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Abstract 

Two libraries of chemical compounds were analyzed for their cytotoxic activity against 

cancer and non-cancerous cell lines. In chapter 1, fourteen novel piperidones were tested 

on a panel of different cell lines to identify their cytotoxic activity. These compounds were 

found to have cytotoxic activity toward cancer cells with a cytotoxic concentration 50 

(CC50) in the micromolar range. Furthermore, these fourteen compounds have selectivity 

preferentially towards cancer cells. Based on selectivity, and cytotoxicity, four compounds 

were selected for further characterization in the HL-60 cell line. The four compounds elicit 

apoptosis as measured by the externalization of the phospholipid phosphatidylserine 

(PS), the activation of caspase 3, and DNA fragmentation. In addition, the chemical 

compounds induce the overproduction of Reactive Oxygen Species and the 

depolarization of the mitochondrial membrane. Cell cycle analyses show that the 4 

compounds mainly arrest HL-60 cells in the G0/G1 phase. Finally, Western Blots indicate 

that the treatment with the four compounds produces the accumulation of 

polyubiquitinated proteins suggesting that the protein degradation pathway was affected. 

Additionally, the four compounds overexpressed the HMOX-1 gene that encodes a 

protein that is overexpressed by proteasome inhibitors treatment. In Chapter 2, more than 

5000 compounds from a commercial library were analyzed to find a potent chemical 

compound against cancer cells. A new pyrazole, referred to as B6, was discovered for 

having the highest cytotoxic activity at the low micromolar range. B6 was found to be 

cytotoxic in a panel of twenty-three different cell lines including leukemias and cell lines 

derived from different solid tumors. The MDA-MB-231 cell line was chosen due to its 

sensitivity to various anti-cancer compounds. B6 was found to induce apoptosis as 



viii 

measured by PS externalization, the activation of caspase 3, and DNA fragmentation.  

However, B6 did not overproduce reactive oxygen species (ROS) nor the depolarization 

of the mitochondria membrane, suggesting another apoptotic pathway. To get an insight 

into the mechanism of action we performed transcriptomic analyses. After 6 h of 

treatment, we observed the up-regulation of 116 genes and the down-regulation of 87 

genes; while after 24 hours of treatment, we observed 198 up-regulated and 532  

down-regulated. A comparison to Connectivity Map (CMap) revealed that cells treated 

with the B6 compound displayed a gene expression pattern similar to the gene signatures 

expressed by tubulin inhibitors. Moreover, molecular docking analyses revealed that B6 

interacts with tubulin in an in silico model. Thus, we hypothesized that B6 could be a 

tubulin inhibitor. Tubulin inhibitors disturb the organization of microtubules; therefore, we 

captured images by using fluorescent microscopy. The images showed that B6 disrupts 

microtubule organization. In addition, the B6 compound arrests the cell cycle in the G2/M 

phase. Finally, a microtubule polymerization assay revealed that B6 inhibits tubulin 

polymerization. The findings presented in this dissertation show promising results for 

these compounds as they can potentially be used as they can feasibly be used in cancer 

therapy.  
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Chapter 1: Introduction 

1.1 Cancer 

Cancer is defined as any disease that is characterized by abnormal and uncontrolled cell 

growth 1,2. Cancer can be classified depending on where it begins. There are three main 

types of cancer: (1) carcinomas, which begin in the tissue or skin that covers the organs, 

(2) sarcomas, solid tumors from connective tissue, and (3) lymphomas and leukemias, 

cancers that arise from blood-forming and immune system cells2. The most important 

characteristic of cancer cells is the ability to sustain long-lasting proliferation3. Virtually, 

every cell in the human body has the potential to become a cancer cell. Normal cells turn 

into cancer cells when they stop responding properly to the signals that control 

conventional cell behavior4. After a cell becomes cancerous, it will divide indefinitely and 

invade, metastasizing, and killing the host if it is left untreated5. This aberrant behavior of 

cancer cells is caused by molecular and cellular reprogramming happening in both, the 

intracellular and extracellular environment6. Many factors attribute to the formation of 

cancer. Ninety to ninety-five percent of all cancer cases are attributed to environmental 

and lifestyle factors whereas the remaining five to ten percent are due to genetic factors7. 

Environmental and lifestyle factors that affect the development of cancer include diet, 

tobacco and alcohol consumption, infectious agents, exposure to environmental 

pollutants, and radiation7,8. In a majority of cases cancers typically arise after mutations 

occur, nonetheless, these mutations are related to environmental and lifestyle factors5,7,8 
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1.2 Cancer Statistics 

Cancer is a growing health problem that represents a major public concern and it is 

responsible for one out of six deaths worldwide9,10. It is a leading cause of death 

worldwide11 and the second leading cause of death in the United States12. GLOBOCAN 

estimates that there were 19.3 million new cases of cancer and almost 10 million new 

deaths due to cancer occurred worldwide in 202010. In the US, 1,918,030 new cancer 

cases are expected in 2022, with a projection of 609,360 new deaths12 resulting in more 

than 1,600 average deaths per day. Overall, the rates of new cancer cases and deaths 

due to cancer are rapidly increasing worldwide12. In men, prostate cancer is the most 

diagnosed cancer, however, the leading cause of cancer death is lung cancer. In women, 

the most diagnosed cancer is breast cancer but the leading causes of cancer death are 

breast and cervical cancer10. In addition to representing a health problem, cancer has an 

enormous impact on the economy. The total annual monetary cost of cancer care in 2010 

was estimated to be $124.57 billion in the US13. In 2020, the monetary cost of cancer care 

was projected to be $165.21 billion13 and by the year 2030, it is expected to increase to 

$246 billion in the US alone14.  

1.3 Cancer Treatments 

Cancer can be treated by using different approaches despite it being largely categorized 

as a deadly disease. The main goal of treatment in cancer is to kill cancerous cells while 

minimizing the killing of normal cells15. Nowadays, cancer treatments include the use of 

surgery, radiation, chemotherapy, and immunotherapy, among others alone or in 

combination 16–18. Surgery, the physical removal of cancerous tissue from the body, is the 

first therapy in most solid cancers18. Radiotherapy is the use of radiation to kill cancer 
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cells by damaging the DNA enough to prevent it from being repaired19 and it is used in at 

least two-thirds of western countries as part of the treatment regimen for cancer20. 

Naturally, the immune system recognizes and eliminates many threats including cancer 

to keep homeostasis in the body21. By definition, immunotherapy is the use of different 

approaches such as antibodies, cytokines, immunological checkpoint inhibitors, and/or 

vaccines to increase and restore the immune system’s capability to fight cancer22. 

Chemotherapy is the use of drugs to kill or stop the progression of cancer cells which can 

be administered in multiple ways23. Chemotherapeutic agents are divided into various 

types: antimetabolites, alkylating agents, mitotic spindle inhibitors, and topoisomerase 

inhibitors, among others24. Even though a wide repertoire of new treatments against 

cancer has been developed, chemotherapy is still the regular treatment for all cancers25. 

However, the effects of chemotherapy are systemic, meaning that it kills normal and 

cancer cells equally26. In addition to killing normal cells in the body, cancer cells can 

become resistant to chemotherapeutic agents24. Therefore, there is an urgent need for 

new molecules that can be specific for cancer and less toxic to normal cells.  

1.4 Anti-Cancer Drug Discovery 

The main goal of drug screening in cancer is to discover novel chemotherapeutic agents 

that are capable of killing and/or stopping cell proliferation while reducing damage to 

normal cells27. One of the most common methods in drug discovery is high throughput 

screening (HTS). HTS consists of the screening of random large chemical libraries aiming 

at the discovery of hit molecules effective against biological targets in a certain 

disease27,28. In this process, chemical compounds are tested in primary screenings to 

determine if there is any cell death activity. If a compound displays cytotoxic activity, then 
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it is selected to be tested in a secondary screening where inhibitory concentrations 50 

(IC50s) and cytotoxic concentrations (CC50s) are determined29. Once a hit (lead) molecule 

has been identified, this compound becomes a candidate for testing that will progress 

from preclinical to clinical trials30.  

1.5 Curcumin Piperidone and Pyrazole Derivatives  

The improvement via chemical synthesis and modification of previously reported 

compounds is commonly used to produce better drugs31. Curcumin is a polyphenol 

obtained from the plant Curcuma longa (also known as turmeric). Curcumin has been 

demonstrated to have therapeutic effects in many biological activities including several 

cancers32–35, for this reason, it is a potential candidate drug to be used in anti-cancer drug 

research35. However, curcumin has poor bioavailability due to its poor absorption and 

rapid metabolism31. Therefore, Curcumin derivatives such as piperidones have been 

synthesized which have been reported to have good cytotoxicity on many cancers32. In 

addition to curcumin derivatives, pyrazoles have also gained attention due to their 

pharmacological properties36.  Pyrazole is a five-membered aromatic ring containing two 

adjacent nitrogen atoms37. Pyrazole and its derivatives are a class of compounds that 

exhibit a wide range of pharmacological properties37. Anti-cancer properties have been 

documented among the pharmacological activities exhibited by pyrazoles37. Additionally, 

many compounds used in the clinic contain the pyrazole moiety38,39. For this reason, 

pyrazoles are potential candidate structures in anti-cancer research38.   
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1.6 Research Rationale 

Cancer remains a deadly disease. Many approaches have been developed to treat 

cancer: surgery, radiation, chemotherapy, and immunotherapy, however, chemotherapy 

is still the regular cancer treatment. Nonetheless, chemotherapeutic agents can lead to 

the production of drug resistance in cancer cells. In addition, chemotherapy can be 

systemic, meaning that it kills cancer and non-cancerous cells indiscriminately. Therefore, 

there is a need for the discovery of new chemical compounds to be used as anti-cancer 

agents. One traditional approach that leads to the discovery of new agents is the testing 

of large chemical libraries to get hit compounds through HTS. Those hit compounds are 

then tested to unveil the mechanism of action, which helps provide enough information 

about the safety of the drug and how it behaves in the body. For this reason, this project 

focuses on characterizing novel molecules with anti-cancer activity and determining their 

mode of action. Despite the limitations of this study due to the lack of in vivo data, we 

hope these data can serve to help develop novel therapies and provide better weapons 

to win the fight against cancer in the future.  
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1.7 Specific Aims 

The main goal of this project is to identify novel compounds with the potential to be used 

in anti-cancer research and to describe their mechanism of action. 

Chapter 2: Evaluation of the Cytotoxicity of Novel Piperidones and Characterization 

of Hit Compounds 

Specific Aim 1:  

Cytotoxicity evaluation of novel piperidones on a panel of different cancer cell lines. 

1.1. To determine which concentration of the compounds kills 50% of the cell 

population 

1.2. To identify the most potent compounds and the compounds with the highest 

selective cytotoxic index (SCI) 

Specific Aim 2:   

Characterization of novel piperidones. 

2.1. To identify which cell death mechanism is induced by the lead compounds 

2.2. To determine the mode of action of the lead compounds  

Chapter 3: Evaluation of cytotoxicity of a commercial chemical library, 

identification, and characterization of one lead compound 

 Specific Aim 1:  

Cytotoxic analysis of a commercial chemical library to identify a potent novel compound. 
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1.1.  Analyze more than 5000 compounds from ChemBridge DIVERset library and 

identify the most potent compound 

1.2.  Evaluate the cytotoxic activity of the most potent compound on a panel of 

different cell lines 

Specific Aim 2:   

Characterization of B6 (2-{4-[4-methoxy-3-(trifluoromethyl)phenyl]-1H-pyrazol-1-yl}-N-(2-

methyl-2H-1,2,3-triazol-4-yl)acetamide) compound. 

2.1. Determine if the cell death mechanism of apoptosis is induced by the hit 

compound 

2.2.  Identify the mechanism of action of the novel compound through transcriptomics, 

bioinformatics analysis, and proof-of-concept experiments 

  

 

 

 

 

 

 

 

 

 



8 

Chapter 2: Evaluation of Cytotoxicity of Novel Piperidones and Characterization 

of Hit Compounds 

2.1 Evaluation of Cytotoxicity of Novel Curcumin Derivative Piperidones  

Screening of chemical compounds as potential anti-cancer therapy needs the continuous 

growth of cell lines. Different cell lines were utilized during the analysis of the experimental 

chemical compounds. Hematological cancer cell lines used were HL-60, acute 

promyelocytic leukemia, and CCRF-CEM, which is acute lymphoblastic leukemia. Solid 

tumor cancer cell lines included: HT-29, a colorectal adenocarcinoma, COLO 205, a 

colorectal adenocarcinoma cell line, and MCF7 a breast cancer adenocarcinoma cell line. 

Two non-cancerous cell lines were used as controls: CCD-112CoN, a fibroblast from 

colon tissue, and Hs27, a fibroblast that is derived from the foreskin. All the cell lines were 

grown under aseptic conditions in incubators at 37°C in a humidified 5% CO2 

environment. RPMI-1640 culture media was used for HL-60, CCRF-CEM, and COLO 

205. For HL-60, the complete media was prepared with 20% Fetal Bovine Serum (FBS), 

whereas for CEM and COLO 205, 10% FBS was used. Hs27 and MCF-7 cells were grown 

using Dulbecco’s Modified Eagle’s Medium (DMEM) media with 10% FBS, additionally, 

10 µg/ml of insulin was added to the medium for MCF7. Eagle’s Minimum Essential 

Medium (EMEM) with 10% FBS was used to grow CCD-112CoN. For HT-29, McCoy’s 

medium supplemented with 10% FBS was utilized. Consistently, the FBS was heat 

inactivated. Additionally, 100 U/ml of penicillin and 100 µg/ml of streptomycin were added 

to all the culture mediums. All cell lines were regularly monitored, avoiding high levels of 

confluence. The media was replenished every two to three days. For adherent cell lines, 

1X trypsin was added to detach them. For non-adherent cell lines, media was changed 
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by removing old media and replenishing it with new media. Before preparing an 

experimental multi-well plate, cell viability was tested through flow cytometry by adding 5 

µg/ml of propidium iodide (PI) to a 400 µL of cell suspension aliquot. Only cells with ≥95% 

viability were used to run cytotoxicity experiments.   

