 1mL of culture 

medium. CEM and COLO 205 cells were treated with compounds 2608 and 2610 8 h 

prior to reading. The controls mentioned above were used for this experiment, as well. 

Cells were collected and placed in flow cytometry tubes and centrifuged for 5 min at 

1200 RPM. Cells were gently resuspended in PBS containing carboxy-H2 DCFDA 

(master mix/loading buffer) and incubated for 1 h. Cells were then centrifuged again to 

remove the excess loading buffer and resuspended in 500 µl of fresh PBS. Immediately 

after, cells were analyzed via flow cytometry, acquiring ~10,000 events (cells) per 

sample. Cytometry analysis was performed as in the previous section.  

To further examine the mechanism by which 2608 and 2610 induce cell death, the 

accumulation of ROS in CEM and COLO 205 cells was measured after treatment of 

cells with the piperidones for 6 h with 24 h 2X CC50. We incubated for 6 h in order to 

detect ROS generation. A longer incubation time would not have been advantageous; 

as ROS generation occurs in the early stages of apoptosis [47].  Following the exposure 

to the 24 h 2X CC50 for both compounds, the cells were incubated for one hour with 10 

µM of carboxy-H2 DCFDA ROS. Subsequently, the cells were analyzed via flow 

cytometry for those emitting a green signal indicating ROS accumulation. As shown in 
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Fig.3, both CEM and COLO 205 cells generated ROS in the presence of the 2X CC50 of 

2608 and 2610, indicating the induction of the intrinsic apoptotic pathway. However, the 

accumulation of ROS was more prominent in the CEM cell line than in COLO 205.  

 

 

 

Figure 4: Significant ROS induced by 2610 and 2608 piperidones on CEM cells and COLO 205, as compared with the DMSO-

treated cells. Statistical analyses were acquired by using the two-tailed Student's paired t-test. H2O2 (1 mM)-treated cells were 
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included as an oxidative stress positive control. Representative flow cytometric dot plots were used in panel B to create the bar 

graphs corresponding to CEM cells. 

Caspase 3/7 Activation 

The cellular activation of caspase 3/7 was detected by adding the cell membrane-

permeable fluorogenic NucView 488 caspase 3/7 substrate [48]. This substrate can 

permeate living cells with an intact plasma membrane and allow for identifying active 

caspase 3/7. The cells were examined via flow cytometry with the same plating 

methodology, as previously mentioned [43] and treated with their 24 h 2X CC50 

respectively (CEM 2608 2X CC50 0.1986 µM and 2610 2X CC50 0.1864 µM and COLO 

205 2608 2X CC50 3.808 µM and 2610 2X CC50 7.582 µM). Cells were harvested in flow 

cytometry tubes and centrifuged at 1200 RPM for 5 min. Cell pellets were gently 

resuspended in 200 µl of PBS, containing 5 µl of NucView488 caspase 3/7 substrate, 

and incubated in the dark for 45 min at room temperature. After this step, 300 µl of PBS 

was added to each flow cytometry tube. A green fluorescent signal indicated caspase 

3/7 activation within the cell during the analysis. Furthermore, 10,000 events were 

assessed per sample. Each sample was performed at least three times. For sample 

acquisition and analysis purposes, the Kaluza software was utilized (Beckman Coulter). 

It is known that the activation of caspase-3/7 is a biological marker of a cell undergoing 

apoptosis [49]. Individual caspases mediate apoptosis and various other biological 

processes [49]. In this study, we analyzed the activation of caspase-3/7 via flow 

cytometry by using a live-cell NucView 488 caspase-3/7 fluorogenic enzyme substrate 

after 7.5 hours of incubation of CEM and COLO 205 cells with both piperidones. As 

shown in Figure 5, a significant amount of caspase-3/7 activation was detected at twice 
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the CC50 concentrations of both compounds compared to the untreated and vehicle 

control cells. For the positive control, H2O2-treated cells were significant for caspase-3/7 

activation (Figure 5). These results showed that compounds 2608 and 2610 induce cell 

death through the caspase-3/7 activation pathway for both cell lines, a hallmark of 

apoptosis. 

 

Figure 5. Both 2610 and 2608 piperidones induce significant caspase-3/7 activation in COLO 205 and CEM cells. Cells were 

incubated for 7.5 h with the piperidones, stained with NucView 488 caspase 3/7 substrate, and analyzed via flow cytometer. 
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Statistical analyses were obtained by using the two-tailed Student's paired t-test. The statistical significance of the experimental 

treatments compared with the vehicle control (1% DMSO). Cells treated with 1 mM H2O2 were included as a caspase-3/7 activator 

control. Representative flow cytometric dot plots were used in panel B to create the bar graphs corresponding to CEM cells. 

Cell cycle profile analysis via flow cytometry 

To investigate the mechanism at which the compound induces cell arrest, CEM and 

COLO 205 cells were seeded in 24-well plates at a density of 100,000 cells per well in 1 

ml of media [50]. CEM cells were treated with 2608 CC20 (0.0397 µM) and 2610 CC20 

(0.0372 µM), and incubated for 72 h. COLO 205 cells were treated with 2608 CC20 

(0.7616 µM) and 2610 CC20 (1.5164 µM) and incubated for 72 h. The controls used for 

these experiments were the same as described above. Following incubation, cells were 

collected in flow cytometric tubes, centrifuged at 1200 RPM for 5 min, and resuspended 

in 100 µl of room temperature media. Lastly, a single nuclear isolation medium (NIM)-

DAPI reagent was added to each flow cytometry tube (200 µl) and analyzed via flow 

cytometry [39,51]. This dye is able to stain the cell nuclei facilitating the quantification of 

the total amount of DNA per cell. Roughly 10,000 events/cells were acquired per 

sample (Gallios; Kaluza software; Beckman Coulter). For this purpose, the FL-9 

detector and 405 nm laser were solely responsible for quantifying the total DNA content 

for each event (cell) and distributing them to the designated subpopulation. Each 

experimental point and its corresponding controls were performed using at least three 

independent measurements.   

A cell cycle analysis was conducted in order to determine if compounds 2608 and 2610 

induce cell cycle alterations and ultimately cause the arrest and antiproliferative cellular 

activity. The cell cycle profile was examined via flow cytometry utilizing the DNA 

intercalating agent, DAPI (4',6-diamidino-2-phenylindole). Both CEM and COLO 205 
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cells were treated with a low concentration of 2608 or 2610 (CC20 concentrations) and 

incubated for 72 h. It is important to note that at the CC50 concentrations of both 

compounds, extensive DNA degradation was observed in both cell lines that interfered 

with the cell cycle analyses (data not shown). Low concentrations of compound (CC20) 

were used to monitor the cell cycle phase levels. As in those presented in the other 

sections, the same controls were used in this experimental series. After incubation, both 

2608 and 2610 did not alter the cell cycle profile in the cell lines tested, CEM and COLO 

205 (Figure 6). Given the data, 2608 induced DNA fragmentation in CEM cells but not in 

COLO 205. In comparison, 2610 caused DNA fragmentation on both cell lines, CEM 

and COLO 205 (Figure 6A). The P-values of DMSO-treated CEM cells compared with 

2608 and 2010 treated CEM cells were 0.0036 and 0.011, respectively. The P-value of 

COLO 205 DMSO treated cells compared with 2608 treated COLO 205 cells was 

insignificant, whereas when compared with 2610 treated COLO 205 cells was 0.0038. 

