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ABSTRACT 

AMON GEKOMBE 

ANTI-PROLIFERATIVE ACTIVITY OF NOVEL AMIDOXIMES IN HUMAN AND 
MURINEMALIGNANT CELL LINES AND IN MOUSE MAMMARY CARCINOMA 

AUGUST 2019 

Cancer incidence and mortality is on the rise worldwide, which necessitates newer and 

more potent therapies to combat cancer. In this study, four novel amidoximes, JJMB5, 

JJMB6, JJMB7, and JJMB9, were analyzed for their ability to inhibit proliferation of human 

and murine malignant cell lines, and in mouse mammary carcinoma. We established that 

JJMB5 and JJMB6 induced inhibition of acetylation of core histones H3K9 and H4K5 prior 

to apoptosis. Moreover, JJMB5, JJMB6, and JJMB9 inhibited acetylation of core histone 

H3K27, JJMB7 did not. Additionally, JJMB5, JJMB7, and JJMB9 inhibited the proliferation 

of murine mammary malignant cell lines in culture but did not inhibit mouse embryonic 

fibroblasts as established by the MTS colorimetric assay. When human and murine 

malignant cell lines were treated individually, or in combination with the amidoximes or 

amidoximes with cisplatin, several combination treatments resulted in significantly lower 

growth inhibitory concentration (GI50) compared to individual treatments. Once the MTD 

for the amidoximes were established, tumor studies were carried out. Results on tumor 

volume reduction were mixed. For example, mice treated with JJMB7 demonstrated 

significant tumor volume reduction in the first experiment but not in subsequent 
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experiments. On the other hand, mice treated with JJMB9 had the lowest tumor volumes 

in all experiments even though none were significant. Moreover, there were no 

differences in the area of lung metastasis between the treatment groups. Acetylation 

studies of 4T1 cells from tumors revealed that JJMB9 induced significant inhibition of 

acetylation of H4K5. Also, JJMB9 was able to induce drug resistance in MCF-7 cells, and 

this resistance was reversed by cisplatin. The amidoximes have potential if certain 

changes can be made on protocol such as decreasing 4T1 cells implanted into the 

mammary fat pad, amidoxime dose escalation, using alternate routes of administration 

such as intertumoral or intravenous and using nanoparticles. 
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CHAPTER I 

INTRODUCTION 

1. Cancer and Mechanisms of Cancer 

Cancer incidence and mortality is on the rise worldwide.  It is estimated that in 2019, there 

will be 18.1 million new cases and 9.6 million deaths globally. Worldwide, 1 in 5 men and 

1 in 6 women develop cancer in their lifetime, and 1 in 8 men and 1 in 11 women 

die from the disease1. In the United States, it is estimated that there will be 1.6 million 

new cases of cancer and nearly 600,000 cancer deaths in 20192. Due to the public health 

burden associated with these numbers, there are robust research efforts into 

understanding the root causes of cancer. Tremendous efforts into understanding cancer 

etiology, led to the recognition that approximately 45% of cancers are associated with 

preventable risk factors3. So far preventable, known causes for oncogenesis include 

viruses such as human T-cell lymphotrophic virus (HTLV), human immunodeficiency virus 

(HIV), hepatitis B virus (HBV), hepatitis C virus (HCV), human papillomavirus (HPV), Human 

Epstein-Barr virus (HHV4), and human herpes virus (HHV)4. Other causes include sunlight, 

tobacco, pharmaceuticals, hormones, alcohol, parasites, fungi, bacteria, red meat, 

processed meats, low fiber diets, obesity, and increased adult sedentary lifestyles3. More 

importantly, specific molecular mechanisms by which these factors modify human 

physiology to induce or promote cancer have been elucidated.   
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These mechanisms include accumulation of mutations, epigenetic changes, and 

transformation and immortality of cells. 

1a. Accumulation of Mutations 

 Cancer develops slowly and for most solid human tumors, on average there is a 20-year 

interval from carcinogen exposure to clinical detection. During this time, cancer cells 

acquire the capacity to divide, invade, and metastasize. Many cancers increase 

dramatically with age. For instance, the incidence of cancer of the large intestine 

increases by a factor of approximately, 1,000 between the ages 30 and 802. Mutations are 

a central hallmark of how cancers evolve. Typically, the development of cancer in adults 

is the result of multiple somatic and inherited mutations in many genes involved in 

controlling the growth of cells. Some of the genes implicated in carcinogenesis include 

oncogenes, DNA repair genes, tumor suppressor genes, and growth promoting genes 

such as anti-apoptotic genes5. Mutations that affect DNA repair lead to genetic instability. 