Initially, a screening to determine the cytotoxic concentration that kills 50% of the entire 

cell population (CC50) was performed with fourteen different compounds. These 

compounds were chemically synthesized in the laboratory of Dr. Jonathan R. Dimmock 

from the University of Saskatchewan in Canada and were analyzed on a panel of different 

cell lines. To determine the cytotoxic activity on different cancerous and non-cancerous 

cell lines of the compounds, the Differential Nuclear Staining (DNS) assay was used40. 

To perform the DNS assay, 1X104 Cells were seeded in 96-well plates at a volume of  

100 μL of media per well and were left overnight under cell culture conditions. Cells were 

treated with different concentrations of the compounds: 10 μM, 7.5 μM, 5 μM, 2.5μM, 

1 μM, 0.5 μM, 0.25 μM, and 0.1μM. DMSO at 1% was used as the vehicle control and 

untreated cells as a negative control. 1.6 millimolar (mM) of H2O2 was added to the cells 

to induce cell death as a positive control. To calculate the average of the compounds 

three technical replicates were used. For DMSO and untreated cells, six technical 

replicates were used. After treatment cells were left for a period of 24 or 48 h. Two hours 

before the period of incubation elapsed, a mixture of Hoechst 33342 and propidium iodide 

(PI) in Phosphate-buffered saline (PBS) was added to each well. When time passed, 

plates were read by using IN Cell Analyzer 2000 system (GE Healthcare, Pittsburg PA, 

USA). Four adjacent images per well were captured and analyzed with the IN Cell 

Analyzer Workstation 3.2 software (GE Healthcare). The following equation was used to 
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normalize the cytotoxicity of each treatment to the DMSO control: (((average cell count of 

DMSO - total cell count of treatment well) + dead cell count of treatment well) / (average 

cell count of DMSO)) *10041. The CC50 was calculated by extrapolating two 

concentrations, one that kills more than 50% of the population and one that kills less than 

50%. The extrapolation was accomplished by using an online tool 

(https://www.johndcook.com/interpolator.html). To determine if a compound has 

selectivity toward cancer and not non-cancerous cell lines the selective cytotoxic index 

(SCI) is calculated. The SCI is calculated by dividing the CC50 value of the control cell line 

Hs27 by the CC50 value of the cancer cell lines (i.e. 4/0.16= 25). The calculation of the 

SCI of the compounds was performed by using the two hematological cancer cell lines. 

High SCI values mean that the compound kills cancer cells better than normal cells. 

The effect of exposure for 24 and 48 h of the chemical compounds was analyzed in 

different cell lines to calculate the CC50 values in these specific types of cancer. A low 

CC50 value means a potent compound since it can kill cells with a lower concentration of 

molecules. Hematological cancer cell lines were the most sensitive to the fourteen 

compounds having CC50 values in the nanomolar range and more specifically, the HL-60 

cell line was the most sensitive (Table 1). The most potent compounds in these cell lines 

were NC2564 (Figure 1b) with a CC50 value of 0.14 μM in HL-60 and NC 2559 (Figure 

1a)  with a CC50 value of 0.17 μM in CCRF-CEM (Table 1).  
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Table 1. CC50 values of fourteen compounds after 48 h of treatment in hematological cancer cell 
lines. 

 

The cytotoxic activity of these compounds was also analyzed in colon and breast cancer 

cell lines. In all three cell lines, the most potent compound was NC2564 (Figure 1a). Most 

of the compounds have CC50 values in the low micromolar range, however, NC2564 has 

CC50 values of 0.73 μM in HT-29 and 0.88 μM in COLO 205 (Table 2). Even though MCF7 

was more resistant than the other cell lines, NC2564 is still the most potent compound 

having a CC50 of 1.47 μM. These data provide evidence that NC2564 is the most potent 

compound of this set of chemical compounds. 

 

Cell Line HL-60  CCRF-CEM  

Compound CC50 Standard Deviation CC50 Standard Deviation 

 
NC2067 

 
0.16 μM 

0.043205 0.23 μM 0.015275 

 
NC2559 

 
0.16 μM 0.040415 0.17 μM 0.034641 

 
NC2560 

 
0.23 μM 0.111505 0.52 μM 0.035355 

 
NC2561 

 
0.26 μM 0.017321 0.41 μM 0.028284 

 
NC2562 

 
0.59 μM 0.075056 0.40 μM 0.035355 

 
NC2563 

 
1.96 μM 0.070711 3.62 μM 0.127279 

 
NC2564 

 
0.14 μM 0.041633 0.20 μM 0.038297 

 
NC2565 

 
0.19 μM 0.078102 0.46 μM 0.007071 

 
NC2566 

 
0.17 μM 0.041633 0.28 μM 0.028868 

 
NC2567 

 
0.25 μM 0.040415 0.27 μM 0.050662 

 
NC2569 

 
0.23 μM 0.005774 0.25 μM 0.016330 

 
NC2570 

 
0.18 μM 

0.057735 0.20 μM 0.021229 

 
NC2571 

 
0.16 μM 0.028284 0.30 μM 0.045092 

 
NC2572 

 
0.18 μM 0.051962 0.35 μM 0.058595 
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Table 2. CC50 values of fourteen compounds after 48 h of treatment in colon and breast cancer cell 
lines. 

 

Compounds used as chemotherapeutic agents must have more cytotoxic activity towards 

cancer cells and not non-cancerous cells, showing anti-cancer selectivity. To prove that 

these compounds have selectivity, two non-cancerous cell lines were used. Table 3 

shows the CC50 values of these compounds in Hs27, which is a fibroblast cell line derived 

from the human foreskin, and CCD-112CoN a fibroblast cell line derived from colon 

tissue. Almost all the compounds have CC50 values in the micromolar range in both cell 

lines, except for NC2564 which has a CC50 value of 0.73 µM in Hs27.   

 

Cell Line HT-29  COLO 205  MCF 7  

Compound CC50 Standard 
Deviation 

CC50 Standard 
Deviation 

CC50 Standard 
Deviation 

 
NC2067 

4.30 μM 0.073711 1.72 μM 0.015275 5.44 μM 0.250067 

 
NC2559 1.87 μM 0.251462 0.94 μM 0.034641 3.37 μM 0.466083 

 
NC2560 2.12 μM 0.245425 1.52 μM 0.035355 3.93 μM 0.195704 

 
NC2561 1.20 μM 0.162635 0.90 μM 0.028284 4.60 μM 0.305996 

 
NC2562 1.48 μM 0.028284 1.40 μM 0.035355 4.03 μM 0.756042 

 
NC2563 9.58 μM 0.441059 6.71 μM 0.127279 8.22 μM 0.252256 

 
NC2564 0.73 μM 0.223961 0.88 μM 0.038297 1.47 μM 0.204042 

 
NC2565 2.13 μM 0.405134 1.68 μM 0.007071 1.91 μM 0.120208 

 
NC2566 2.25 μM 0.085440 1.53 μM 0.028868 3.13 μM 0.403774 

 
NC2567 2.04 μM 0.118462 1.79 μM 0.050662 3.50 μM 0.317648 

 
NC2569 1.92 μM 0.088882 1.40 μM 0.016330 3.70 μM 0.527091 

 
NC2570 

2.56 μM 0.506853 1.31 μM 0.021229 5.93 μM 0.312983 

 
NC2571 1.67 μM 0.117898 1.82 μM 0.045092 5.37 μM 0.276225 

 
NC2572 0.90 μM 0.043493 1.59 μM 0.058595 4.14 μM 0.657609 
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Table 3. CC50 values of fourteen compounds after 48 h of treatment in normal cell lines from colon 
tissue and fibroblast from the foreskin. 

 

The selective cytotoxicity index (SCI) is calculated to indicate that a compound selectively 

kills cancer cells. The formula to calculate the SCI is SCI = CC50 of non-cancerous 

cells/CC50 of cancer cells and it was used to detect the SCI of our compounds42. If a 

compound has an SCI value greater than 1, it means that the compound has selective 

toxicity toward cancer cells compared to non-cancerous cells42. For this reason, any  

anti-cancer drugs must have a high SCI. Because hematological cancer cell lines were 

the most sensitive, it was decided to compare the values of these cancer cell lines to the 

values in the Hs27 cell line.  

Cell Line CCD-112CoN  Hs27  

Compound CC50 Standard Deviation CC50 Standard Deviation 

 
NC2067 

5.83 μM 0.468010 5.39 μM 0.393234 

 
NC2559 2.61 μM 0.435852 4.00 μM 0.556447 

 
NC2560 3.39 μM 0.395011 4.36 μM 0.478574 

 
NC2561 3.48 μM 0.132035 4.31 μM 0.085049 

 
NC2562 2.69 μM 0.325410 2.17 μM 0.297433 

 
NC2563 8.16 μM 0.386264 6.56 μM 1.140132 

 
NC2564 1.30 μM 0.086168 0.73 μM 0.140475 

 
NC2565 2.52 μM 0.047871 2.59 μM 0.132256 

 
NC2566 2.99 μM 0.156312 2.62 μM 0.200749 

 
NC2567 2.75 μM 0.147422 2.40 μM 0.323161 

 
NC2569 1.81 μM 0.014142 2.83 μM 0.339559 

 
NC2570 

2.80 μM 0.113137 2.91 μM 0.069282 

 
NC2571 2.04 μM 0.406735 3.33 μM 0.354730 

 
NC2572 1.10 μM 0.084853 2.80 μM 0.323161 
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Table 4. Selective cytotoxic index (SCI) of hematological cancer cell lines compared to control cell 
line Hs27. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in Table 4, all the compounds have SCIs greater than 1 meaning that these 

compounds have cytotoxicity preferentially to cancer cells and not non-cancerous cells. 

Based on the SCI values, three compounds, NC2559, NC2570, and NC2571(Figure 1), 

were selected for further analyses. These three compounds have SCIs of 25, 16.16, and 

20.81, respectively (Table 4). Additionally, NC2564 was chosen for further analysis due 

to its high cytotoxic activity. The HL-60 cell line was chosen because it was the most 

sensitive cell line to compound treatment. NC2068 was not chosen because it will be 

investigated as part of a different project. There were other compounds such as NC2560 

Cell Line HL-60 CCRF-CEM 

Compound SCI SCI 

 
NC2067 

33.68 23.43 

  
NC2559 25.00 23.52 

 
NC2560 18.95 8.38 

 
NC2561 16.57 10.51 

 
NC2562 3.67 5.42 

 
NC2563 3.34 1.81 

 
NC2564 5.21 3.65 

 
NC2565 13.63 5.63 

 
NC2566 15.41 9.35 

 
NC2567 9.60 8.88 

 
NC2569 12.30 11.32 

 
NC2570 

16.16 14.55 

 
NC2571 20.81 11.10 

 
NC2572 15.55 8.00 
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and NC2561 that had better SCI than NC2570, however, NC2570 was chosen because 

it has a good SCI and a lower CC50 value than NC2560 and NC2561 in HL-60 cells. 

a                                b 

 

c                                d 

 

Figure 1. Chemical structure of novel compounds. Chemical structure of (a) NC2559, 

(b) NC2564, (c) NC2570 and (d) NC2571. 

Cell death events occur during the first 24 hours, therefore, CC50 values at 24 hours of 

each compound of interest were calculated (Table 5). As anticipated, NC2564 has the 

lowest CC50 (0.22 μM) at 24 hours, whereas NC2559, NC2570, and NC2571 have CC50s 
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of 0.26 μM, 0.33 μM, and 0.29 μM, respectively. Nonetheless, there was not a big 

difference between the four compounds (Table 5). 

Table 5. CC50 values of NC2559, NC2564, NC2570, and NC2571 in HL-60 cells at 24 h. 

 

 

 

 

 

 

 

 

2.2 NC2559, NC2564, NC2570, and NC2571 Induce Phosphatidylserine 

Externalization in  HL-60 Cells 

Based on previously published results of compounds with similar structures42,43 it was 

investigated if apoptosis was the cell death mechanism executed by these compounds. 

The Annexin V-FITC assay is used to measure apoptosis based on the externalization of 

a phospholipid known as phosphatidylserine (PS)44. Normally PS is present in the inner 

side of healthy cell membranes but when cells are undergoing apoptosis PS is 

externalized44. PS externalization is an “eat me” signal that facilitates the process of 

removal of dead and dying cells by phagocytes in a process known as efferocytosis45,46. 

To measure phosphatidylserine externalization, the Annexin V-FITC kit was used 

(Beckman Coulter, Miami, FL, USA). HL-60 Cells were seeded at 1X105 density in a 

volume of 1000 µL of growth media per well in 24-well plates and were left overnight 

under cell culture conditions. Cells were treated with 0.1% v/v DMSO as vehicle control, 

Cell Line HL-60  

Compound CC50 Standard 
Deviation 

 
NC2559 

 
0.26 μM 0.043205 

 
NC2564 

 
0.22 μM 0.015000 

 
NC2570 

 
0.33 μM 0.010000 

 
NC2571 

 
0.29 μM 0.075498 
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and untreated cells were used as a negative control. As a positive control of cytotoxicity, 

cells were treated with 1.6 mM H2O2. After 24 h of exposure to the experimental 

compounds, cells were collected in flow cytometry tubes (5 ml tubes) and centrifuged at 

1200 rpm for 5 minutes at 4°C, the supernatant was discarded, and cells were gently 

resuspended with a mixture of 100 µL of 1X binding buffer containing 1 µL of Annexin V-

FITC and 2.5 µL of propidium iodide (PI), as previously described47. The cells were then 

incubated for 15 minutes on ice in the dark. After incubation, 300 µL of 1X binding buffer 

was added to each tube and examined by flow cytometry (Gallios, Beckman Coulter). To 

capture the fluorescence signal emitted by FITC and PI, FL1 and FL2 detectors were 

used, respectively48. Cells positive for just FITC were considered early apoptotic cells, 

whereas cells stained by PI alone indicate necrotic cells. The double positive FITC and 

PI cells represent late apoptosis. The four compounds induced PS externalization at CC50 

values and two times CC50 values (Figure 2). There were 59.2% of cells undergoing 

apoptosis after treatment with 0.22 µM of NC2564 and 82.9% with 0.45µM of NC2564 

(Figure 2a). NC2559 at 0.26 μM and 0.52 μM induced apoptosis of 28.4% and 37.3%  

HL-60 cells, respectively (Figure 2b). Treatments with 0.33 µM and 0.66 µM of NC2570 

elicited apoptosis in 25.5% and 33.9% of the cell population whereas treatment with 0.29 

µM and 0.58 µM of NC2571 in 27.2% and 38.4% cells (Figure 2b). Cells treated with 

DMSO induced apoptosis in less than 6% of the cell population, meaning that the 

compounds by themselves are responsible for the increase in the percentage of apoptotic 

cells.  
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Figure 2. NC2559, NC2564, NC2570, and NC2571 induce apoptosis. HL-60 cells were 

treated for 24 h with (a) 0.22 µM, 0.45µM of NC2564, (b) 0.26 µM, 0.52 µM of NC2559, 

0.33 µM, 0.66 µM of NC2570 and 0.29 µM, 0.58 µM of NC2571 and compared to the 

vehicle DMSO. (a, b) The four compounds induce apoptosis as measured by PS 

externalization. The total average of apoptosis was calculated by adding early and late 

apoptotic events. Each bar graph depicts the average of three technical replicates with 

standard deviation. * Represents p-value = ≤ 0.00686 compared to DMSO. 