Thus, the DNA fragmentation activity of 2608 was selective on CEM cells, whereas 

2610 exhibited this activity on both cell lines tested. Also, both 2608 and 2610 

compounds did not induce arrest in any cell cycle facets. 
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Figure 6. 2608 elicited selective DNA fragmentation on just CEM cells, and 2610 induced significant DNA fragmentation 

on CEM and COLO 205 cells (A; sub G0/G1), without arresting them in a particular cell cycle phase (B, C, and D). The P-values of 

DMSO-treated CEM cells compared with 2608 and 2010-treated CEM cells were 0.0036 and 0.011, respectively. The P-value of 

DMSO-treated COLO 205 cells compared to 2610 treated COLO 205 cells was 0.0038. Each bar denotes an average of three 

independent measurements, and the error bars 
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2.6 Investigate compounds 2608 and 2610 Proteasome inhibition 

Analysis of poly-ubiquitinated protein in CEM and COLO 205 

A total of 3,000,000 CEM and COLO 205 cells were seeded in T-25 flasks in 10 ml of 

complete RPMI medium. Cells were then treated with 10 µl of the 2x CC50 of CEM 

(0.198 uM) and COLO 205 (3.808uM) 2608, 2610 (CEM; 0.186 uM, COLO 205; 7.582 

uM), MG-132, and the vehicle PEG-400 (0.3%) at an 8-hour time period. Following 

incubation, the cells were then harvested in 15 ml conical tubes to form pellets and 

transferred to 1.5 ml tubes. The cells were then washed once with 1 ml PBS and 

pelleted at 1000 g for 6 min. Once pelleted, the PBS was removed, and the pellet was 

resuspended in 70 µl 2x Laemmli buffer (120 mM Tris-HCl, 0.1% β-mercaptoethanol, 

4% SDS, 20% glycerol, and 0.02% bromophenol blue) and boiled at 100 C for 15 min to 

lyse the cells. Protein was then quantified utilizing a Nano-Drop N-1000 system, and a 

total of 100 µg per sample was calculated. The final volume of 25 µl was loaded per 

lane on a 7% SDS PAGE gel and separated at 100V for 1.5 h. The gel was then 

transferred to a PVDF membrane at 100V for 1 h. Afterward, the PVDF membrane was 

blocked overnight at 4 C in 5% powdered milk. Following the overnight incubation, the 

primary antibody, mouse monoclonal anti-Ubiquitin (Santa Cruz Biotech; sc-8017) was 

added to the membrane and incubated for 1 h. The membranes were washed with TBS-

T 3 times for 15 min. The secondary polyclonal goat anti-mouse antibody (1:10,000 

diluted in TBS-T) conjugated to horseradish peroxidase (Thermo Fisher; 31,430) was 

added and incubated at room temperature for 1 h. The membrane was then rewashed 

with TBS-T 3 times for 15 min to wash away any unbound antibodies. Prior to the 

reading, the membrane was placed in the iBright machine and labeled with Enhanced 
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Chemiluminescence Solution (ECL), one part being 1 mL peroxide and 1mL of luminol. 

The ECL is based on the antibodies that are conjugated to the membrane or labeled 

with horseradish peroxidase [52]. The addition of the luminol produces excited 

intermediates, and upon release, it emits a blue signal [52]. Following the wash, the 

membrane was then read with the Invitrogen iBright Imaging Systems and quantified for 

further analysis.  

In prior reports, several piperidones have been found to disrupt proteasome activity 

leading to the induction of proteotoxic stress and apoptosis [53]. Proteosome inhibitors 

have been investigated due to their selective toxicity on cancer cells[54]. The disruption 

has been previously shown to result in an accumulation of polyubiquitinated proteins 

and inhibition of proteasomal activity [53]. The accumulation of polyubiquitinated 

proteins with compounds 2608 and 2610 were evaluated by western blotting after an 8 

h treatment. Following densitometric quantification of high molecular weight poly-

ubiquitinated proteins, the results denoted a strong increase in polyubiquitinated protein 

accumulation for compound 2610 in COLO 205 (1.41-fold increase), closely similar to 

the increase seen in MG132 proteasome inhibitor control (1-fold increase). However, 

only a slight 0.61-fold increase was observed in CEM cells for this compound. 

Compound 2608 also showed a moderate increase in the accumulation of 

polyubiquitinated proteins in COLO 205 and CEM; 0.40- and 0.59-fold increase, 

respectively (Figure 7).  
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Figure 7. Western Blot analysis reveals an accumulation of high molecular-weight poly-ubiquitinated proteins for both COLO 205 

and CEM cell lines. Cells were treated for 8 h time point with; PEG 400 (vehicle control), MG 132 (positive control for proteasomal 

inhibition), and compounds 2610 and 2608 at a 2X CC50 concentration. Panel A indicates western blot analysis performed in CEM 

cells treated with 2610 and 2608, whereas Panel B shows analysis in COLO 205 cells with compounds 2610 and 2608. Panel C 

quantifies high molecular weight poly-ubiquitinated proteins (above 50 kDa) by densitometry. Fold change values for both CEM and 

COLO 205 are displayed. 
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2.7 Computational Docking 

The initial docking was performed utilizing the Schrödinger software suite (Schrödinger, 

LLC, New York, NY, USA). The protein crystal structure was used for this docking 

experiment utilizing the protein data bank (https://www.rcsb.org/). The protein targets 

used for these experiments were UCH-L5 (PDB: 3IHR) and USP14 (2AYO) and were 

prepared as previously described [55]. Using the Maestro 12.8 interface and Protein 

Preparation Wizard, the crystalized 3-dimensional figures were prepared. The program 

was left to run as default, and the options for missing side chains, missing loops, the 

removal of water, and any other interfering ligands were the only ones selected. Prior to 

docking, the compounds were optimized and then minimized to expose hidden crystal 

structures using the Schrödinger Release 2018: LigPrep, Schrödinger, LLC, New York, 

NY, 2018 interface of the Schrodinger software, with Optimized Potentials for Liquid 

Simulations 4 force field, at a pH 7 ± 2 using Schrödinger Release 2018: Epik, 

Schrödinger, LLC, New York, NY, 2018 (OPLS4 force field) [56]. Specific Residues that 

have been previously identified to form the binding pocket of b-AP15 were used for the 

receptor grid generation utilizing Schrödinger Release 2021-3: Induced Fit Docking 

protocol; Glide, Schrödinger, LLC, New York, NY, 2021; Prime, Schrödinger, LLC, New 

York, NY, 2021 [56]. This generates a binding grid around amino acids Asn85, Cys88, 

Ala162, and Leu181 for UCH-L5, and Asn109, Cys114, Ser433, Ser432, and Gly434 for 

USP14. Lastly, molecular mechanics (MM-GBSA) of the docked compounds was 

performed using the Prime tool on Maestro 12.8 Schrödinger Release 2018: Prime, 

Schrödinger, LLC, New York, NY, 2018, and the best scoring compounds were 

selected. 
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Computational Docking of UCHL5 

In previously published work, a structure relationship study was performed on 

piperidone b-AP15 (VLX1500) revealed that this compound acted as a proteasome 

inhibitor, specifically interacting with Deubiquitinases (DUBs) Ubiquitin-Specific 