Mutations in genetic stability genes can cause mutations in other genes, initiating a 

cascade of mutations throughout the genome conferring advantages to mutated cells and 

leading to clonal expansion and dominance by mutated cells. As clonal dominance and 

expansion occurs, the cells that become cancerous acquire the ability to escape growth 

controls, avoid the normal mechanisms of programmed cell death, escape immune 

surveillance, remodel a microenvironment in which they thrive and metastasize6. 
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1b. Epigenetic Changes 

 Carcinogenesis not only happens due to mutations in DNA, but also due to aberrant 

epigenetic patterns. Epigenetics can be defined as the study of heritable changes in gene 

expression that take place independent of changes in the DNA sequence7. These heritable 

changes take place during cell division and are stably maintained through multiple cell 

division cycles, enabling cells to have distinct identities while containing the same genetic 

information. Epigenetic modifications include DNA methylation and covalent 

posttranslational modifications of the N-terminal tails of core histones such as, 

methylation, acetylation, ubiquitylation, sumoylation, and phosphorylation, and 

positioning of nucleosomes along the DNA8 . These epigenetic changes lead to stable 

heritable changes of gene expression patterns and can result in inappropriate activation 

or inhibition of various signaling pathways and lead to cancer9 . Recent data have shown 

that human cancer cells possess global epigenetic abnormalities, in addition to numerous 

genetic alterations, that interact at all stages of cancer development to promote cancer 

progression9. 

1c. Transformation and Immortality 

For normal cells to be cancerous, they must undergo transformation that results in 

immortality. Primary cells are unable to undergo an unlimited number of cell divisions. 

After several rounds of division, cells reach senescence and are unable to replicate. At the 

ends of the chromosomes are stretches of DNA called telomeres and in somatic primary 

cells with each round of proliferation the telomeres shorten. When the telomeres reach 
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a critically reduced length, DNA damage is triggered leading to cellular senescence. In 

cancerous cells, telomeres are maintained by the enzyme telomerase leading to their 

survival. Telomere length maintenance and telomerase expression are maintained by 

transcriptional, post-transcriptional and epigenetic regulation10. Understanding the 

mechanisms that support telomerase activity may provide novel biomarkers and targets 

for early detection of disease, determination of disease prognosis, and the development 

of therapeutics. Viruses play a key role that leads to cell transformation and immortality. 

Many viral genes function to overcome senescence by modulating the expression of 

genes that regulate cell division and proliferation such as tumor suppressor genes. For 

example, the Large T-antigen of the simian virus (SV-40) represses the retinoblastoma 

(Rb) and p53 genes, both critical regulators of the cell cycle4 . 

2. Apoptosis 

Apoptosis is a process whereby a specific stimulus orchestrates a cascade of events that 

leads to programed cell death11. Characteristics of apoptosis include morphologic changes 

such as chromatin condensation, nuclear fragmentation, dynamic membrane blebbing, 

loss of adhesion to extracellular matrix or to neighboring cells, and reduction of cell 

volume12. Biochemical alterations include the activation of a family of caspases, 

phosphatidylserine externalization, and chromosomal DNA cleavage into 

internucleosomal fragments13. The changes result also in a molecular pathway that allows 

the apoptotic cell to be recognized and engulfed by phagocytic cells with minimal 

inflammation14. During apoptosis, minimal damage is done to the organism, and as a 
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result, apoptotic cells are removed from tissues without leaking their contents into 

intercellular space diminishing the possibility of eliciting an inflammatory response15. 

Unlike apoptosis, necrosis is a cell death process in response to trauma or cell injury 

generated by external factors such as toxins or infections. Necrosis is characterized by cell 

lysis due to swelling and rupturing of the cell membrane, releasing cellular contents into 

the extracellular space that result in inflammation and damage to neighboring cells16. 