There were also cells undergoing necrosis after treatment with the four compounds. 

Treatment with 0.22 µM and 0.45 µM of NC2564 induced necrosis in 1.43% and 3.49% 

of the cell population (Figure 2a). NC2559 treatment at 0.26 μM and 0.52 μM induced 

necrosis in 5.11% and 8.6% of the cells. 0.33 µM and 0.66 µM of NC2570 caused necrosis 

in 5.2% and 8.2% of the cell population while treatment with 0.29 µM and 0.58 µM of 

NC2571 in 5.1% and 10.6% (Figure 2b).  Even though the compounds also promote 

necrosis in some of the cells, it is pretty evident that cells were dying preferentially due to 

apoptosis. Taken together these data suggest that the four compounds induce apoptosis 

more positively than necrosis.  
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2.3 NC2559, NC2564, NC2570, and NC2571 Activate Caspase 3  

Apoptosis is executed by the action of the caspase family of proteins which is a group of 

cytosolic cysteine enzymes with proteolytic activity. Caspases are very specific; they 

cleave proteins only after aspartic acid residue49. Caspase 3 is regularly activated during 

apoptosis, playing an important role as a catalyst in the cleaving of many cellular 

proteins50. Caspase 3 is required to inactivate ICAD, an inhibitor of the CAD (Caspase-

Activated DNase) which is required for DNA fragmentation during apoptosis51. To assess 

the live-cell detection of the activation of the caspase 3 enzyme, the fluorogenic reagent  

NucView 488 caspase 3 substrate assay kit (Biotium, Hayward, CA) was used to detect 

caspase 3 via flow cytometry. For this assay, HL-60 cells were seeded in 24-well plates 

at a density of 1X105 cells in 1 ml per well. Plates were left under normal cell growth 

conditions overnight and treated with the experimental compounds for 7 h. DMSO was 

used as the vehicle control and untreated cells as the negative control. As a positive 

caspase 3-activating control, cells were treated with 1.6 mM of H2O2. After treatment, 

cells were harvested in flow cytometer tubes and centrifuged at 1200 rpm for 5 minutes. 

The supernatant was discarded, and cells were resuspended in a mixture of 200 µL of 

PBS containing 5 µL NucView 488 Caspase 3 substrate (5 µM final concentration) and 

then incubated in the dark for 30 minutes at room temperature. Subsequently, cells were 

washed with PBS and resuspended with 300 µL of PBS, then immediately analyzed by 

flow cytometry. To observe the activation of caspase 3 in live cells, the same two 

concentrations as in the Annexin V-FITC assay for each of the four compounds were 

used. NC2564 at the concentrations of 0.22 µM and 0.45µM generated caspase 3 

activation in 16% and 17.8% of the total cells resulting in a significant difference in 
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activation in  comparison with DMSO solvent which only caused activation in 9% of the 

cell population (Figure 3a). The treatments with NC2559 at 0.26 μM, NC2570 at 0.33 µM, 

and NC2571 at 0.29 µM induced the activation of caspase 3 in 18.7%, 16.6% and 19.3% 

of cells, respectively (Figure 3b). Whereas treatments with 0.52 μM of NC2559, 0.66 µM 

of NC2570 and 0.58 µM of NC2571 generated the activation of caspase 3 in 43.2%, 

48.5% and 46.3% of the cell population (Figure 3b). The vehicle control, DMSO, induced 

the activation in 13.6% of the cells (Figure 3b). There is a significant difference between 

the highest concentration of the NC2559, NC2570, and NC2571 and the DMSO (Figure 

3b), as well as both concentrations of NC2564 (Figure 3a), suggesting that the four 

compounds induced the activation of the caspase 3 enzyme, thus, corroborating 

apoptosis as the main cell death mechanism.  
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Figure 3. NC2559, NC2564, NC2570, and NC2571 activate caspase 3. Cells treated 

with the four compounds were positive for caspase 3 activation. HL-60 cells were treated 

for 7 h and analyzed via flow cytometry. (a) NC2564 activated caspase 3 at both 

concentrations whereas (b) NC2559, NC2570 and NC2571 activated caspase 3 at the 

highest concentrations. Each bar graph indicates the average of three treatments with 

standard deviation represented as error bars. * = p-value  ≤ 0.003513 in comparison with 

DMSO 

2.4 NC2559, NC2564, NC2570, and NC2571 Elicit Mitochondrial Membrane 

Depolarization  

After demonstrating that NC2559, NC2564, NC2570, and NC2571 induced apoptosis, we 

sought to investigate which apoptotic pathway was elicited by the compounds. There are 

two main apoptotic vias, the extrinsic and the intrinsic apoptotic pathways. The intrinsic 

pathway is mediated by internal signals in the cell and is dependent on the mitochondria. 

In contrast, the extrinsic pathway is mediated by extracellular signals and depends on cell 

death receptors52. One of the major events during the intrinsic pathway is the 

depolarization of the mitochondrial membrane potential53,54. The mitochondria-dependent 

pathway is mediated through internal signals that can be induced through insults such as 

those caused by chemotherapeutic agents52. Using this information and our experience 

with chemical compounds43,55, we hypothesized that the four compounds could be 

inducing apoptosis via the intrinsic pathway. To test this hypothesis, we performed the 

JC-1 assay, which measures the depolarization of the mitochondrial membrane potential 

with the use of a cationic dye known as JC-156. The assay was accomplished by using 

the MitoProbe JC-1 assay kit (Molecular Probes, M34152). 1X105 HL-60 cells were 
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seeded in 24-well plates at a volume of 1000 µL of media per well and left under cell 

culture conditions overnight. Cells were incubated for 7 h with compound concentrations 

and controls as mentioned above. Again, the same concentrations used in the previous 

assays were used, CC50 and 2XCC50s for each compound. After incubation, cells were 

collected in 5 ml tubes and were spun down at 1200 rpm for 5 minutes at room 

temperature. The supernatant was discarded, and cells were resuspended with 400 µL 

of PBS containing 2 µM of JC-1 and incubated under normal cell culture conditions for 45 

minutes. After incubation, cells were washed with 2600 µL of warm PBS (37°C) and 

centrifuged as above. The supernatant was removed, and cells were resuspended in 400 

µL of warm PBS to be read immediately by flow cytometry. Figure 4 shows the results 

for the mitochondrial membrane potential depolarization for the four compounds. 

Treatment with 0.22 µM of NC2564 induced the depolarization of the mitochondrial 

membrane in 4.5% of the cells, and 0.44 µM in 9.6% (Figure 4a). As expected, the 

positive control H2O2 at 1.6mM and the untreated cells provoked mitochondrial membrane 

depolarization in 95.2% and 2.6% of the cells, respectively (Figure 4a). In addition,  

DMSO at 0.1% caused mitochondrial membrane potential depolarization in 3.6% of the 

cells (Figure 4a). The results of NC2564 at its highest concentration were significantly 

different from those of the DMSO, meaning that NC2564 provokes mitochondrial 

membrane depolarization (Figure 4a). Exposure of HL-60 cells to NC2559 at 0.33 µM 

and 0.66 µM produce mitochondria membrane depolarization in 16% and 17.8% of the 

cells (Figure 4b). Additionally, Treatments with 0.33 µM and 0.66 µM of NC2570 and 

0.29 µM and 0.58 µM of NC2571 produced it in 15.26%, 19%, 16.1%, and 19.4%, 

respectively (Figure 4b).   
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Figure 4. NC2559, NC2564, NC2570, and NC2571 elicit mitochondrial membrane 

depolarization. Treatment after 7 h with the compounds produced mitochondrial 

membrane depolarization as shown by the JC-1 assay. (a) NC2564 was significant just 

at the highest concentration (0.44 µM) that was used. (b) Treatment with NC2559, 

NC2570, and NC2571 significantly produced higher percentages of cells with 

mitochondrial membrane depolarization compared to DMSO. * Indicates p-value = ≤ 

0.003236 when compared to DMSO. 

As it was anticipated, H2O2 cells induced mitochondrial membrane depolarization in 

89.4% of the cells. In contrast, 10.3% of the untreated cells were positive for the event 

(Figure 4b). In addition, 10% of the cells that were exposed to 0.1% of DMSO were 

positive for JC-1 accumulation (Figure 4b). The comparison of the results from NC2559, 

NC2570, and NC2571 to the DMSO, showed that these are significantly different from the 

DMSO, meaning that these compounds induced the depolarization of the mitochondria 

membrane (Figure 4b). Overall, these results show that treatment with the four 

compounds caused the depolarization of the mitochondrial membrane potential in the HL-

60 cells. 

2.5 NC2559, NC2564, NC2570, and NC2571 Cause ROS Overproduction  

Excess generation of reactive oxygen species (ROS) can lead to the initiation of 

programmed cell death57. Increases in ROS production can impair mitochondrial function 

and reduce the viability of cells58. To investigate ROS overproduction, the DCF assay was 

used. This assay uses 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA), an 

acetylated compound that can penetrate the cell’s membrane. Once in the cytoplasm, 

cellular esterases remove the acetate groups to produce a non-fluorescent compound 
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that interacts with intracellular ROS to form a fluorescent product59. To perform the assay, 

1X105 HL-60 cells were seeded in 24-well plates at a volume of 1000 µL of media per 

well. Plates were left overnight under cell culture conditions and treated with 0.26 µM, 

0.52 µM of NC2559, 0.33 µM, 0.66 µM of NC2570, and 0.29 µM, 0.58 µM of NC2571 for 

5 h. DMSO at 0.1% was included as the vehicle control and untreated cells as a negative 

control. H2O2 at 1.6mM was included as a positive control. Following incubation, cells 

were collected in 5 ml tubes and centrifuged at 1200 rpm for 5 minutes at room 

temperature. The supernatant was discarded and cells were incubated with 10 µM of 2', 

7’ dichlorodihydrofluorescein diacetate (H2DCFDA) dissolved in PBS for 45 minutes 

under cell culture conditions. Subsequently, cells were spun down at 1200 rpm for 5 

minutes at room temperature to remove the excess dye, and 500 µL of pre-warm PBS 

was added to each tube to be analyzed through flow cytometry. All four compounds 

significantly induced the overproduction of ROS in HL-60 cells. 10.93% and 10.72% of 

the cells treated with 0.22 µM and 0.45 µM of NC2564, respectively, were positive for 

ROS, and 4.4% were positive in DMSO (Figure 5a). NC2559 at 0.33 µM caused the 

production of ROS in 8.13% of the cells and NC2559 at 0.66 µM in 12.14%. Treatments 

with 0.33 µM and 0.66 µM of NC2570 and 0.29 µM and 0.58 µM of NC2571 produced 

ROS in 12.3%, 10.5%, 9.6%, and 11.5% of the total cell population, respectively, and the 

DMSO, vehicle control in 4.1% of the cell population (Figure 5b). Collectively, these 

findings suggest that the four novel piperidones provoke the overproduction of ROS in  

HL-60 cells.   

 

 

 



28 

a 

 

b 

 



29 

Figure 5. NC2559, NC2564, NC2570, and NC2571 cause ROS overproduction in  

HL-60 cells.  Treatment with the four compounds was found to overproduce ROS after 5 

h in the HL-60 cell line. Cells treated with (a) NC2564  (b) NC2559, NC2570, and NC2571 

significantly produced more ROS than cells treated with the vehicle DMSO. Each bar 

graph represents the average of three technical replicates and the standard deviation.  

* Represents p-value = ≤ 0.003513 in comparison to DMSO. 

2.6 NC2559, NC2564, NC2570, and NC2571 Alter the HL-60 Cell Cycle  

The cell cycle is referred to as the series of events in which a cell duplicates its 

components to produce a daughter cell60,61. Cell division consists mainly of two stages: 

mitosis with all the known phases and the interphase which divides into G1, S, and G2 

phases61. The final objective of any drug is to kill and/or stop cell proliferation. Therefore, 

compounds that influence cell cycle progression are useful to stop cell proliferation62. To 

analyze if the compounds affect the cell cycle 1X105 cells were seeded in 24-well plates 

at a volume of 1ml of media and were left overnight under cell culture conditions. The 

next day cells were treated with the compounds’ respective CC15 and CC30: 0.08 µM and 

0.16 µM of NC2559, 0.07 μM and 0.14 μM of NC2564, 0.1 µM and 0.2 µM of NC2570, 

and 0.11 µM and 0.22 µM of NC2571 for 96 h. After incubation time, cells were collected 

in flow cytometry tubes, centrifuged for 5 minutes at 1200 rpm, and the supernatant was 

discarded. Next, cells were resuspended with a mixture containing 200 µL of NIM-DAPI 

and 200 µL of PBS and were read via flow cytometry. Figure 6 shows the results for the 

cell cycle. The four compounds at their respective CC15 and CC30 values produced the 

fragmentation of the DNA as measured by the population of cells in the Sub G0/G1 

(Figure 6a).  
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Figure 6. NC2559, NC2564, NC2570, and NC2571 mostly arrest HL-60 cells in G0/G1 

phase interrupting cell cycle progression.  Exposure of HL-60 cells for 96 h to the 

novel compounds causes the alteration of the cell cycle. (a) the four compounds produce 

the fragmentation of DNA as measured by the higher percentages of HL-60 cells after 

treatment with NC2559, NC2564, NC2570, and NC2571 compared to the DMSO. (b) 

NC2559, NC2564, NC2570, and NC2571 arrest the HL-60 cells in the G0/G1 phase as 

shown by the production of higher percentages of cells as compared to the DMSO. (c) 

NC2564 at 0.07 µM produced an arrest in the S phase. (d) the four compounds did not 

arrest HL-60 cells in the G2/M phase, however, there is a reduction of cells in this phase. 