Protease 14 (USP14) and Ubiquitin C-terminal Hydrolase L5 (UCHL5) [56]. USP14 and 

UCHL5 and two cysteine proteases constitute the deubiquitinating enzymes within the 

19S regulatory particle in proteasome 26S [57–60]. The 26S proteasome contains one 

or two 19S regulatory particles necessary for substrate recognition, deubiquitination, 

unfolding, and translocation [61,62]. Based on the similar chemical structure of our 

compounds to piperidone b-AP15, we attempted to determine if they could also interact 

with USP14 and UCHL5. Utilizing the b-AP15 docking site and PDB code 3IHR, which 

has been used to generate the grid for docking, we performed in silico docking to this 

site with compounds 2608 and 2610 [56]. The binding affinity b-AP15 to the pocket of 

UCH-L5 was compared to the potential binding affinities of 2608 and 2610. To expose 

the hidden pocket in the crystal structure of b-AP15 (PDB: 3IHR), we utilized induced-fit 

docking to reveal and expose the binding site [56]. The analogs previously described 

share an α, β- unsaturated carbonyl group that is likely to react with the Cys88 found in 

said hidden binding pocket [56]. Our docking results confirm the previous experiment 

with the α, β- unsaturated carbonyl group (Michael acceptors) in proximity with Cys88 

[56]. This docking would likely result in covalent binding, making the irreversible 

molecules inhibitors of UCHL5. With this in mind, compounds 2608 and 2610 lacked α, 

β- unsaturated carbonyl group, which resulted in a different binding mode and scored 

higher than b-AP15. Molecular mechanics were then used to approximate the binding 
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affinity between the protein and the ligand of b-AP15, 2608, and 2610 to UCHL5, 

resulting in high scores relative to b-AP15, as seen in Figure 8. Both compounds 

MM/GSA scores 2608 (-68.34 kcal/mol) and 2610 (-73.27 kcal/mol) fell well within the 

binding score of b-AP15 (-69.25 kcal/mol), indicating that both compounds are likely 

inhibitors of UCHL5 and bind with relatively good affinity. These results suggest that, 

like b-AP15, both compounds cause proteasome inhibition.  

 

Figure 8. Computational docking of b-AP15 (A), 2608 (B), and 2610 (C) to UCHL5. Exhibited docking scores of, 2608 (-68.34 

kcal/mol) and 2610 (-73.27 kcal/mol). Both compounds fell within the score of b-AP15, -69.25 kcal/mol, indicating potential inhibition 

of UCHL5. 
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Computational docking of USP14 

USP14 plays an essential role in proteasomal degradation [63]. The USP14 has been 

used to inhibit proteasomal function inducing apoptotic cell death in cancers [63]. As 

stated above, we utilized USP14 and UCHL5 to compare the docking scores of b-AP15 

to our piperidones 2608 and 2610 to observe similarities. The compounds were docked 

using the same methodology described above with PDB code 2AYO. The best scoring 

poses of b-AP15 were chosen and used for molecular dynamics (MM-GBSA), which 

resulted in the binding affinity of -50.76 kcal/mol [56]. The binding affinity of 2608 and 

2610 was estimated to be -53.82 kcal/mol and -56.10 kcal/mol, respectively. These 

results suggest that both can function similarly to b-AP15 inhibiting USP14 function and 

blocking access to the c-terminus of ubiquitin (25). 

 

Figure 9. Computational docking of b-AP15 (A), 2608 (B), and 2610 (C) to USP14. Exhibited docking scores of, 2608 (-53.82 

kcal/mol) and 2610 (-56.10 kcal/mol). Both compounds fell within the score of b-AP15, -50.76 kcal/mol, indicating potential inhibition 

of UCHL5 and USP14. 



34 

2.8 Chapter 2 Discussion 

Previously, it has been shown that piperidone compounds have been highly cytotoxic 

toward various cancer cell lines [64]. In addition, previous published piperidones, P3, 

P4, and P5 have demonstrated cytotoxic effects towards tumorigenic cells, as opposed 

to non-cancerous cells, at the low micromolar range[22]. The treatment of the 

compounds induced apoptosis via the intrinsic apoptotic pathway and the accumulation 

of poly-ubiquitinated proteins and the pro-apoptotic protein Noxa [22]. This study 

demonstrated that both 2608 and 2610 piperidone compounds exhibited cytotoxic 

activity on 14 different cancer cell lines, ranging from hematological cancers to solid 

tumors, with CC50 values fluctuating from nanomolar to low micromolar concentrations 

(0.009 µM to 1.664 µM). Compounds P3, P4, and P5 demonstrated less cytotoxicity in 

CEM and COLO 205 with CC50 values ranging from 0.65 µM -0.87 µM for CEM and 

0.80 µM -4.66 µM for COLO 205 [22].  Additionally, we examined the effects of the 

compounds on a non-cancerous cell line and denoted SCI values (Table 1). Of the two 

compounds, 2608 displayed the highest selectivity (SCI above 5) in most cell lines 

compared to 2610. For these assays, we utilized a cell line that was most sensitive to 

the compounds, CEM, and one that is most resistant, COLO 205, to determine if the 

compounds elicited different responses that may display their resistance or sensitivity to 

the compounds. Once treated with a cytotoxic compound, cells can undergo apoptosis 

or necrosis as a cell death mechanism [65]. Thus, we investigated the piperidone 

compounds cell death mechanism. Hallmarks for apoptosis include the externalization 

of phosphatidylserine, mitochondrial membrane depolarization, reactive oxygen species 

generation, and the activation of executioner caspase-3 [66]. After conducting the 

Annexin V/PI assay, it was determined that both 2608 and 2610 induce cell death via 
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the apoptotic pathway due to the significant PS externalization in both cell lines. In cells 

undergoing programmed cell death, phosphatidylserine translocates to the outside of 

the cell membrane and is characteristic of apoptosis [41,42].  

When a cell undergoes apoptosis, it can go through the intrinsic or the extrinsic cell 

death pathway [67]. The intrinsic pathway implicates releasing factors by the 

mitochondria within the cell [68]. Caspase-3 is also activated by the permeabilization of 

the outer mitochondrial membrane and by releasing apoptogenic proteins that signal 

cell death [68]. On the other hand, the extrinsic pathway initiates apoptosis through cell 

membrane proteins known as death receptors [67]. A mitochondrial depolarization (JC-

1) assay was conducted to investigate the depolarization of the mitochondria, which 

usually occurs when the cell is undergoing apoptosis via the intrinsic pathway. Both 

compounds induced significant mitochondrial depolarization for both cell lines. This 

depolarization was more prominent in the CEM cell line, proving that the compounds act 

via the intrinsic apoptotic pathway, as shown in Fig. 4.  

To further investigate and characterize the mechanism by which 2608 and 2610 induce 

cell death, we studied ROS generation after compound treatment of CEM and COLO 

205 cells. The generation of ROS plays a role in the intrinsic apoptotic cascade by being 

released after the mitochondria's membrane is depolarized [47,69] It is well known that 

the overproduction of ROS can cause cellular stress, activate caspases, and lead to the 

induction of cell death [66,70]. As shown in Fig. 3, 2608 and 2610 induced ROS 

overproduction in a dose-dependent manner on CEM cells. Activation of apoptosis was 

significant with compound 2608 in COLO 205.  
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When mitochondria are used to initiate the apoptosis cascade (intrinsic pathway), 

frequently due to the ROS overproduction, its membrane potential is disrupted during 

the early stages of the program, ending in its depolarization [71]. Due to mitochondrial 

depolarization, a downstream effector enzyme, caspase-3, is activated [72]. Caspase-3 

is the enzyme where the intrinsic and extrinsic apoptotic pathways converge [73]. 