* Represents p-value ≤ 0.021415 in comparison to DMSO. 

Treatment with 0.08 µM and 0.16 µM of NC2559 caused the fragmentation of the DNA in 

1.43% and 3.5% of the cell population (Figure 6a). NC2564 at 0.07 µM and 0.14 µM, 

NC2570 at 0.1 µM and 0.2 µM, and NC2571 at 0.11 µM and 0.22 µM, provoked DNA 

fragmentation in 2.9%, 5.9%, 3.3%, 5.8%, 2.8%, and 6.8% of the total cell population, 

respectively (Figure 6a). In comparison, 0.8% of the cells treated with DMSO at 0.1% 

displayed DNA fragmentation (Figure 6a). In addition, the positive control, G418, induced 

the fragmentation of 9.6% of the cells (Figure 6a). These data reveal that NC2559, 

NC2564, NC2570, and NC2571 significantly induced the fragmentation of the DNA as 

shown by the sub G0/G1 population (Figure 6a). Since DNA fragmentation is a hallmark 

of apoptosis63, these results corroborate apoptosis as the cell death mechanism executed 

by the four compounds. The four compounds also arrested the cell cycle in the G0/G1 

phase, before DNA duplication which occurs in the S phase64. 43.78% and 45.1% of the 

cell population remained in the G0/G1 phase after exposure to 0.08 µM and 0.16 µM of 
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NC2559 (Figure 6b). NC2564 at 0.07 µM and 0.14 µM produced 41.7% and 53.9% of 

the cells in the G0/G1 phase, respectively (Figure 6b). Moreover, cells were in the G0/G1 

phase after treatment with NC2570 at 0.1 µM and 0.2 µM resulted in 42.5% and 47.9%, 

and NC2571 at 0.11 µM and 0.22 µM 44% and 45.4%. DMSO produced 39.7% of cells 

in G0/G1 phase and untreated cells 48.6%. Finally, the positive control G418 produced 

45.9% of cells (Figure 6b). The comparison between DMSO and the values of NC2559 

at 0.08 µM and 0.16 µM, NC2564 at 0.14 µM, NC2570 at 0.2 µM, and NC2571 at 0.11 

µM and 0.22 µM produced a significant difference (Figure 6b) meaning that the 

compounds primarily arrest the cell cycle in the G0/G1 phase. We did not find a significant 

difference in cells treated with the four compounds and cells treated with the DMSO in 

the S phase, the only difference was when cells were treated with NC2564 at 0.07 µM, 

which produce 28.4% of the cells to be in that specific phase (Figure 6c). Unexpectedly, 

the positive control G418 did not arrest the cells in the S phase as previously shown65, 

one possible explanation is that more cells were already dead after treatment with the 

G418 (Figure 6a). Figure 6d depicts the results for the G2/M phase. We did not see any 

significant difference in cell cycle arrest in this phase, since values after treatment were 

lower in this phase, these compounds do not arrest the cell cycle in the G2/M phase. 

Overall, these data corroborate apoptosis as the cell death mechanism being exerted by 

the four compounds as shown by the higher percentages of cells in the sub G0/G1 phase 

(Figure 6a). Furthermore, the four compounds induce the arrest of HL-60 cells in the 

G0/G1 phase of the cell cycle (Figure 6b). Compounds with similar structures were 

reported to not have any arresting effect in the cell cycle at 72 h55, however, we did find 

arrest in the cell cycle after 96 h of exposure. Suggesting that time is a factor for these 
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compounds.  

2.7 NC2559, NC2564, NC2570, and NC2571 Generated the Accumulation of 

Polyubiquitinated Proteins  

Based on the homology of NC2559, NC2564, NC2570, and NC2571 with already 

published compounds, b-AP1566, VLX157067, and the recently characterized piperidones 

P1 and P243, we inferred that these compounds could also act as proteasome activity 

inhibitors. The ubiquitin-proteasome pathway (UPP) is a pathway by which previously 

ubiquitin-tagged damaged, misfolded, or unneeded proteins are degraded68. As a matter 

of fact, targeting the UPP has established a crucial advance in the treatment of 

hematological cancers and solid tumors69. Therefore, it represents a potential strategy to 

develop novel anti-cancer drugs. The impairment of proteasome activity by looking at the 

accumulation of polyubiquitinated proteins has been previously used to characterize 

novel proteasome activity inhibitors25,43,55,70. Thus, to prove our hypothesis of the four 

compounds acting as proteasome activity inhibitors, we decided to follow the same 

approach and look for the accumulation of polyubiquitinated proteins after treatment with 

the compounds. We accomplished the experiment by using Western Blot. 3X106 HL-60 

cells were seeded in 6-well plates at a volume of 5 ml. Cells were treated for 8 h with 1 

µM of NC2559, NC2564, NC2570, and NC2571. MG132 at 5 µM was used as a positive 

control and DMSO at 0.1% as vehicle control. After incubation cells were collected and 

pelleted at 1200 rpm for 5 minutes. The supernatant was discarded and cells were 

washed with 1 ml of PBS to remove all the remaining media. Cells were pelleted again at 

1000 rpm for 5 minutes, the supernatant was discarded and the pellet was resuspended 

in 60 µL of 2X laemmli buffer (120 mM Tris-HCl, 0.1% β-mercaptoethanol, 4% SDS, 20% 
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glycerol, and 0.02% (v/v) bromophenol blue) following a vortex for 5 seconds and a quick 

centrifuge. Lysates were boiled for 10 minutes at 100°C and were analyzed by using the 

NanoDrop N-1000 system (Thermo, Fisher Scientific). 100 µg of protein were loaded in 

the SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane. 

Subsequently, the PVDF membrane was blocked with a 10% milk/TBS solution overnight 

at 4°C to detect polyubiquitinated proteins. An α-ubiquitin mouse monoclonal antibody 

(Santa Cruz Biotech, Dallas, TX) in a 1:1000 dilution was used as the primary antibody. 

Membranes were incubated with the antibody for 1 h in constant movement followed by 

three 15-minute washes with TBS-T. Secondary polyclonal goat anti-mouse conjugated 

to peroxidase antibody (1:10000) (Thermo Scientific) was incubated for 1 h followed by 

three 15-minute washes with TBS-T. When incubation with secondary antibodies was 

finished, membranes were moistened with 1 ml of a BCL mix and analyzed with the iBrigth 

Imagining Systems (TermoFisher Scientific). After analysis of the Polyubiquitinated 

proteins, antibodies were removed by stripping the membrane over 30 minutes in 

constant movement. Actin, a housekeeping gene was used as a loading control. To detect 

actin, a monoclonal anti-β-actin-peroxidase conjugate antibody (1:25,000; Sigma Aldrich) 

was used, and antibodies were incubated with the membranes as aforementioned. 

Densitometry analyses were accomplished with the Image Studio Lite version 5.2 

software by LI-COR, same areas were selected in the software to analyze the images. 

Anticipatedly, HL-60 cells treated with DMSO at 0.1% did not produce an accumulation 

of polyubiquitinated proteins (Figure 7a, lane 1). In addition, the positive control MG-132 

produced the accumulation of polyubiquitinated proteins (Figure 7a, lane 2) with a 4.2-

fold change compared to the vehicle control (Figure 7b). Treatment with 1 µM of NC2559, 
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NC2564, NC2570, and NC2571 produced the accumulation of polyubiquitinated proteins 

2.8-, 2.7-, 2.2-, and 3.1-fold change, respectively (Figure 7a, lanes 3-6, & Figure 7b). All 

the fold changes were calculated respective to the vehicle. These results showed that the 

four compounds produce the accumulation of polyubiquitinated proteins in HL-60 cells. 

However, these results are not enough to prove that the proteasome activity is being 

inhibited by these compounds. Although the proteasome degrades 80% to 90% of the 

cellular proteins71, ubiquitin tagging is not specific for the UPP since it is involved in 

lysosomal degradation and can be used by the autophagosome72. Therefore, the 

accumulation of polyubiquitinated proteins suggests that one of the major protein 

degradation pathways is being affected. To prove that proteasome activity is directly 

affected, further research is needed. We suggest following the same strategy as 

previously described73 and using the proteasome activity assay kit (Abcam ab107921).  

 

 

 

 

 

 

 

 

 



37 

a  

 

b 

 



38 

Figure 7. NC2559, NC2564, NC2570, and NC2571 cause polyubiquitinated proteins 

accumulation.  (a) Exposure of HL-60 cells to 1 µM of NC2559, NC2564, NC2570, and 

NC2572 for 8 h produced an accumulation of polyubiquitinated proteins (lanes 3 - 6). As 

expected, the proteasome inhibitor MG-132 produced an accumulation of 

polyubiquitinated proteins. In contrast, DMSO at 0.1% did not produce polyubiquitinated 

proteins. (b) Fold changes as measured by densitometry of the Western Blot relative to 

the vehicle, DMSO. The four compounds produced more than 2-fold change.  

2.8 NC2559, NC2564, NC2570, and NC2571 Increase the Expression of the  

HMOX-1 Protein 

Proteasome inhibition results in the accumulation of tagged proteins to be degraded 

which leads to the endoplasmic reticulum (ER) stress74. Moreover, the Heme Oxygenase 

1 gene (HMOX-1) is overexpressed under oxidative stress conditions75,76. HMOX-1 

overexpression and ER stress have been linked to being associated with proteasome 

inhibitors25,43,77. Considering that we found an impairment in the protein degradation 

pathway via the accumulation of polyubiquitinated proteins, we conjectured that  

HMOX-1 would be overexpressed after treatment with the four compounds. To prove our 

hypothesis, we ran a western blot analysis following the protocol discussed in the 

previous section with the α-hmox-1 mouse monoclonal in a 1:200 dilution (Santa Cruz 

Biotech) as the primary antibody. Goat anti-mouse conjugated to peroxidase antibody 

(Thermo Scientific) and anti-β-actin-peroxidase conjugate antibody (1:25,000; Sigma 

Aldrich) were used as described above.  
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Figure 8. NC2559, NC2564, NC2570, and NC2571 cause the overproduction of 

HMOX-1. (a) Treatment for 8 h with 1 µM of the four compounds overproduces the protein 

HMOX-1, which has been associated to be overexpressed after treatment with 

proteasome inhibitors. Lanes 2-6 show the experimental compounds. As anticipated, 

treatment with DMSO did not produce HMOX-1 (lane 1). Even though the effect was not 

notorious as the experimental compounds, the proteasome inhibitor MG-132 at 5 µM 
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overproduced HMOX-1 (lane 2). (b) Densitometry analyses corroborate that the four 

compounds are overproducing HMOX-1 as shown by the fold changes relative to the 

DMSO. Interestingly, the positive control, a proteasome inhibitor, cause a less fold 

change than the experimental control but was higher than the DMSO.  

The results showed that there is an overexpression of the HMOX-1 protein after treatment 

for 8 h. As we anticipated, the vehicle treatment (DMSO) did not produce HMOX-1 

(Figure 8a, lane 1). On the other hand, HMOX-1 was overexpressed after treatment with 

the positive control MG-132 and the four experimental compounds (Figure 8a, lanes 2-

6). The positive control produced a fold change of 3.8 respective to the DMSO (Figure 

8b). The four experimental compounds demonstrated a much higher increase in the 

expression of HMOX-1 relative to those cells treated with DMSO. NC2559 produced a 

fold change of 17.9 (Figure 8b). Cells treated with NC2564 produced the highest 

overexpression of HMOX-1 with a difference of 52.64-fold change (Figure 8b). NC2570 

and NC2571-treated cells produced a fold change of 9.14 and 18.2, respectively (Figure 

8b). These data indicate that HMOX-1 is overexpressed after treatment with the novel 

piperidones. The overexpression of HMOX-1 has been linked to being associated with 

proteasome activity inhibition, however, to test the inhibition of the proteasome activity, 

we recommend further analysis of these compounds.  
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2.9 Discussion 

Cancer remains a major health problem worldwide. Therefore, there is a need for new 

molecules that can kill cancer cells without affecting normal cells. In this chapter, a small 

library of fourteen piperidones derived from curcumin was tested on a panel of different 

cell lines. CC50 values were calculated to evaluate the cytotoxic activity of these 

compounds in cancer and non-cancerous cell lines. The fourteen compounds have 

cytotoxicity at relatively small concentrations spanning the nanomolar and micromolar 

range. HL-60 and CCRF-CEM which are hematological cancer cell lines were the most 

sensitive of the tested cell lines (Table 1). The fourteen compounds also showed strong 

cytotoxicity toward COLO 205 and HT29, two cell lines derived from colon cancer 

patients, and MCF7, derived from a patient with breast cancer (Table 2). Even though the 

compounds killed the non-cancerous cells Hs27 and CCD-112CoN at micromolar 

concentrations, the effects were not as strong as in the other tested cells (Table 3). The 

comparison of the CC50s between the HL-60 and CCRF-CEM cell lines to the Hs27 cell 

line to calculate selectivity, resulted in SCIs greater than 1 (Table 4), thus, indicating that 

the four compounds have preferentially activity towards cancer cells than non-cancerous 

cells. NC2559, NC2564, NC2570, and NC2571 (Figure 1) were chosen for further 

characterization in the HL-60 cell line after considering cytotoxicity, selectivity, and 

sensitiveness. A literature review indicated that similar compounds were reported to 

induce apoptosis as the cell death mechanism42,43,55,78, for this reason, we tested the 

ability of the four compounds to induce apoptosis. Two important events in the apoptotic 

pathway, phosphatidylserine (PS) externalization, and caspase 3 activation were 

evaluated to determine if apoptosis was induced by the experimental compounds. The 
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data demonstrated that a significantly greater percentage of cells was positive for PS 

externalization (Figure 2) and caspase 3 activation (Figure 3) with compound treatment 

in comparison with the solvent DMSO. Moreover, the four compounds induced the 

fragmentation of the DNA as shown in the sub G0/G1 population (Figure 6). These results 

demonstrate that apoptosis occurs after cells are exposed to these compounds. 