Typically, apoptotic cell death is irreversible after caspase-3 is activated [74,75]. To 

confirm the progression facets of apoptosis induced by the two piperidones, caspase-

3/7 activation was evaluated in CEM and COLO 205 cells. As expected, these assays 

indicated that caspase-3/7 was significantly activated by both piperidines, 2608 and 

2610, which agrees with our results. Overall, our findings suggest that both piperidones 

induce the apoptosis pathway to induce cell death on both cell lines. 

The DAPI staining flow cytometry protocol, to measure total cellular DNA contents, was 

used to examine whether 2608 and 2610 compounds could alter the cell cycle profile 

and reveal their potential DNA fragmentation activity on CEM and COLO 205 cell lines 

[39,76–78]. Both 2608 and 2610 did not change the cell cycle profile in the two cell lines 

tested (Figure 6). More specifically, 2608 induced DNA fragmentation on CEM cells but 

not in COLO 205 cells. In contrast, 2610 caused DNA fragmentation on both tested cell 

lines (Figure 6A). Thus, the DNA fragmentation activity of 2608 was selective on CEM 

cells, whereas 2610 exhibited this activity on both cell lines tested. Also, both 2608 and 

2610 compounds did not induce cell cycle arrest. Cells that are undergoing apoptosis 

display the morphological characteristic of DNA fragmentation[66]. 
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The ubiquitin-proteasome system has been known for the recognition and degradation 

of misfolded proteins in addition to performing essential roles in DNA replication, cell 

cycle regulation, cell migration, and immune response [79]. Prior work from our 

laboratory and others has demonstrated that piperidones induced proteasome inhibition 

[20]. Piperidone compounds P1 and P2 displayed polyubiquitination and increased 

Noxa protein expression in HL-60 cells [20]. Due to the similar structure and activity of 

the compounds, we investigated if the piperidones could also inhibit proteasome activity 

in both CEM and COLO 205. As demonstrated in previous works, piperidones have 

been shown to cause the accumulation of polyubiquitinated proteins [22]. Our results 

revealed that piperidone compound 2610 displayed a strong increase in 

polyubiquitinated protein accumulation in COLO 205, suggesting the inhibition of the 

proteome. In comparison, a fold increase was displayed more so in COLO 205 than in 

CEM for compound 2610. Compound 2608 displayed a moderate increase in 

polyubiquitinated proteins in both COLO 205 and CEM. In addition, MG 132 displayed 

slight proteasome inhibition in the CEM cell line in comparison to COLO 205. In light of 

previous published works with compounds P1 and P2 these data parallel with the 

polyubiquitination for CEM and COLO 205 once treated with piperidones 2608 and 

2610. As been previously shown, the results suggest that these piperidones' cell death 

induction could be partly due to moderate inhibition of proteasome function [22]. Further 

work would need to be conducted to advance the understanding of 2608 and 2610 

compounds as proteasomal inhibitors. In order to further confirm that said compounds 

are proteasomal inhibitors, we sought to compare the compounds with piperidone b-

AP15, which is a known proteasome inhibitor. Here we characterized compounds 2608 
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and 2610 that display structural similarity with b-AP15, which have been shown to act 

as inhibitors of proteasomal associated deubiquitinates (DUBs) [53,80]. Previous work 

has demonstrated the ability of b-AP15 to inhibit two 19S regulatory DUBs, UCH-L5 and 

USP-14 [53]. It was also shown that b-AP15 displays cytotoxicity to various cancer cell 

types, including multiple myeloma cells resistant to the 20S proteasome inhibitor 

bortezomib, suggesting that proteasome DUB inhibitors may have the clinical potential 

[56]. Recent studies also support the notion that deubiquitinating enzymes (DUB) are 

essential factors in proteolytic degradation and that their aberrant activity is linked to 

cancer progression and chemoresistance [80]. Here we focused primarily on the 

potential binding affinity of compounds 2608 and 2610 to UCH-L5 and USP-14, seeing 

as both compounds have a similar structure as b-AP15. With this in mind, the two 

compounds may also target the same DUBs as b-AP15. Our docking experiments 

suggested that both piperidones could interact with the same DUBs as b-AP15 and 

likely inhibit the proteasome similarly to the b-AP15 compound. 

In summary, both piperidones were shown to possess favorable cytotoxic properties on 

14 cell lines, consisting of hematological cancers and solid tumor cells, from the low 

nanomolar to the low micromolar range (0.009 µM to 1.664 µM). The two piperidones 

consistently induced cell death via the intrinsic apoptotic pathway, as evidenced and 

confirmed by the phosphatidylserine (PS) externalization, ROS generation, caspase 3/7 

activation, mitochondrial depolarization, and DNA fragmentation for both CEM and 

COLO 205. Furthermore, the two piperidones exhibited attractive antiproliferative, 

cytotoxic properties and suitable action mechanisms to be considered potential 

anticancer drugs.  
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CHAPTER 3: FURTHER ANALYSIS AND EVALUATION OF F8 

3.1 Introduction to thiophene/thiophenecarboxylate compounds 

In chapter 3, we continue to screen compounds in our laboratories' chemical library of 

30,000 compounds. When a potential cytotoxic compound has been found, we begin to 

screen the compounds with the same experiments as previously described in order to 

pinpoint the mechanism of cell death. We will start analyzing the phosphatidylserine 

externalization, ROS generation, mitochondrial depolarization, cell cycle analysis, and 

detection of caspase activation.  

Thiophene is a five membered heteroaromatic compound containing a sulfur atom at 1 

position. It is considered to be a structural alert with formula C4H4S, (Figure 10) 

chemical name is thiacyclopentadiene [81]. Thiophene and its substituent derivatives 

are very important class of heterocyclic compounds which show interesting applications 

in the field of medical chemistry [81]. Thiophene like compounds have been reported to 

possess a wide range of therapeutic properties. Such properties include anti-

inflammatory, anti-psychotic, anti-anxiety, kinase inhibiting and anti-cancer [81]. 

 

Figure 10 Structure of Thiophene 

Microtubules are recognized as crucial components of the mitotic spindle during cell 

division, and, for this reason, the microtubule system is an attractive target for the 

development of anticancer agents [82]. With this is mind, thiophene derivatives have 
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been shown to inhibit tubulin polymerization at the colchicine site [82]. Here we will 

explore the thiophene derivative and the compounds anti-cancer activity.  

A more profitable approach to preventing the proliferation of cancer is multitargeting 

kinase inhibitors [83]. Previous studies have shown thiophene like compounds inhibiting 

activity against Pim-1, VEGFR-2, and EGFR [83]. Kinase inhibition of certain biological 

pathways can potentially aid in halting the over proliferation of cancer cells.  

An extensive screening was conducted in order find a potential anti-cancer candidate. 