Apoptosis is triggered due to two major pathways the extrinsic apoptotic pathway, 

triggered by external factors that activate cell death receptors, and the intrinsic apoptotic 

pathway which is executed through the mitochondria52. One of the major events in the 

activation of the intrinsic pathway is the depolarization of the mitochondrial membrane 

potential53 thereby, we tested if the four compounds cause this event. The data showed 

that the four compounds were responsible for a higher percentage of cells experiencing 

mitochondrial membrane depolarization, indicating that the compounds activate the 

apoptotic intrinsic pathway (Figure 4). The overproduction of ROS can lead to impairment 

in mitochondria function and induce programmed cell death57. Thus, we evaluated the 

ROS production after treatment with the four compounds. The chemical compounds were 

able to significantly increase the production of ROS (Figure 5). We were also able to 

corroborate apoptosis with the cell cycle analysis. Cell cycle analysis also demonstrated 

that the four novel molecules were able to arrest the cell cycle in the G0/G1 phase (Figure 

6b). Finally, related molecules have been reported to induce the accumulation of 

polyubiquitinated proteins leading to the inhibition of the ubiquitin-proteasome pathway. 

Exposure to piperidones was responsible for the accumulation of polyubiquitinated 

proteins in HL-60 cells as measured by western blot (Figure 7). In addition, the HMOX-1 

protein was overproduced after treatment with the four compounds (Figure 8) suggesting 
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that the compounds could be inhibiting the ubiquitin-proteasome pathway, however, more 

experiments would have to be accomplished to confirm this. The results proved that one 

of the three major protein degradation pathways could be the target of these compounds. 

Overall, these four compounds have potent cytotoxicity and selectivity towards cancer 

cells and not non-cancerous cells. The analyzed compounds in this chapter demonstrated 

to have lower CC50s than previously reported compounds43, making them very attractive 

as anti-cancer drugs. Nonetheless, in vivo studies are needed before being considered 

as potential anti-cancer drugs. In vivo testing with similar compounds has demonstrated 

promising results79. Consequently, we consider these compounds as potential candidates 

to be tested using in vivo models.  
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Chapter 3: Evaluation of cytotoxicity of a commercial chemical library, 

identification, and characterization of  one hit compound 

3.1 Evaluation of a Chemical Library to Identify a Hit Compound 

In this chapter, 5000 compounds from the chemical library, ChemBridge DIVERset were 

tested in the cancer cell line CCRF-CEM to find a highly potent compound. The primary 

screening was accomplished by using the DNS assay40. CCRF-CEM cells (1X104) were 

seeded in 96-well plates at a final volume of 100 μL of media per well, then incubated 

overnight under cell culture conditions. The experiments included the experimental 

compounds at a concentration of 5 µM, 1% of DMSO as the vehicle control, untreated 

cells as a negative control, and 1 millimolar (mM) of H2O2 as a positive control of cell 

death. After treatments, the plates were placed and left under cell culture conditions for a 

24 h exposure. Two hours before the period of incubation was completed, a mix 

containing Hoechst 33342 and PI diluted in PBS was put into each well. Then, four 

contiguous images of each well were captured using the IN Cell Analyzer 2000 system 

(GE Healthcare, Pittsburg PA, USA) and analyzed with Analyzer Workstation 3.2 software 

(GE Healthcare). The primary screening revealed ten potent compounds that killed more 

than 50% of the total cell population and these were selected to be further analyzed (data 

not shown). Thereafter, a secondary screening was performed following the 

aforementioned procedure and cell line to identify a hit compound. The cytotoxic activity 

of the ten compounds was determined by calculating the cytotoxic concentration needed 

to kill half the total population known as the CC50. Using an online tool 

(https://www.johndcook.com/interpolator.html) we determined the CC50 by using one 

concentration that kills more than 50% of the population and one that kills less than 50%. 



45 

CC50s were determined as the average of at least three comparisons of concentrations. 

The secondary screening of the ten compounds led to the identification of the most potent 

compound. This compound was designated B6 (Figure 9).  

 

Figure 9. B6 chemical structure. The chemical structure of 2-{4-[4-methoxy-3-

(trifluoromethyl)phenyl]-1H-pyrazol-1-yl}-N-(2-methyl-2H-1,2,3-triazol-4-yl)acetamide 

also known as B6. 

3.2 Evaluation of the Cytotoxicity of B6 Compounds on a Panel of Different Cancer 

and Non-cancerous Cell Lines.  

Once we identified a potent compound, we tested it against a panel of different cell lines 

to calculate the CC50s and define its cytotoxic activity. We selected twenty-three cell lines 

for this analysis. The following hematological cancer cell lines were used: Ramos, HL-60, 

CCRF-CEM, Nalm6, Jurkat, KCL22, and K562. The following breast cancer cell lines 

were used: MDA-MB-231, MCF7, HCC70, and T47D, the metastatic LM2-4 cell derived 
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from the MDA-MB-231, and a PTX-resistant MDA-MB-231. The following also were used: 

two cell lines derived from patients with colon cancer, (COLO 205 and HT29),  a lung 

cancer cell line A549, a liver cancer cell line HepG2, one melanoma cell line A375, the 

pancreatic PANC-1, a prostate cancer cells  PC3, and finally three non-cancerous cell 

lines derived from breast, colon tissues, and the foreskin (MCF10A, CCD-112CoN, and 

Hs27, respectively). Different types of media were used to grow the cell lines. For the 

hematological cancer cells, we used RPMI medium supplemented with 10% FBS, except 

for HL-60 which was supplemented with 20% FBS. The HCC70 and COLO 205 cell lines 

were also grown using RPMI. For MDA-MB-231, HepG2, Hs27, PANC-1, A375, A549, 

MCF7, LM2-4, and MDA-MB-231 resistant to PTX, DMEM was used with 10% FBS. 

Additionally, 10 µg/ml of insulin was added to the media for the MCF-7 cell line. The  

MCF10A cell line was grown using DMEM F/12 media containing 10% FBS, 10 µg/ml of 

insulin, 20 ng/ml of epidermal growth factor (EGF), and 0.5 µg/ml of hydrocortisone. 

 HT-29 was grown in McCoy’s media supplemented with 10% FBS. Moreover, every cell 

media was supplemented with 100 U/ml of penicillin and 100 µg/ml of streptomycin. All 

cell lines were grown at 37°C in a humidified environment with 5% CO2 and were 

monitored every day to avoid 100% confluency. For the hematological cancers, cell 

viability was measured by using propidium iodide (PI) before every experiment, only cells 

with 95% or more viability were used. Furthermore, for adherent cells, 1X trypsin was 

used to detach the cells. To avoid 100% confluency, media was changed every 2-3 days 

and cells that were not needed were discarded.  

To accomplish cytotoxic evaluation, we used the DNS assay40. We utilized different time 

points since we tested two different types of cancer cells, adherent and non-adherent. 
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Cells that are derived from patients with hematological cancers were tested for 48 h of 

exposure to B6 and cells derived from patients with solid tumors were exposed for 72 h 

to the compound (Table 6). Overall, all the cell lines were sensitive to the B6 compound 

treatment with CC50 values in the micromolar range, which is a good indicator of 

cytotoxicity.  

Table 6. CC50 values of B6 on a panel of different cell lines 

 

The  B6 compound has different CC50 values in the tested cancer cell lines. The most 

sensitive cancer cell line for leukemias/lymphomas was Jurkat where B6 has a CC50 of 

 48 hours   
 

72 hours  

Cell Line 
 

 Cell Line  
 

 
CC50 Standard Deviation 

 
CC50 Standard Deviation 

 
CEM 

 
0.42 μM 0.011547 MDA-MB-231 0.93 μM 0.07800 

 
KCL22 0.72 μM 0.032016 MCF10A   4.40 μM 0.25131 

 
HL-60 0.82 μM 0.015275 Hs27 17.92 μM 1.18245 

 
RAMOS 0.75 μM 0.022279 HT-29 0.47 μM 0.2100 

 
NALM6 2.07 μM 0.097660 COLO 205 0.30 μM 0.063 

 
Jurkat 0.32 μM 0.001876 MCF7 0.23 μM 

 
0.059 

 
K562 4.37 μM 0.624 A375 0.34 μM 0.047 

 

  A549 0.17 μM 0.037 

 

  PANC-1 0.28 μM 0.076 

 

  CCD-112CoN 0.34 μM 0.056 

 

  T47D 0.63 μM 0.136 

 

  HCC70 0.74 μM 0.015 

 

  HepG2 0.36 μM 0.15 

 

  PC3 0.92 μM 0.06 

 

  LM2-4 0.78 μM 0.11 

 

  
MDA-MB-231 PTX-
resistant 0.38 μM 0.0287 
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0.32 μM and the less sensitive was K562 with a CC50 of 4.37 μM (Table 6). For the cells 

that were derived from solid tumors, the most sensitive was A549 with a CC50 of 0.17 μM 

and the less sensitive was MDA-MB-231 with a CC50 of 0.93 μM (Table 6). In addition, 

two non-cancerous cell lines, Hs27 and MCF10A, were less sensitive to treatment with 

B6 which resulted in CC50s of 17.92 μM and 4.4 μM, respectively. Non-cancerous cells 

being less sensitive means that the compound has better activity toward cancer cells and 

not non-cancerous cells. However, CCD-112CoN, a non-cancerous fibroblast colon cell 

line was very sensitive to B6 in which the compound has a CC50 of 0.34 μM (Table 6). 

These results suggest that B6 has potent activity in all the cancer cells that were tested 

and it is less aggressive in 2/3 of the non-cancerous cell lines. For this reason, B6 is 

considered a good candidate to be tested as a potent drug with anti-cancer properties. 

Although MDA-MB-231 was the least sensitive among the adherent cells, it was still used 

for further characterization of the B6 compound due to our laboratory having experience 

with this cell line in transcriptome analysis80,81. Furthermore, the comparison of the CC50 

values of MDA-MB-231 and MCF10A gave us an SCI value of 4.73, which means that 

the B6 compound has selectivity in this breast cancer cell line.  

3.3 B6 Induces the Externalization of Phosphatidylserine (PS) in MDA-MB-231 Cells  

It has been reported that some compounds with a pyrazole moiety can induce apoptosis 

as the cell death mechanism in different cell lines82–84. Therefore, we tested the ability of 

the B6 compound to induce apoptosis in the MDA-MB-231 cell line by the Annexin V-

FITC assay, which measures the externalization of phosphatidylserine (PS). The 

experiment was performed by seeding MDA-MB-231 cells (1X105) at a volume of 1 ml of 

media in 96-well plates. Plates were left overnight under cell culture conditions to allow 
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the cells to attach to the plates. Next, cells were treated with 10 μM and 20 μM of B6, 

DMSO at 0.1% final concentration as the vehicle control, and 1 mM of H2O2 as the positive 

control and were left for a period of 24 h. The B6 compound at a concentration of 10 μM 

and 20 μM induced the externalization of phosphatidylserine in 59.4% and 59.7% of  

MDA-MB-231 cells, respectively. DMSO treatment induced the externalization of the PS 

in 9% of the cell population. As expected, the positive control induced PS externalization 

in 49.9% of the cells. Furthermore, in untreated cells, just 3.4% of the cells demonstrated 

this event (Figure 10). The comparison between the experimental treatments and DMSO 

showed a significant difference in the populations displaying externalized PS (Figure 10), 

indicating that B6 induces the externalization of PS in MDA-MB-231 cells.    
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Figure 10. B6 induces apoptosis as measured by phosphatidylserine (PS) 

externalization. Annexin V-FITC assay analyzed by flow cytometry shows the 

externalization of the phospholipid phosphatidylserine (PS). Treatment of MDA-MB-231 

cells with B6 at concentrations of 10 μM and 20 μM for 24 h induces apoptosis as shown 

by PS externalization. Each bar represents the average of at least three technical 

replicates. * Indicates p-value is  ≤.001002 compared to DMSO 

3.4 B6 Activates Caspase 3 in MDA-MB-231 Cells  

Caspase 3 is activated during the apoptotic pathway to promote the cleavage of the ICAD 

protein and activate the CAD which cleaves the DNA51. To corroborate apoptosis as the 
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cell death mechanism executed by B6, we tested the activation of caspase 3, by using 

the fluorogenic reagent NucView 488 Caspase 3 substrate assay kit (Biotium, Hayward, 

CA). To assess the activation of caspase 3, 1X105 MDA-MB-231 cells were seeded in 

24-well plates at a volume of 1 ml of complete media and were left under cell culture 

conditions overnight. Then, cells were treated with 10 μM and 20 μM of the B6 compound. 