Compound F8 (methyl 5-[(dimethylamino)carbonyl]-4-methyl-2-[(3-phenyl-2-propynoyl) 

amino]-3-thiophenecarboxylate) will be further investigated and tested on various 

cancer cell lines to display the ability of the compound to induce cell death. This 

compound is part of a 30,000 compound library that our laboratory is currently 

analyzing. According to the literature, thiophenecarboxylate like compounds, have been 

known to act as Epithelial Growth Factor receptor kinase inhibitors, repress cAMP and 

cGMP in multiple cell lines in response to agonists acting on G-protein-coupled 

receptors, adenylyl cyclase, and guanylyl cyclase [84,85]. With this in mind, the 

repression of cAMP is of importance because it regulates cell growth. Studies suggest 

thiophene derivative compounds displayed high activity with inhibiting Pim-1 kinase [86].  

Suggesting, the ability to repress the over proliferation of cells cancer tends to do. Here 

we present a thiophene derivative.  
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Figure 11: Structure compound of F8, (methyl 5-[(dimethylamino)carbonyl]-4-methyl-2-[(3-phenyl-2-propynoyl)amino]-3-

thiophenecarboxylate). 

3.2 Evaluate the cytotoxicity of the compound on various cancer cell lines 

In order to determine a compounds CC50, Differential Nuclear Staining assays [DNS] will 

be conducted that uses two DNA intercalators, Hoechst 33342 and Propidium Iodide 

[PI], that are detected in the flow cytometer and bioimager systems [31]. As previously 

stated, both of these dyes are able to stain DNA and distinguish between which cells 

are alive or dead. Hoechst 33342 possesses the ability to stain both live and dead cells, 

while PI cannot permeate the cell membrane when it is intact and can only stain the 

nucleic acids (DNA) of cells when its cell membrane is compromised. The treated cells 

will undergo the same methodology as previously stated with compounds 2608 and 

2610. Further evaluation of the cytotoxicity of compound F8 is displayed in Table 3. 
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Table 3: Compound F8 cytotoxic concentrations (CC50) on various cancer cell lines at a 48 h time point. SCI: selective 
cytotoxicity index values were calculated using the following equation: CC50 of non-cancerous cells divided by the CC50 of the cancer 

cell line. SCI was calculated using the non-cancer cell line.  

 

 

The data suggests potential selectivity in leukemia and lymphoma cell lines, with the 

CC50 being at or below 1uM. In comparison to the adherent cell lines whose CC50 is a 

above 1 µM.  

 

 

 

 

 

 

 

 

 

 

F8

CELL TYPE CELL LINE CC50 (µM) S.D. SCI*

Acute Lymphoblastic 

Lymphoma

CEM 0.856 0.356 34.35

Acute Promyelocytic 

Leukemia

HL-60 1.29 0.356 22.79

Acute T Cell Leukemia JURKAT 0.805 0.021 36.53

Acute Lymphoblastic 

Leukemia

NALM-6 1.29 0.155 22.79

Pancreatic Carcinoma PANC-1 1.48 0.07 19.87

Malignant Melanoma A373 2.69 0.40 10.93

Breast 

Adenocarcinoma

MDA-MB-231 3.05 0.32 9.64

Normal Foreskin 

Epithelial

HS-27 29.41 0.127 -
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3.3 Determine the mechanism of action to induce cell death 

We sought out to determine the mechanism of death with compound F8 (methyl 5-

[(dimethylamino)carbonyl]-4-methyl-2-[(3-phenyl-2-propynoyl) amino]-3-

thiophenecarboxylate). We began by conducting a phosphatidylserine externalization 

assay. As previously stated, this assay measures the externalization of the negatively 

charged phospholipid. This is done by using the Annexin V protein that couples to the 

phospholipid due to its charge. Cells were seeded in a 24-well plate at a density of 

100,000 cells per well in 1 mL of culture media for CEM cells. Cells were then treated 

with compound F8 CC50 and X2 CC50 and incubated for 24 h. Following incubation, the 

cells were then harvested and washed with ice-cold PBS and centrifuged for 1200 xg for 

5 min. The cells were then stained with a mixture of the annexin V-FITC and PI in 100 µl 

of binding buffer and incubated for 15 minutes on ice. The cells were then resuspended 

in 400 µl of binding buffer and read immediately in the flow cytometer. For the controls, 

we used DMSO as a vehicle control, H202 as a positive control, and an untreated control 

was included as well. Both the controls and the experimentals were assessed in 

triplicates. 

 Here we display CEM cells that have been treated with compound F8. Given the data, 

the same type of trend that was shown in compounds 2608 and 2610 was displayed. 

Higher apoptotic values were observed with compound F8 as shown in figure 10. We 

used both CC50 and X2 CC50  and saw F8 induced a higher percentage of 

phosphatidylserine externalization than necrosis. Furthermore, with the externalization 

of phosphatidylserine on the cell surface we sought out to determine what other 

apoptotic methods the cell undergoes. 
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Figure 12: F8 ability to induce apoptosis was assessed in phosphatidylserine externalization assay. Conducted through flow 

cytometry F8 induced apoptosis in CEM cells. Analysis was performed following a 24 h incubation with 24 h CC50 and X2 CC50 (2.89 
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µM and 5.78 µM). Controls included DMSO as the vehicle , H2O2 as the positive, and untreated. Significant phosphatidylserine 

externalization was evident for the CC50 and X2 CC50 given the p value p<0.00001 (***). 

Assessment of mitochondrial involvement 

The accumulation of reactive oxygen species in CEM cells were measured after a 

treatment of cells after an 18 h incubation. To begin, CEM cells were seeded in a 24-

well plate at a density of 100,000 per well in 1 mL of culture medium. CEM cells were 

treated with F8 CC50 and X2 CC50 18 h prior to reading. The same controls that have 

been used in previous experiments were used in this one as well. Post incubation, cells 

were collected and placed in flow cytometry tubes and centrifuged for 5 min at 1200 

RPM. They were then resuspended in PBS containing carboxy-H2 DCFDA and 

incubated for 1 h. Cells were then centrifuged and resuspended in 500 µl of PBS. Cells 

were then analyzed via flow cytometry. 

High levels of Reactive Oxygen Species have been known to lead to the depolarization 

of the mitochondria [44]. With the increase of ROS production, it is known to be 

responsible for damages in the DNA, proteins, lipids, and may result in the cells overall 

dysfunction [44]. Here we investigate the mechanism at which F8 induces cell death. 

Following the exposure, the findings indicate significant depolarization of the 

mitochondria in comparison to the vehicle control. Thus, the accumulation of ROS was 

present in CEM cells after the treatment with F8.  
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Figure 13: Significant ROS was induced by F8 on CEM cell line in comparison to the vehicle control, DMSO, following an 18 h 

incubation period. Statistical analyses were acquired using a two-tailed t test, p=0.0005 and p=0.003. Representative dot plots are 
shown in panel B. 

 

 

 

 

 

 

P
=

 0
.0

0
0
5

P
=

 0
.0

0
3

%
 o

f 
R

O
S

 A
c
c
u

m
u

la
ti

o
n

Unt DMSO H2O2

2.89 µM 5.78 µM

A

B

0

20

40

60

80

100

Unt DMSO H2O2 2.89 µM 5.78 µM

F8



47 

Analysis of mitochondria membrane potential in CEM cells after treatment with F8  

 

CEM cells were seeded in 24- well plates and treated with F8 CC50 and X2 CC50 for a 4 

h incubation. The cells were harvested and labelled with fluorophore 5,5,6,6,-

tetraethylbenzimidazolylcarbocyanine iodide (JC-1). The cells were then read in the flow 

cytometer in order to capture the cells red and green signals. Healthy cells with a 

polarized mitochondria will emit a red fluorescence signal due to the aggregate 

formation. A green signal that is given in the flow cytometer indicates a depolarized 

mitochondrial membrane (JC-1 monomers). The analysis was completed via the flow 

cytometer. The amount of JC-1 monomers that were detected were twice that of the 

DMSO control with compound F8.  

In regards to the apoptotic pathway there are two processes involved in apoptosis, the 

extrinsic and the intrinsic. The extrinsic apoptotic pathway is initiated through interaction 

with the cell surface death receptors, also known as tumor necrosis factor receptors 

[88]. Death receptors depend on protein-protein interaction, which is critically involved in 

apoptosis signaling [88]. The intrinsic apoptotic pathway is mediated through 

intracellular signaling that converge at the mitochondria in response to stress conditions 

[88]. Internal stimuli such as genetic damage, oxidative stress, hypoxia and other stimuli 

trigger initiation of the intrinsic mitochondrial pathway [88]. The loss of the mitochondrial 

membrane potential occurs when the outer membrane is permeabilized as part of the 

intrinsic apoptotic pathway [89]. We utilized the JC- 1 assay to measure a change in the 

mitochondrial membrane potential after treatment with thiophene compound F8. In 

figure 12 we observe a significant number of cells with a depolarized mitochondria, 

twice that of the control value.  
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Figure 14: Significant mitochondrial depolarization activity was induced by compound F8 on CEM cells following a 4 h incubation. 
The cells were stained with JC-1 reagent and analyzed by flow cytometry. Statistical analyses was obtained through the two-tailed 

Students paired t-test. Controls that were included are the same as previously stated. Representative dot plots are shown in panel B 
to correspond to CEM cells.  
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Caspase 3 Activation 

We investigated Caspase 3 activation death mechanism to further validate apoptosis. 

Caspases are essential for the initiation and execution of caspases. Caspases can be 

divided into 3 groups, initiator caspases (caspase 2, 8, 9, and 10), executioner 

caspases (caspase 3, 6, and 7) and lastly inflammatory caspases (1, 4, 5, 11, and 12) 

[90]. Initiator caspases begin the cascade of caspase activation and initiate the 

apoptotic signal [90]. Upon activation of the executioner caspases, a mass proteolysis 

occurs, cleaving a range of substrates, including downstream caspases, nucleic 

proteins, plasma membrane proteins, and mitochondrial membrane proteins, ultimately 

leading to cell death [90]. Activation of caspase can be detected by certain methods, 

here we identify the activation of caspase-3 utilizing the fluorogenic NucView 488 

caspase-3 substrate. CEM cells were plated at a density of 100,000 cells per well and 

treated with F8 CC50 and X2 CC50. Following the incubation, samples were collected and 

stained with the fluorogenic NucView 488 according to the manufacturers protocol. 

Samples were then read immediately via the flow cytometer with 10,000 events per 

sample. Cells that emitted a green fluorescence were apoptotic cells with an active 

caspase-3. F8 CC50  displayed significant caspase-3 activation in comparison to the 

vehicle control. In regard to X2 CC50, the same manner of caspase-3 activation was 

observed in comparison to the vehicle control. Thus, both concentrations for the 

compounds showed significant caspase-3 activation.  
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Figure 15: Compound F8 induced significant caspase-3/7 activation in CEM cells. The cells were incubated for a 8 h period and 
stained with NucView 488 caspase-3/7 substrate. Statistical analyses was obtained using the two-tailed Student’s paired t-test in 

comparison with the vehicle control (1% DMSO). Representative dot plots are shown in panel B to correspond to CEM cells. 
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Cell Cycle analysis 

Our compound F8 has shown characteristics that are conclusive with the apoptotic 

pathway utilizing the intrinsic pathway. We continue our investigation with analyzing the 

cell cycle and at which stage the compound causes cell arrest. This assay analyzes 

different stages of the cell cycle. It is important to note that CC50 and lower 

concentrations were used in order to observe the different stages in the cell cycle. If 

higher concentrations were to be used, accumulation in the sub G0/G1 phase  would be 

observed. CEM cells were plated at a density of 100,00 cells per well and incubated for 

a 72 h period with compound F8 CC25 and CC10. The same treatments and controls 

were used in this experiment as presented in other sections. Following the incubation, 

F8 did not alter the cell cycle in the CEM cell line. As shown, F8 induced DNA 

fragmentation in CEM cells. Ultimately did not induce cell arrest  but did cause DNA 

fragmentation.  

The DAPI protocol was used to measure DNA contents and to examine whether F8 

could alter the cell cycle. DAPI is commonly used in cell cycle analyses since it 

preferentially binds to dsDNA, when the cells have been permeabilized [91]. This allows 

the DAPI to intercalate and saturate the nucleic acids [91]. The DAPI binds to A-T rich 

regions of DNA and will fluoresce 20-fold when bound to double stranded DNA [92] This 

helps quantify the cells in different stages of the cell cycle in the flow cytometer.  
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Figure 16: F8 cytotoxicity was analyzed via flow cytometer after a 72 h exposure on CEM cells utilizing 24 h CC10 and CC25. NIM-
DAPI was used to stain and quantify the amount of DNA in each sample. F8 displays DNA fragmentation evident in the Sub G0-G1 
phase. Controls were included, DMSO as the vehicle and H2O2 as the positive control, and untreated cells respectively.  

3.4 Investigate the inhibition of phosphorylation of F8 

The phosphorylation of the MAPK and JAKSTAT were assessed on CEM cells with 

compound F8 via Human Phosphorylation Pathway Profiling Array C55. Cells were 

plated at a density of 2.7 x 106 per mL and treated with F8 X2 CC50. Following a 3 hour 

incubation, the cells were harvested and centrifuged. The cells in each sample were 

then lysed with lysis buffer, a protease inhibitor cocktail, and a phosphatase inhibitor 

cocktail. The membranes were blocked prior to the samples being added. The sample 

was then incubated overnight with the MapK and JakStat membranes. The following 

day the membranes were then washed 5 times with Wash Buffer I (3) and Wash Buffer 

II (2) for 5 min at RT (room temperature). The detection antibody cocktail was prepared 

and divided into each well and incubated overnight. The membrane was then washed 

as previously described. During the washes, 1X HRP-Anti-Rabbit IgG was prepared and 

divided into each well (1mL) following the washes. The membranes with the added HRP 

were then incubated overnight. Lastly, the membranes were then washed as directed 

previously and the membranes were then transferred, printed side up onto a plastic 

sheet. In a separate tube, 250 µl of detection buffer C and 250 µl of detection buffer D 

were combined, totaling 500 µl. The detection buffer mixture was placed on each 

membrane and incubated for 2 minutes at RT (not rocked). Another plastic was placed 

onto the membrane and a conical tube was rolled gently across to smooth out any air 

bubbles, making a “sandwich” between two plastics. The sandwiched membranes were 

then transferred to a chemiluminescence imaging system and exposed.  