After 7 h of exposure, media was collected in 5 ml cytometry tubes, and cells were 

trypsinized with 1X trypsin to be detached and put back into cell culture conditions. After 

being detached, cells were collected and centrifuged at 1200 rpm for 5 minutes, the 

supernatant was discarded and a mixture of 200 μL of PBS containing 5 μM of the 

NucView 488 Caspase 3 substrate was added to each tube. Successively, tubes were 

incubated in the dark for 30 minutes at room temperature. After, cells were washed with 

PBS and resuspended with 300 µL of warm PBS to be immediately read by flow 

cytometry. Caspase 3 was activated after exposure of the MDA-MB-231 cells to both 

concentrations of the B6 compound,10 μM activated caspase 3 in 7.51% of the cells and 

20 μM in 9.91% of the cells (Figure 11). In contrast, the vehicle at 0.1% activated caspase 

3 in just 3.9% of the total cells (Figure 11). There was a significant difference between 

the DMSO and B6 compound. These data suggest that caspase 3 is activated by the 

compound B6, corroborating apoptosis as the cell death mechanism.  
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Figure 11. B6 induces activation of caspase 3.  The fluorogenic reagent  NucView 488 

Caspase 3 substrate was used to detect the activation of caspase 3 via flow cytometry. 

MDA-MB-231 cells treated with 10 μM and 20 μM of B6 compound significantly induced 

the activation of caspase 3 as compared to the DMSO, corroborating apoptosis as the 

cell death mechanism exerted by B6. * Denotes P-value  ≤  0.00421. The average of three 

replicates is represented by each bar.  
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3.5 B6 Does Not Induce Mitochondrial Membrane Potential Depolarization   

After demonstrating that B6 causes apoptosis in the MDA-MB-231 cell line, we sought to 

understand which apoptotic pathway was being elicited by the compound. As already 

mentioned, apoptosis can be triggered by internal signals in the cell that is dependent on 

the mitochondria (intrinsic pathway), or by extracellular signals mediated by cell death 

receptors (extrinsic pathway)52. We hypothesized that B6 could be triggering apoptosis 

via the intrinsic pathway since one of the hallmarks in the intrinsic pathway is the 

depolarization of the mitochondrial membrane potential53,54 that can be initiated by 

internal signals induced by chemotherapeutic agents52. To assess the mitochondrial 

membrane potential, we used the cationic JC-1 dye56. We seeded MDA-MB-231 cells at 

a density of 1X105 cells per 1 ml of media in 24-well plates and were put under cell culture 

conditions. The next day, cells were treated with 10 μM and 20 μM of B6, 0.1% of DMSO, 

and 1 mM of H2O2 for 7 h. Next, media was collected in flow cytometry tubes and 1X 

trypsin was added to each well to allow the detachment of the cells. Following 

detachment, cells were spun down for 5 minutes at 1200 rpm, the supernatant was 

discarded, and cells were incubated with 400 μL of PBS having 2 μM of the dye JC-1. 

Exposure to 10 µM of B6 produced the depolarization of the mitochondrial membrane 

potential in 6.7% of the cells and, treatment with 20 µM of B6 in 10.7%, whereas DMSO 

at 0.1% caused depolarization of the mitochondrial membrane potential in 8.04%  

(Figure 12). There was not a significant difference between DMSO and B6, suggesting 

that B6 does not induce apoptosis through the intrinsic pathway.  
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Figure 12. B6 does not induce mitochondrial membrane depolarization. B6-treated 

MDA-MB-231 cells at 10 μM and 20 μM did not produce any significant change in the 

induction of the mitochondrial membrane depolarization.  
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3.6 B6 Does Not Overproduce Reactive Oxygen Species (ROS) 

The JC-1 assay showed that the mitochondrial membrane was not being depolarized by 

the B6 compound (Figure 12). Mitochondria are responsible for the production of 90% of 

cellular ROS85. In addition, ROS overproduction is related to mitochondrial dysfunction 

and loss of the mitochondrial membrane potential80,86. Therefore, we sought to prove 

mitochondrial dysfunction by detecting ROS production. We conjectured there will be no 

overproduction of ROS after the treatment of MDA-MB-231 cells with B6. To prove this, 

we measured the ROS production by using the fluorescent dye 2', 7’ 

dichlorodihydrofluorescein diacetate (H2DCFDA). The assay was performed by seeding 

1X105 MDA-MB-231 cells in 24-well plates at a volume of 1000 µL of media per well. 

Plates were put under cell culture conditions overnight. The next day, cells were treated 

for 6 h with 10 µM and 20 µM of B6, DMSO at 0.1% as the vehicle control, untreated cells 

as a negative control, and H2O2 at 1 mM as a positive control. Next, media collected in 5 

ml tubes and 200 µL of 1X trypsin was added to each well, and plates were put back into 

cell culture conditions to allow cells to be detached. Once cells were detached, 200 µL of 

media was added to each well, and cells were collected in their respective tube and 

centrifuged at 1200 rpm for 5 minutes at room temperature. Then, the supernatant was 

discarded and cells were incubated for 45 minutes under cell culture conditions with 10 

µM of 2', 7’ dichlorodihydrofluorescein diacetate (H2DCFDA) dissolved in 1 ml of warm 

PBS. Afterward, cells were centrifuged again using the abovementioned conditions to 

remove the excess dye, and 400 µL of warm PBS was added to each tube to resuspend 

the cell. Tubes were analyzed using flow cytometry. B6 exposure at 10 µM and 20 µM 

caused ROS production in 1.93% and 2.5% of the cell population, respectively. DMSO at 
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0.1% concentration produced 0.8% of the total cells. In contrast, the positive control of 1 

mM of H2O2 caused ROS production in 64.79% of the total cells (Figure 13). These data 

indicate that B6 did not overproduce ROS in MDA-MB-231 cells, correlating that there is 

no mitochondrial membrane depolarization.  

 

Figure 13. B6 does not overproduce Reactive Oxygen Species. Treatment with B6 at 

a concentration of 10 μM and 20 μM did not overproduce reactive oxygen species as 

measured by flow cytometry using the dye H2DCFDA. Comparison to the DMSO did not 

produce a significant difference. Cells treated with H2O2 at a concentration of 1 mM 
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produced ROS at higher percentages.  

3.7 B6 Alters the Progression of the MDA-MB-231 Cell Cycle and Arrests Cells in S 

and G2/M Phases 

To assess the cell cycle MDA-MB-231 cells were seeded in 24-well plates at a density of 

1X105 cells per 1 ml of media. Plates were left overnight under cell culture conditions. 

After, cells were treated for 72 h with B6, etoposide as a positive control, DMSO as a 

vehicle control and untreated cells as a negative control. After incubation time, media was 

collected in 5 ml flow cytometry tubes, 200 µL of 1X trypsin was added to each well, and 

plates were put back to cell culture conditions to detach the cells. Following the 

detachment of the cells, 200 µL of complete media was added to each well. Then, cells 

were collected and centrifuged at 1200 rpm for 5 minutes at room temperature, followed 

by the removal of the supernatant. Next, a mixture containing 200 µL NIM-DAPI and 200 

µL of PBS was added to each tube to resuspend. Samples were read via flow cytometry 

for this analysis. In this experiment, we decided to use half (5 µM), a quarter (2.5 µM), 

and an eighth (1.25 µM) of the CC50 value of B6 in MDA-MB-231 cells at 24 h (Figure 

14). B6 at 1.25 µM, 2.5 µM, and 5 µM, caused DNA fragmentation in 9.22%, 5.5%, and 

5.9% of the cells, respectively (Figure 14a). The positive control, etoposide in 28.6% of 

the cells. In contrast, DMSO at 0.1% in 0.41% of the cell population (Figure 14a). We 

found a statistically significant difference between both, the concentrations of B6 and the 

vehicle (DMSO), which indicates that B6 causes the fragmentation of the DNA in MDA-

MB-231 cells (Figure 14a). The purpose of the experiment was to find in which phase of 

the cell cycle the compound B6 arrests the cells, however, we did not see higher 

percentages of cells being in the G0/G1 phase after treatment with B6, thus, we decided 
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not to compare the values of that specific phase (Figure 14b). Nonetheless, we found 

that the other two phases were being affected by the B6 compound (Figure 14c-d). 

Treatment with B6 at 1.25 µM, 2.5 µM, and 5 µM, produced 19.8%, 15.34%, and 24.6% 

of the cells to remain in the S phase (Figure 14c). Etoposide is a compound that has 

been shown to arrest the cell cycle in the S phase87, therefore, we expected it to produce 

higher percentages than the DMSO and untreated controls. In fact, 21.8% of the cells 

were in the S phase after treatment with etoposide (Figure 14c). As anticipated, fewer 

cells were in the S phase after treatment with DMSO (10.2%) and without treatment 

(10.3%) (Figure 14c). These data reveal that B6 produces an arrest in the S phase in a 

similar manner as etoposide. In addition to the S phase, the percentages of cells treated 

with B6 were higher than those of the controls in the G2/M phase. Figure 14d displays 

the percentage of cells that correspond to the G2/M phase. 53.25%, 71.5%, and 66.47% 

of cells were in the G2/M phase after treatment with 1.25 µM, 2.5 µM, and 5 µM of B6, 

respectively. On the other hand, 29.86% of the cells were in the G2/M phase after being 

treated with 0.1% of DMSO, and 15.4% of the cells with etoposide. Also, 28.78% of 

untreated cells were in the G2/M phase. These results led to the conclusion that B6 

arrests the cell cycle in the S phase and the G2/M phase, showing higher percentages in 

the G2/M phase, suggesting that B6 favorably arrests the cell cycle in the G2/M phase. 

During this phase, the mitotic complex and the mitotic spindle are formed88. Therefore, 

the B6 compound could be interfering with one of these events.   
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Figure 14. B6 alters the MDA-MB-231 cell cycle by arresting cells in S and G2/M 

phases.  Exposure of MDA-MB-231 cells to B6 for 72 h causes the alteration of the cell 

cycle. (a) B6 at 1.25 µM, 2.5 µM, and 5 µM significantly causes the fragmentation of the 

DNA as measured by hypodiploid cells that are present in the sub G0/G1 phase, this 

corroborates apoptosis as the cell death mechanism. (b) B6 treatment did not arrest cells 

in the G0/G1 phase, however, there are fewer cells in this phase after treatment with the 

three concentrations of B6. MDA-MB-231 cells exposed to B6 at the aforementioned 

concentrations significantly arrest the cells in the S phase (c) and the G2/M phase (d) 

nonetheless, the effect is more notorious in the G2/M phase. These results suggest that 

B6 could act at that specific phase. * Means p-value is  ≤ 0.029368 compared to DMSO. 

3.8 Evaluation of the Transcriptome Profile After Treatment with B6 

The identification of potential drug targets is crucial in drug discovery. The transcriptome 

is defined as the collection of the total RNA molecules in a cell or a cell population89,90. 

RNA sequencing has been widely used in drug research89. As a matter of fact, our 

laboratory has previously used this approach to identify the target of chemical 

compounds80,81,91. Therefore, we decided to analyze the transcriptome profile of B6-

treated cells to identify the compound’s potential target. Two separate transcriptome 

analyses were to be accomplished, one at each time point indicated (6 h or 24 h) to see 

the effects of compound treatment at a short and a longer period. The analysis of the 

transcriptome was accomplished by seeding 1X106 MDA-MD-231 cells at a volume of 5 

ml in T-25 flasks. After seeding, T-25 flasks were left under cell culture conditions 

overnight. The next day, cells were treated for 6 h or 24 h with 0.1% of DMSO and 20 µM 

of the B6 compound and were put back into cell culture conditions. After incubation, media 
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was collected in 15 ml conical tubes, and cells were detached by adding 1 ml of 1X trypsin 

to each flask, and they were put back into incubation. Then, 1 ml of complete media was 

added to each flask, and cells were collected to their respective tubes followed by 

centrifugation at 1200 rpm for 5 minutes and the supernatant was discarded. Next, cells 

were washed with 1ml of warm PBS to remove leftover media and centrifuged under the 

abovementioned conditions. PBS was discarded. The extraction of RNA was done by 

using the RNeasy Mini Kit (Qiagen; Germantown, MD, USA; 74104) and following the 

manufacturer’s RNA isolation instructions. RNA quantity and purity were measured by a 

NanoDrop spectrophotometer (Thermo Fisher; ND-ONE-W). From here, we followed the 

protocol as previously reported80. We considered samples with a purity of A260/A280 

ratio between 1.8 and 2.1 for RNA-sequencing. The concentrations of the RNA were 

quantified using RNA BR Assay Kit for Qubit 3.0 (Invitrogen; Q10210) and integrity (RINe 

> 7.0) with RNA Screen Tape (Agilent; Santa Clara, CA, USA; 5067-5576) in a 2200 

TapeStation (Agilent; G2964AA). To convert the RNA into cDNA, the TruSeq Stranded 

mRNA library prep kit (Illumina, San Diego, CA, USA; 20020594). After, the cDNA 

libraries were sequenced using the NextSeq 500 High Output Kit v2.5 (Illumina; 

I20024907) following the manufacturer’s instructions, and the NextSeq 500 system 

(Illumina). For RNAseq data analysis, the raw reads were trimmed using Trimmomatic 

(v0.38)92, aligned, and quantified within RSEM93 using Bowtie294.  Differential analysis 

was performed using DESeq295. A list of significant genes was extracted using a p-

adjusted cutoff of less than 0.05 and fold change greater than 2. B6-treated MDA-MB-

231 cells revealed a total of 116 genes that were significantly up-regulated whereas 87 

genes were down-regulated after 6 h of treatment. In addition, 24 h of exposure to the B6 
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displayed a significant up-regulation of 198 and down-regulation of  532. Further analyses 

revealed differentially expressed genes (DEGs) at both times (Figure 15). 61 genes were 

up-regulated, whereas 47 were down-regulated at both times (Table 7). These data 

suggest that there is a pattern in the transcriptome profile after the time of exposure to 

the B6 compound.  