54 

Following exposure, the data was obtained via densitometry and normalized according 

to the protocol data analysis. It was observed in the JakStat membrane a reduction in 

signal in comparison to the DMSO. The fold reduction for Jak1 0.79 in comparison to 1 

for DMSO. The fold reduction for Jak and Stat are as follows, Jak 2 0.38, Stat 1 1.02, 

Stat 2 0.55, Stat 3 0.57, Stat 5 0.32, and Stat 6 4.47. Experimentals that were also 

included in the membrane include SRC 0.82, TYK 2 0.91, EGFR 1.46, SHP 1 0.54, and 

SHP 2 0.60. We are going to focus primarily on Jak, Stat and ERK. The effects of Jak 

Stat signaling and the persistent activation of Stat3 and Stat5 on tumor cell survival, 

proliferation, and invasion have made the Jak Stat pathway a favorable candidate for 

cancer therapy [93]. Given the data, there was a reduction on the Jak and Stat 

pathways suggesting the compound may be inhibiting a very important biological 

pathway that is responsible for tumor progression. Hyperphosphorylation was also 

observed in the MapK membrane, with values for ERK 1 5.77 and ERK  2 1.38. MapK 

associated kinase values in the membrane included CREB 1.62, HSP 27 4.14, JNK 

23.72, MEK 7.93, MMK3 1.18, MMK6 3.59, P38 2.08, P53 1.05, RSK 1 1.11, and RSK 2 

0.89. Map K are present in the spindle and associated with microtubule organizing 

centers at the spindle poles and at the cytoplasm [94]. Extracellular signal-regulated 

kinase (ERK) 1/2 plays crucial roles in cell cycle progression, particularly during M-

phase [95] Thus, the hyperphosphorylation of ERK may be contributing to disruption of 

microtubule formation and preventing cells from entering anaphase [95]. 
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Figure 17:Human Phosphorylation Kinase Array C55 was conducted on the CEM cell line. Utilizing MapK 
and JakStat membrane in order to gage phosphorylation. Fold changes were determined using 
densitometry. Hyperphosphorylation was observed in the MapK membrane versus the JakStat. 

Hypophosphorylation was displayed in the Jak 1-2 and Stat 2-5. It is important to note data displays one 
experiment.  

3.5 Investigation of microtubule inhibition 

Microtubule formation was assessed on MDA-MB-231 at a density of 2500 cells per well 

in a 96 well plate, respectively.  Since adherent MDA-MB-231 cells are easily visualized 

for alterations in their cytoskeleton , they were chosen over the leukemia cell lines. Upon 

plating the cells were incubated overnight and the cells were treated the following day in 

triplicates with the experimental compound CC50. The controls that were included were 1 

µM final of paclitaxel, this is used as a microtubule disruption control. Cytochalasin-D 5 

ug/ml final that acts as an actin polymerization inhibition control and lastly DMSO as the 

vehicle control. Once treated, the cells were then incubated for 2h. it is important to note 

the short incubation time is due to wanting to display primary effects of the compound 

and not secondary. If a longer incubation time would have been conducted, we would be 

displaying secondary effects of the compound. Following incubation, the cells were fixed 

by adding 100 µl of fresh 8% formaldehyde without removing any media bringing the final 

concentration to 4% formaldehyde. Incubate for 20 min at room temp. Remove the 

formaldehyde from each well, then wash and permeabilize the cells by adding 200 µl of 

0.1% Tween 20 detergent in PBS. Incubate for 10 min at room temperature.  Repeat the 

washes two more times without an incubation period. After the washes, remove the 

Tween PBS solution and add 200 µl of blocking solution, 5% bovine serum albumin in 

TBS-T (Tris buffer saline with 0.1% Tween 20). Incubated for one hour on a rocking 

platform at room temperature. Lastly, remove the blocking solution from each well and 

add 50 µl of PBS solution containing 0.1% Tween 20, DAPI 10 µg/mL, phalloidin 
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conjugated to Alexa Fluor 568 (0.165 µM) and 0.5 ug/ml tubulin monoclonal antibody 

conjugated to Alexa Fluor-488. The plate was read via confocal microscopy.  

Given the data, in comparison to both positive controls, paclitaxel and cytochalasin-D 

there was no disruption of actin filaments or microtubule disruption in the experimental 

F8. Paclitaxel is used to suppress microtubule detachment from centromeres. The role of 

cytochalasin-D is that it is a permeable fungal toxin that binds to the ends of actin 

filaments inhibiting the association and disassociation. This data suggests that the 

compound is not affecting microtubule formation upon early treatment of the cell. The 

reasoning for a short incubation time is that we needed to observe primary effects of the 

compound. Longer incubation times would display secondary effects of the compound. 

Thus, F8 does not disrupt microtubule formation or cytoskeleton organization.  
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Figure 18: Compound F8 did not disrupt the microfilaments of the cytoskeleton organization in MDA-MB231 cells. The cells were 
treated for 2h with the compound and triple stained with Alexa-568 conjugated phalloidin, Alexa-488 anti-tubulin, and DAPI. 
Microscopy images of MDA-MB231 display microfilaments (F-actin; Alexa-568 red channel) and microtubules (tubulin; Alexa-488 
green channel) and nucleus (blue channel; DAPI). The left column of images represents microtubules (green), the middle column 
corresponds to F-actin microfilaments (red), merged images of Alexa-568 and Alexa-488 channels with DAPI channel.  
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3.6 Discussion 

Previously it has been shown that thiophene compounds have the ability to induce 

apoptosis in cancer cell lines [96]. Thiophenes have been used to treat a variety of 

cancers and other condition in the U.S. [97]. Thiophenes are a sulfur containing 

heterocyclic compound that binds with a wide range of cancer specific protein targets, 

depending on its nature [97]. Here we discuss thiophenecarboxylate compound, F8 and 

its ability to display cytotoxicity towards cancer cell lines. Here, we explored the 

compounds cytotoxicity in various cancer cell lines, with CC50 values ranging from 

nanomolar to low micromolar concentrations (0.805 µM to 3.05 µM). Additionally, we 

demonstrated the compounds’ ability to induce apoptosis in the CEM cell line by 

investigating phosphatidylserine externalization, mitochondrial membrane 

depolarization, reactive oxygen species generation, and the activation of executioner 

caspase-3. Following the Annexin V / PI assay, it was concluded that F8 induced cell 

death via the apoptotic pathway due to the significant PS externalization. With cells 

undergoing programmed cell death, phosphatidylserine translocate to the outside of the 

membrane and signals for engulfment [41]. Here we displayed significant 

phosphatidylserine externalization with compound F8 in CEM cells.  

When a cell is undergoing apoptosis, it can go through the intrinsic or extrinsic pathway 

[67]. The intrinsic pathway releases factors via the mitochondria within the cell [68]. A 

mitochondrial depolarization assay (JC 1) was conducted to investigate the 

depolarization of the mitochondria. This tends to occur when the cell is undergoing 

apoptosis via the intrinsic apoptotic pathway. Compound F8 induced significant 
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depolarization of the mitochondria, thus proving F8 acts via the intrinsic apoptotic 

pathway.  

We studied ROS generation after compound treatment of F8 on CEM cells. The role of 

ROS is very important, it is released upon the depolarization of the mitochondria’s 

membrane [89]. This overproduction of ROS causes cellular stress, activate caspases, 

and overall lead to cell death [70]As shown, F8 induced ROS overproduction in CEM 

cells, thus leading to apoptosis. 