 

    

Figure 15. Total of up-regulated and down-regulated genes B6 exposure at 6 and 

24 h after. Up-regulated 116 genes and 198 genes after 6 h and 24 h of treatment with 

B6, respectively. In contrast, B6 down-regulated 87 and 532 genes at 6 and 24 h. 61 

genes were up-regulated at both times, whereas 47 were down-regulated.   
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Table 7. Overlapping differential expressed genes of MDA-MB-231 after treatment with B6 for 6  
and 24 h 

 

 

 

 

 

 

 

 

 

 

3.9 B6 Displays a Similar Transcriptome Profile with Tubulin Inhibitors 

The connectivity map (CMap) is a resource that facilitates the identification of the mode 

of action of drugs96. CMap works by comparing the expression signatures of a specific 

perturbagen to a large database that contains the DEGs patterns of several cell lines 

treated with a wide range of chemical compounds96,97. Drugs that interact with the same 

target usually generate a similar gene expression pattern98. Up to now, the CMap has 

produced a collection comprising more than 1.5M gene expression profiles from around 

5,000 compounds tested in several cell types99. Thus, to identify the potential target of 

the B6 compound we compared the DEGs of MDA-MB-231 cells treated with B6 to those 

Up-regulated Genes  Down-regulated genes 

ADAMTS1 IL24 RGMB-AS1 ADAMTS15 ID1 SMAD6 

ADAMTS6 ITGB3 S1PR1 ADORA1 ID3 SYT2 

AKAP12 KISS1 SEMA7A APOL3 IFIT1 TMEM37 

ALS2CL KRTAP2-1 SERPINB2 APOL6 IFIT2 TSC22D3 

ARHGAP22 KRTAP2-3 SERPINE1 ATF3 IFIT3 VIPR1 

C1orf110 LAMA1 SH3BP5L ATOH8 KLRK1 ZC3H12D 

CALD1 LCP1 SH3RF2 BCL3 LINC01085 ZFP36 

CD177 LINC00702 SLC20A2 BMF LOC100506895  

CD274 LINC00704 SMTN BMP4 LOC284454  

CREB5 LOC152225 SOCS2 CIITA MAP2K6  

DDR2 NAV3 SPHK1 CMKLR1 METTL7A  

DUSP8 NEDD4L SPOCD1 CSRNP3 OASL  

ETS1 NLRP3 TAGLN CX3CL1 OSR2  

FGF1 PDZD2 TMEM171 CXCL10 PARD6B  

FGF5 PLAT TNFSF15 CXXC4 PCDH18  

FHL2 PLAUR TRPC4 CYP1B1 PDE4B  

GLIPR1 PLXNA2 UBASH3B DBP PDE7B  

HAS2 PROSER2 VCAN EGR1 PIK3C2B  

HAS2-AS1 PTPRR ZNF804A FOS PLEKHS1  

HBEGF RELN  FOSB SLCO4C1  

IL1A RGMB  GGT3P SLITRK5  
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in the Connectivity Map (CMap). To compare the gene expression profile from B6 in MDA-

MB-231 cells, we uploaded the up-regulated and down-regulated genes that were 

differentially expressed at both times, 6 and 24 h to the https://clue.io/ webpage. The top 

25 compounds based on the median tau score were selected (Figure 16). The 

comparison with the CMap revealed that 13 out of the top 25 compounds were tubulin 

inhibitors (Figure 16). Tubulin inhibitors are a class of compounds that interfere with 

tubulin. These have become an efficient strategy to develop anti-cancer drugs100. In our 

analysis, we found, vindesine, nocodazole, vincristine, vinorelbine, and vinblastine, 

(Figure 16),  compounds that have similar gene expression signatures to B6. Since the 

comparison of the gene expression profile produced by B6 in MDA-MB-231 is similar to 

those of tubulin inhibitors, we hypothesized that B6 could behave as a tubulin inhibitor.  
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Figure 16. B6 CMap comparison revealed a similar transcriptome profile of known 

tubulin inhibitors.  Gene expression profile of overlapping genes MDA-MB-231 cells 

after treatment with B6 for 6 and 24 h shows that B6 has a gene expression signature 

similar to tubulin inhibitors. 13 out of the top 25 compounds are tubulin inhibitors, 

suggesting that B6 could be a tubulin inhibitor.  

3.10 In silico Screening Shows an Interaction of B6 with Tubulin 

Computational methods like molecular docking and molecular dynamics are routinely 

used for drug discovery, they provide tools to understand the interaction between proteins 

and ligands101. The purpose of molecular docking and molecular dynamics is to analyze 

how molecular structures such as a drug and an enzyme fit together102. Molecular 

dynamics simulations can be used to predict the binding affinity of drug-target 

interactions103. Therefore, Molecular dynamics can be used to identify the target of 

drugs104. Due to the prediction of the CMap of B6 as a tubulin inhibitor, we utilized an in 

silico model to confirm and identify the interaction between B6 and tubulin. We used the 

Schrödinger software (Schrödinger, LLC, New York, NY, USA) to accomplish molecular 

docking as previously described55,78. For this analysis, we examined compound B6, 

doxorubicin as a negative control, and 89U as a positive control using the Ligprep 

interface of the software with OPLS3 at 7± 2 using Epik. Other included options were set 

as default on the software. The structure of tubulin was obtained from the protein 

databank (PBD:5XLZ) (https://www.rcsb.org/structure/5XLZ) and was prepared as 

previously described105. Tubulin was crystallized in a complex with 10-[(4-methoxy-3-

oxidanyl-phenyl)methylidene]anthracen-9-one, also known as 89U. We docked on the 

same site where 89U is present. The sitemap tool in the Schrodinger software was used 
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to define the receptor grid generation. Molecular docking and Molecular mechanics were 

performed by using the glide tool and the prime tool on Maestro 11.5, respectively. 

According to the Schrodinger website, a good Glidescore is -10 or lower106, and since 

Glidescore and docking scores are similar107, we considered -10 a good binding score. 

After docking simulations, the best interactions for each molecule were selected.  

Figure 17 shows the interactions of each molecule. As expected, the positive control, 

89U, showed a good binding score of -10.9. 89U interacts mostly with hydrophobic 

residues (Figure 17b). Since doxorubicin is a topoisomerase II inhibitor108, we decided to 

use it as a negative control. Indeed, doxorubicin showed a score of -1.1, meaning it does 

not have a good affinity for tubulin. The docking analyses showed that the B6 compound 

has a docking score of -12.3. Interestingly, B6 showed a better score than the ligand that 

was used to crystallize tubulin. The docking interaction diagrams show that B6 interacts 

mainly with hydrophobic amino acid residues: Phe367, Ile316, Ile368, Leu240, Leu316, 

Leu 246, Leu253, Ala248, Ala314, Ala315, Ala352, Val236, and Cys239. Additionally, B6 

creates hydrogen bonds with Thr178, Asn247, and Asp249 (Figure 17a). These data 

revealed that B6 tightly interacts with the tubulin protein in an in silico model, especially 

some hydrophobic residues.  
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Figure 17. In silico screening reveals B6 interacts with tubulin.  Molecular docking 

using the Schrödinger software shows that (a) B6 interacts with the tubulin with a docking 

score of -12.345. (b) 89U, which is the ligand used to crystallize tubulin protein had a 

docking score of -10.926, whereas (c) the topoisomerase II inhibitor, Doxorubicin, had a 

score of -1.166. Surprisingly, B6’s docking score was better than the ligand used to 

crystallize the tubulin protein.    

3.11 B6 Disturbs Microtubule Organization on MDA-MB-231 cells 

To prove our hypothesis of B6 acting as a tubulin inhibitor, we conjectured that the 

compound could be producing an alteration in the microtubule organization of MDA-MB-

231 cells. Indeed, previous research showed that the microtubules are directly disrupted 

by tubulin inhibitors109,110. Disruption of the microtubules can be assessed by taking direct 

images of the microtubules through fluorescence microscopy111–113. Thus, we decided to 

test our hypothesis by using the same approach and directly taking photographs of the 

microtubule organization of MDA-MB-231 cells treated with the B6 compound. The 

experiment was accomplished by seeding 2X103 cells at a volume of 100 µL of media per 

well in 96-well plates (BD Falcon, 353216) and left overnight under cell culture conditions. 

The following day, cells were treated for 4 h with 20 µM of B6, Paclitaxel (PTX) at 1 µM 

as a stabilizer of microtubule polymerization control, DMSO at 1% as solvent control, and 

untreated cells as a negative control. Cells were then fixed by adding 100 µL of 8% 

formaldehyde to each well and were incubated for 20 minutes at room temperature. Next, 

formaldehyde and media were removed and each well was washed three times with 200 

µL of a combination of 0.1% Tween 20 detergent in PBS for 10 minutes at room 

temperature. This allows the removal of any leftover media and formaldehyde and the 
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permeabilization of cells. After three washes, a blocking solution containing 5% bovine 

serum albumin in TBS-T (Tris-buffered saline with 0.1% Tween 20) was added to each 

well, and plates were placed for an incubation time of 1 h on a rocking platform at room 

temperature. Following incubation, the blocking solution was removed and 50 µL of a 

mixture containing PBS 0.1% Tween 20, DAPI (5 µg/ml), phalloidin conjugated to Alexa 

Fluor 568 (0.165 µM), and an anti-tubulin monoclonal antibody conjugated to Alexa Fluor-

488 was added to each well to stain the cells. Plates were incubated overnight on a 

rocking platform at 4°C. After incubation, the mixture was recovered from each well, and 

cells were washed three times as before. Pictures were captured with a laser scanning 

confocal microscope (LSM-700, Zeiss) by using an EC Plan-Neofluar 40X/1.30 oil DIC 

objective and helped by the Zen 2009 6.0 software (Zeiss). Unsurprisingly, the 

microtubule organization remains unaltered in cells treated with 1% of DMSO and in 

untreated cells (Figure 18). Cells treated with PTX showed that the microtubules were in 

the periphery of the cells, however, the cytoskeleton pattern disappeared (Figure 18). In 

cells treated with 10 µM of B6, the tubular structure of the microtubules vanished  

(Figure 18). The tubulin in these cells was shapeless (Figure 18). In addition, we noticed 

voids in these pictures (Figure 18). Nonetheless, the microfilament structure remained 

unaltered with all three treatments (Figure 18). These images suggest that B6 alter the 

microtubule organization while producing no damage to the microfilaments, reinforcing 

our hypothesis of  B6 targeting microtubules.  
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Figure 18. B6 disturbs Microtubule organization on MDA-MB-231 cells. Cells were 

stained with α-tubulin-Alexa-488 (microtubules), phalloidin-Alexa-568 (microfilaments), 

and DAPI (nucleus). Exposure of MDA-MB-231 cells to B6 for 4 h disrupts the microtubule 
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organization. Treatment with 1% of DMSO did not produce the disruption of the tubular 

structure of the microtubules. In addition, untreated cells keep an intact morphology after 

4 h. The tubulin polymerization enhancer, Paclitaxel, disappeared the cytoskeleton 

morphology of the MDA-MB-231 cells. Interestingly,  the effect of B6 was seen just in the 

microtubules, suggesting that tubulin is the target of B6.  

3.12 B6 Inhibits Tubulin Polymerization 

Finally, to test the potential activity of B6 as a tubulin polymerization inhibitor, we used a 

tubulin polymerization Assay Kit (cat. # BK006p) purchased from Cytoskeleton Inc. 

(Denver, CO). Before running the assay, a general tubulin buffer (GT) containing 80 mM 

of piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES), 2 mM of Magnesium Chloride 

(Mg2CL), and 0.5 mM or Ethylene glycol-bis(b-amino-ethyl ether) N,N,N’, N’- tetra-acetic 

acid (EGTA), was reconstituted with 10ml of sterile distilled water. Also, GTP was 

reconstituted with sterile water given a concentration of 100 mM, and 10 mg of lyophilized 

tubulin protein was reconstituted with 10 µL of GTP at 100 mM and 1.1 ml general tubulin 

buffer (GT). GTP stocks were kept at -80°C and tubulin was frozen by using liquid nitrogen 

and was kept at -70°C. Before starting the assay, we pre-warmed the sample plate at 

37°C for 30 minutes. Then, the tubulin polymerization buffer (TP) was cold prepared by 

mixing general tubulin buffer, tubulin glycerol buffer, and GTP at a final concentration of 

15% glycerol and 1 mM, respectively. Next, 10 µL of general tubulin Buffer was added to 

each well. Treatments for the assay included B6 at 10 µM, 0.9% of DMSO as vehicle 

control, 10 µM of PTX as a tubulin stabilizer, and 3 µM of vinblastine as a positive control. 

After treatment, tubulin was diluted and mixed with ice-cold TP for a final concentration 

of 3 mg/ml, then 100 µL of the solution was rapidly added to all wells with the treatments. 
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Plates were placed in the spectrophotometer at 37°C and read for 1 h, taking reads every 

minute at a 340 nm wavelength. An automatic mix was done before the first read. Figure 

19 depicts the curves for the vehicle control, a tubulin stabilizer PTX, a tubulin 

polymerization inhibitor, vinblastine, and the B6 compound. According to some authors, 

the process of tubulin polymerization occurs in two main steps: nucleation and 

elongation114,115. However, this assay’s protocol and separate authors mention three 

phases in tubulin polymerization occur: nucleation, growth, and steady state116. Here we 

decided to follow the protocol’s phases to explain the results. Polymerization of the tubulin 

protein is directly correlated with absorbance, therefore if polymerization happens, there 

is an increase in the absorbance at 340 nm. Expectedly, the growth phase of tubulin 

polymerization after PTX treatment started immediately, before the vehicle control 

(Figure 19). DMSO, vinblastine, and B6 had a growth phase starting after 4 minutes, 

which means that the nucleation phase lasted 4 minutes. However, DMSO reached its 

steady state after 14 minutes with an absorbance of 0.3662. In contrast, the steady state 

of B6 was reached after 20 minutes. After 60 minutes of treatment, DMSO and B6 had 

significantly different absorbance values of 0.3702 and 0.3247, respectively (Figure 19). 

Interestingly, the B6 compound produced a similar curve to the well-known tubulin 

inhibitor vinblastine (Figure 19). The curve for both compounds never reached the 

absorbance values of the vehicle control. Therefore, these data reveal that B6 is a tubulin 

polymerization inhibitor.  
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Figure 19. B6 inhibits tubulin polymerization.  Curves of four different treatments for 

tubulin polymerization. Absorbance is directly correlated with tubulin polymerization. As 

expected PTX enhanced the polymerization of tubulin. B6 produced less tubulin 

polymerization in comparison to the vehicle DMSO. Indeed, B6 and the well-known 

tubulin polymerization inhibitor, vinblastine, have similar curves. These results 

corroborate that B6 is a tubulin polymerization inhibitor. To compare B6 and DMSO, three 

replicates were used for each reading every 10 minutes. * Represents the comparison 

between the DMSO and the B6 at each time (10 minutes) * ≤ 0.000144. 
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3.13 Developing an in vivo Model to Test Drugs with Anti-cancer Activity 

After the identification of a chemical compound with activity against cancer in vitro, the 

next step in preclinical research is in vivo experiments117. Preclinical research studies are 

very important because they provide sufficient information about the toxicity and dosage 

of any compound. In vivo studies can be performed in rodent and nonrodent mammalian 

models to define different aspects of the compound’s behavior such as the 

pharmacokinetic profile, general safety, and toxicity patterns118. Therefore, we decided to 

develop an in vivo model using mice to grow tumors and test the potency and toxicity of 

our compound. To do this, we acquired J:NU homozygous for Fox1 (nu) mice, also known 

as nude mice from Jackson Laboratories. A xenograft model of the metastatic cell line 

LM2-4, which is derived from the MDA-MB-231 breast cancer cell line, containing a 

luciferase activity reporter119 was generated. Figure 20 depicts the general procedure 

that was used to grow the tumors in nude mice. First, cells were grown in vitro by using 

DMEM media supplemented with 10% FBS, 100 U/ml of penicillin, and 100 µg/ml of 

streptomycin, at 37°C in a humidified environment with 5% CO2. Cells were detached with 

1X trypsin and collected in 15 ml conical tubes, then centrifuged for 5 minutes at 1200 

rpm. The supernatant was removed and cells were washed twice with PBS. The tubes 

were placed on ice until injection. The mice were handled under a biosafety cabinet level 

2 to maintain aseptic conditions. Before the injection, we anesthetized each mouse with 

Isoflurane and oxygen. Then, the left flank of each mouse was cleaned with ethanol 

followed by an injection of 200 µL of PBS with 2X106 cells. Mice were woken up and 

monitored for any abnormal behavior. All mice were treated ethically according to 

IACUC’s recommendation. We monitored tumor growth by visual inspection and by 
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palpation of the injected zone every day. When the first tumors were noticeable, we 

measured them with a caliper. To determine the size of the tumor, we used the formula 

Length x width x width = tumor volume (mm3).  

Figure 20. General procedure to grow tumors in Nude mice. Followed strategy to 

create an in vivo model to test novel compounds with anti-cancer activity. Cells were 

cultured under general cell culture conditions; they were detached and media was 

removed. After washing with fresh PBS, cells were quantified and resuspended at a 

density of 2X106 cells per 200 µL of PBS. Mice were anesthetized to be injected with the 

tumor cells. Once injected, mice were monitored every day, by visual inspection and 

palpation of the injected zone. This figure was created with Biorender.com. 

Two weeks after the injection of the cells, we observed the first tumors in the mice. Figure 

21a shows a mouse with a tumor of around 50mm3. Tumors reached the desired volume 

of 100 mm3 within one month. When tumors reached 100 mm3, we randomized the mice 

and used them to test the B6 compound. The goal of the experiment was to measure if 

the size of the tumors decreases after treatment with the B6 compound in comparison 
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with the solvent. Moreover, we wanted to see if the compound was toxic to the mice. We 

weighed the mice with a balance to determine if there was a weight decrease after 

compound treatment. In addition, we also monitored the metastasis of cells in other parts 

of the body. To accomplish this, we used luciferin at a concentration of 15 mg/ml and 

placed the mice inside the In vivo imaging system (IVIS). This allowed us to monitor the 

luciferase activity of the LM2-4 Luc cells and determine if there was metastasis (Figure 

21b).  

a                                b 

               

 
Figure 21. Nude mice displaying subcutaneous tumors derived from metastatic cell 

line LM2-4. (a) a mouse with a tumor of ~50mm3 after 2 weeks of injection. (b) four mice 

were injected with 15 mg/ml of luciferin to monitor the tumor growth, regions of interest 

for each mouse are visible. Pictures were taken using the IVIS system.  
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The mice developed the desired size tumor of 100 mm3  within a month, therefore, we 

proceeded to test the B6 compound. To test the compound in mice we decided to try 

using different solvents. It was decided not to use DMSO because DMSO at a 

concentration higher than 25% is harmful to the mice120. We attempted to use PBS but 

the compound failed to dissolve. We tried PBS/PEG-400 solution at different 

concentrations but the compound came out of solution as the concentration of PBS 

increased. Finally, through a literature review, we found that another compound with poor 

aqueous solubility, PTX, is dissolved in a mixture consisting of 50% of Cremophor EL® (a 

polyoxyethylated castor oil) and 50% ethanol121,122. Since PTX is FDA-approved, we 

decided to use the formulation to deliver this compound. We deliver the compound at a 

concentration of 25 mg/kg through an intraperitoneal route. Unfortunately, we were forced 

to end the study early due to endpoint criteria established at the beginning. We were 

therefore unable to get data about the reduction of the tumor size. Although the study was 

not carried out to completion, we established a model to test novel compounds with anti-

cancer activity within our laboratory. We hope this model helps our lab to test novel 

compounds that are discovered. 
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3.14 Discussion 

Cancer is still a deadly disease if untreated. Chemotherapy remains the standard cancer 

treatment, however, many chemical compounds produce resistance to themselves in 

cancer patients. Moreover, indiscriminately killing cells by chemotherapeutic agents is 

produced by currently used drugs. Therefore, there is an urgent need for new molecules 

with anti-cancer properties24. In this study, we analyzed more than 5000 compounds from 

the chemical library ChemBridge DIVERset to identify a hit compound. A novel 

compound, B6, was tested on a panel of different cell lines, encompassing cancer and 

non-cancerous cell lines. Hematological cancer cells were treated for 48 h, whereas cells 

derived from solid tumors were for 72 h (Table 6). The B6 compound showed potent 

activity at both times and for all cancer cells. In addition, the less sensitive cells were two 

non-cancerous cells which indicate the selectivity of B6 towards cancer cells and not  

non-cancerous cells (Table 6). Even though the cell line MDA-MB-231 was less sensitive 

than other cell lines, we decided to use it as our model cell line to characterize this 

compound based on our experience characterizing novel compounds using this cell 

line80,81. Previously characterized compounds containing a pyrazole moiety have been 

shown to induce apoptosis82–84, therefore we analyzed the ability of the B6 compound to 

induce apoptosis. The B6 compound induced the externalization of the phospholipid 

phosphatidylserine (PS) from the inner part of the cell membrane to the exterior (Figure 

10). This event is one of the hallmarks of apoptosis and serves as an eat-me signal to 

remove apoptotic cells by phagocytes44,46. We corroborate apoptosis as the cell death 

mechanism by analyzing the activation of caspase 3. There were significantly more cells 

with caspase 3 active after treatment with the B6 (Figure 11). These results corroborate 
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that the B6 compound induces apoptosis as the main cell death mechanism. The 

induction of apoptosis by small compounds is nearly preferred to the induction of necrosis 

because cells are eliminated through an order process123. Necrotic cells trigger the 

activation of the immune system which leads to the damage of surrounding tissue123. 

Since apoptosis is documented to occur through extrinsic signals (extrinsic pathway) and 

intrinsic signals (intrinsic pathway)52, we sought to discover which one was exerted by the 

B6 compound. Mitochondrial membrane depolarization is characteristic of the intrinsic 

pathway53; however, the B6 compound did not cause this effect in MDA-MB-231 cells 

(Figure 12). ROS, primarily produced by the mitochondria were not produced after 

treatment with the B6 compound (Figure 13). These results suggest that B6 did not 

induce the intrinsic pathway. Therefore, at this point, we do not know which apoptotic 

pathway is being induced. However, the evidence shows that apoptosis is the cell death 

mechanism being exerted by B6. Furthermore, we were able to further corroborate 

apoptosis by analyzing the cell cycle. The higher percentages of cells in the sub G0/G1 

(hypodiploid) phase of the cell cycle show that B6 causes the fragmentation of the DNA 

(Figure 14a), which is a hallmark of apoptosis. This analysis also showed that B6 arrests 

the cell cycle in the S and G2/M phases (Figure 14c and 14d), however, we saw higher 

percentages of cells in the G2/M phase (Figure 14d). Compounds with the same target 

have a similar gene expression signature98, thus, to identify the mode of action of B6 we 

performed transcriptome analyses of cells treated with the B6 compound to identify 

DEGs. MDA-MB-231 cells that were treated with B6 at 6 and 24 h showed an  

up-regulation of 116 and 198 genes, respectively. On the other hand, there were 87 and 

532 down-regulated genes at 6 and 24 h. Further analyses showed that 61 and 47 genes 
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were up-regulated and down-regulated at both times (Figure 15), meaning that the 

expression followed a pattern. The Connectivity Map (CMap) is a collection of gene 

profiles of cells that were treated with compounds whose target has been identified96,97. 

For this reason, we submitted the list of up-regulated and down-regulated genes that were 

present at both times of B6 treatment. The results revealed that B6 has a gene expression 

signature similar to tubulin inhibitors (Figure 16). Moreover, molecular docking by using 

tubulin protein on Schrödinger software showed that B6 has a docking score of -12.345 

a better score than 89U (-10.926) which is the molecule that was used to crystallize 

tubulin. In addition, molecular mechanics revealed B6 mostly interacts with hydrophobic 

amino acid residues (Figure 17a). These results predicted that B6 is a tubulin inhibitor, 

therefore, we decided to perform proof-of-concept experiments in a wet lab setting. 

Previous data with tubulin inhibitors showed them to disrupt the tubular structure of the 

microtubules109,110. We analyzed the microtubule structure by using fluorescent 

microscopy. Cells treated with the B6 compound displayed a different structural pattern 

of the microtubules compared to those treated with DMSO or untreated cells (Figure 18). 

The tubular structure completely disappeared after 4 h of treatment with B6 (Figure 18). 

In addition, we also noticed voids in the pictures of cells that were exposed to B6  

(Figure 18). These data show that B6 disrupts the microtubule structure. Finally, to 

corroborate the B6 as a tubulin inhibitor, we performed a tubulin polymerization inhibition 

assay. This assay uses absorbance to test the polymerization of tubulin. Absorbance is 

directly correlated to tubulin polymerization. The assay revealed that B6 inhibits the 

polymerization of the tubulin, there was a noticeable difference when compared with the 

vehicle control DMSO (Figure 19). B6’s curves were lower than DMSO’s. Interestingly, 
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B6 produced a curve similar to that of the well-known tubulin polymerization inhibitor, 

vinblastine (Figure 19). These data reveal that B6 inhibits tubulin polymerization. 

Microtubules are essential for the segregation of the chromosomes during mitosis124, 

which correlates with tubulin inhibitors arresting the cell cycle in the G2/M phase125,126. 

Cancer cells have an altered cell cycle, they divide faster, hence, compounds that stop 

cell division are considered important anti-cancer agents. The B6 compound arrested the 

cell cycle preferentially in The G2/M phase. Preclinical trials include in vivo testing; 

therefore, we developed an in vivo model to test our compound (Figure 20). In this model, 

we formed tumors by injecting LM2-4 with luciferase activity cells in nude mice. After 2 

weeks we observed tumors in the mice (Figure 21a). In addition, this model was created 

to test metastasis inhibition after B6 compound treatment (Figure 21b). However, the 

study to determine the effects of compound treatment on tumor growth could not be 

completed due to end study criteria. Nonetheless, we consider we have identified a good 

compound to be used in anti-cancer research. For future research we consider 

modification of the actual chemical structure 1) to have better solubility and 2) to be less 

toxic in an in vivo model. We do hope this novel compound can be used as an additional 

weapon in the cancer fight.  
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Limitations and Future Directions 

Before a drug can go to the clinical phase, limited damage to humans has to be proven117. 

Therefore, conducting preclinical research in both in vitro and in vivo models is crucial in 

drug development117. Our work with the five novel presented compounds showed these 

to have potent cytotoxicity on a panel of different cell lines. In addition, they showed to be 

preferentially selective towards cancer cells and not non-cancerous cells. The results 

presented in this project, are the initial steps that will require further investigation to get a 

better insight into the characteristics of the compounds. For the four novel piperidones, 

we managed to reveal that polyubiquitinated proteins were accumulated after exposure 

to the leukemia cells. In addition, HMOX-1 was overproduced. These are traits of well-

known proteasome inhibitors. However, we did not measure the proteasome activity 

directly, thus, a proteasome inhibition assay would be essential to conclude these are 

proteasome inhibitors. Another way to prove that these four novel compounds interact 

with the proteasome is by using surface plasmon resonance127. Our in vivo experiments 

showed that to test a compound a good solvent is needed. Similar compounds have been 

proven to be soluble in Polyethylene glycol 400 and PBS (PEG/PBS)128. In addition, these 

compounds were found to improve the survival of mice in a pilot experiment. Therefore, 

we consider the four novel compounds to be studied in the next step of the preclinical 

trial, in vivo studies.  

B6 was proven to inhibit tubulin polymerization. Tubulin inhibitors are gaining special 

attention in cancer research for their ability to prevent mitosis. The compound B6 showed 

promising results as was shown by the lower CC50 values on several cancer cells. 

However, we could not dissolve the compound in a saline solution as PBS, this shows 
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that B6 has poor solubility. In vivo analyses showed that mice treated with 25 mg/kg of 

B6 seemed to have health problems. We decided to stop the pilot experiment; therefore, 

we could not get good results. For future work with this compound, we propose both 1) to 

find a good solvent and 2) to add additional groups to the drug to create more soluble 

analogs of the compound. The molecular docking results can be used as a reference, in 

this way, we can potentially know which groups are essential for B6’s activity. The creation 

of novel molecules using B6 as bases will need another complete evaluation of their 

cytotoxic activity, nonetheless, having described a molecule with a known target will make 

this process faster.   
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