By permeabilization of the mitochondrial membrane executioner caspase-3 becomes 

activated [68]. Typically an apoptotic death is irreversible after caspase-3 is activated  

[74]. Upon activation, caspases demolish key proteins, cleave DNA and activate other 

enzymes. Caspase-3 activation was assessed in CEM, following treatment with F8. 

Significant caspase-3 activation was shown and thus our findings suggest activation of 

apoptosis via the intrinsic pathway.  

A cell cycle analysis was conducted in order to measure cellular DNA content in CEM 

cells upon treatment of F8. Compound F8 did not change the cell cycle profile in the 

CEM cell line. More specifically, F8 induced DNA fragmentation. Cells undergoing 

apoptosis display the morphological characteristic of DNA fragmentation, thus 

confirming our previous results [66].  

A phosphorylation array was conducted on CEM cells with thiophene F8. According to 

the literature, thiophenes have displayed the ability to inhibit phosphorylation in very 

important biological pathways [96]. He we sought out to determine if F8 can inhibit 

phosphorylation in the Map K, Jak, Stat, and ERK pathway.  Map Kinase plays an 
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essential role in extracellular signaling and is often dysregulated in various cancers [98]. 

Often times, stress-activated pathways, such as Jun N-terminal kinase and p38, largely 

seem to counteract malignant transformation and here we saw hyperphosphorylation of 

JNK and p38 [98]. According to the data, hypophosphorylation was observed in Jak 1 

and Jak 2. Suggesting inhibition of that pathway upon treatment with compound F8. It 

was also noticed for Stat 2, Stat 3, and Stat 5 hypophosphorylation was also observed. 

In regards to ERK 1/2,and CREB it has been shown upon treatment of thiophene 

derivatives ERK and CREB becomes hypophosphorylated. ERK 1/2 has previously 

shown to induce apoptosis in human lung carcinoma cells [99]. ERK has also been 

known to facilitate the transfer of extracellular signals to the nucleus by phosphorylation 

of certain transcription factors, STAT 3 and CREB. There transcription factors are 

known proto-oncogenes and are often persistently active in cancer [100–102]. In 

addition to the hyperphosphorylation in ERK, ERK plays a role in chromosome 

alignments and microtubule assembly [94,95]. It was theorized that this increase can 

potentially inhibit microtubule formation. A cytoskeleton analysis was conducted on 

MDA-MB-231 cell line. According to the data, F8 did not cause disruption in microtubule 

formation in the cells. Suggesting the compound does not act upon the microtubules 

and instead acts upon another pathway in the cell. With the phosphorylation data, it can 

potentially pave the way for future studies in the Jak Stat or MapK pathway.  
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3.7 Future Work 

The research presented in this dissertation are simply small steps towards evaluating 

2608, 2610, and F8 as anticancer drugs. Additional studies could include in-vivo studies 

with compounds 2608 and 2610. For compound F8, further analysis of the 

phosphorylation data could open a realm of possibilities in exploring different pathways 

the compound takes in the cell. Ultimately, F8 can be evaluated in patients following 

further exploration.  
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APPENDIX 

EXPERIMENTAL PIPERIDONES 

Stock solutions of both 2608 (1-dichloroacetyl − 3,5-bis(3,4-difluorobenzylidene)-4-

piperidone), 2610 (1-dichloroacetyl-3,5-bis(3,4-dichlorobenzylidene)-4-piperidone) and 

F8 (methyl 5-[(dimethylamino)carbonyl]-4-methyl-2-[(3-phenyl-2-propynoyl)amino]-3-

thiophenecarboxylate) thiophene and piperidones were initially prepared in dimethyl 

sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO, USA), and then, further working 

dilutions were also made using DMSO as a solvent. As necessary, aliquots of the 

piperidones were added directly to 24- or 96-well experimental plates containing cells 

cultured in a complete growth medium. DMSO, the piperidone diluent, was consistently 

tested at the same concentration as contained in the experimental samples as a control 

for non-specific solvent effects. 

CELL CULTURE 

Cell tissue cultures were obtained through the American Type Culture Collection 

(ATCC, Manassas, VA, USA). For the culture of lymphoma and leukemia, T 

lymphoblast CEM (ATCC ®CRL-2265™), B lymphocyte RAMOS (ATCC ®CRL-

1596™), and promyelocytic leukemia HL-60 (ATCC ®CCL-240™), multiple myeloma 

MM.1R (ATCC ®CRL-2975™), MM.1 S (ATCC ®CRL-2974™), U266 (ATCC ®TIB-

196™), and RPMI-8226 (ATCC ®CRM-CCL-155™), along with colon cancer (COLO 

205, ATCC ®CCL-222™), the RPMI-1640 medium (Hyclone, Logan UT, USA), 

supplemented 10% fetal bovine serum (FBS, Hyclone), 100 U/mL of penicillin and 

100 µg/mL of streptomycin (Thermo Fisher Scientific Inc. Rockford, IL) was utilized. The 
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HL-60 cells were grown using the above medium but with 20% FBS instead of 10%. 

The Hs-27 (ATCC ®CRL-1634™), MDA-MB-231 (ATCC ®CRM-HTB-26™), and PANC-

1 (ATCC ®CRL-1469™) cell lines were grown in Dulbecco’s Modified Eagle’s Medium 

(DMEM; CORNING, Corning, NY, USA) with the addition of 10% FBS and 100 U/mL of 

penicillin and 100 µg/mL of streptomycin. A colorectal adenocarcinoma, HT-29 (ATCC 

®HTB-38™), was cultured in McCoy’s 5 A Medium supplemented with 10% FBS and 

100 Units/mL Penicillin and 100 µg/mL Streptomycin. For colon fibroblast CCD-112-

CoN (ATCC ®CRL-1541™), Eagles Minimum Essential Medium supplemented with 

10% FBS, 100 Units/mL Penicillin and 100 µg/mL Streptomycin was used. Furthermore, 

MCF10A cells were grown in DMEM F12 supplemented with 10% FBS, 100 Units/mL 

Penicillin and 100 µg/mL Streptomycin. Lastly, pancreatic carcinoma ( PC-3, ATCC 

®CRL-1435™) utilized F-12 K Medium supplemented with 10% FBS, 100 Units/mL 

Penicillin and 100 µg/mL Streptomycin. Consistently, all cell types were incubated at 

37ºC in a humidified atmosphere of 5% CO2 using a conventional water-jacketed 

incubator. 

STATISTICAL ANALYSES 

Every experimental point indicates a minimum of three independent measurements 

unless otherwise stated. The findings were displayed as the average of the several 

measurements with their corresponding standard deviations to denote the experimental 

variability. The Linear Interpolator software was utilized to obtain the 50% cytotoxic 

concentration (CC50) (https://www.johndcook.com/interpolator.html; accessed on 24 

February 2022). Here, the CC50 is defined as the compound’s concentration required to 

kill 50% of the cell population. The P-values were calculated using a two-tailed paired 
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Student’s t-test to establish statistical significance between two samples, using the T-

Test Calculator for 2 Independent Means software 

(https://www.socscistatistics.com/tests/studentttest/default2.aspx; accessed on 24 

February 2022). On some circumstances, the significant P-values (≤ 0.05) were 

annotated with asterisks; * P < 0.05, ** P < 0.01, and *** P < 0.001. 
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