Apoptosis may occur also during normal physiological processes such as embryonic 

development where unnecessary cells die. Conversely, failure to regulate apoptosis may 

cause pathological conditions such as cancer17. There are two main pathways that play a 

major role in apoptosis, the intrinsic and extrinsic pathways (Figure 1). 

2a. Intrinsic Pathway 

Following apoptotic stimuli, the Bcl-2 homolog 3 (BH3) only proteins, bcl-2-like protein 4 

(BAX) and BCL2 antagonist/killer 1 (BAK), are activated and inserted into the 

mitochondrial membrane causing the release of cytochrome c and other mitochondrial 

proteins such as apoptosis inducing factor (AIF), endonuclease G, and second 

mitochondria-derived activator of caspase/direct IAP-binding protein with low PI 

(Smac/DIABLO). Subsequently, in the cytosol, cytochrome c interacts with apoptosis 

protease-activating factor 1 (Apaf1), and forms a complex recognized as the 

apoptosome18. The apoptosome, a multi-protein ring shaped complex activates initiator 

caspase (usually caspase-9), which in turn activates caspase-3, also known as executioner 
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caspase. Caspase-3 is activated by the cleavage of the inactive procaspase. Activation of 

caspase-3 triggers a caspase cascade that eventually leads to cell death19. 

2b. Extrinsic Pathway 

Signaling through the extrinsic pathway begins with the attachment of extracellular 

ligands such as tumor necrosis factor (TNF), Fas ligand (Fas-L), or TNF-related apoptosis-

inducing ligand (TRAIL) to the extracellular domain of transmembrane receptors20. 

Binding of ligand to the death receptor triggers intracellular domains of the death 

receptor to bind to adaptor proteins such as Fas-associated death domain (FADD) and 

TNF receptor-associated death domain (TRADD). These adaptor proteins also have 

another protein interaction domain, called the Death Effector Domain (DED). Pro-

caspase-8 also contains DED, which interacts with the DED of FADD21. DED and FADD 

activate caspase-8 that activates effector/executioner caspases, which cause cell death 

by damage or destruction of the nucleus and other intracellular structures22.  
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Figure 1. Intrinsic and extrinsic pathways of Apoptosis. Figure showing the intrinsic and 
extrinsic apoptotic pathways. Retrieved from: Clinical Cancer Research23  

 

2c. Regulation of Apoptosis 

Caspases are either regulated via the intrinsic or extrinsic pathways. In the intrinsic 

pathway, members of the B-cell lymphoma protein 2 (Bcl-2) family of proteins are 

important regulators of caspase-9 activation, since they can facilitate or prevent the 
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release of cytochrome c from mitochondria into the cytoplasm and regulate the 

formation of the apoptosome24. Caspase activation is blocked by the inhibitor of apoptosis 

proteins (IAPs) and is only unleashed on expression of IAP antagonists, such as reaper, 

grim and head involution defective (hid) in the fruitfly, drosophila melanogaster, or 

Smac/Diablo in mammals24 25. The Bcl-2 family of proteins is an important component of 

the intrinsic pathway, regulating mitochondrial outer membrane permeabilization 

(MOMP) and the release of proapoptotic factors, such as cytochrome c, from 

mitochondria 26. The Bcl-2 members are both pro- and anti-apoptotic. Relative ratios of 

anti- and pro-apoptotic factors dictate sensitivity to death stimuli 27. The proto-oncogene 

c-MYC has been shown to directly or indirectly control apoptosis. c-MYC has a central role 

in the regulation of growth control, cell differentiation and apoptosis, and is among the 

genes that most frequently contribute to the development of human tumors. 

Overexpression of c-MYC has been found to promote apoptosis24. The tumor suppressor 

p53 is a transcription factor that regulates the expression of genes responsible for 

regulation of the cell cycle and apoptosis. Activation of p53 occurs as a consequence of 

several posttranslational modifications such as phosphorylation, ubiquitination, 

acetylation, and other protein–protein interactions, that can stabilize p53 or convert it 

into its active phosphorylated form28. p53 can participate directly in the regulation of the 

apoptotic intrinsic pathway, by interacting with members of the Bcl-2 family to induce 

mitochondrial outer membrane permeabilization27. Another target for p53 is the cyclin-

dependent kinase (CDK) inhibitor p21. Following cellular damage due to irradiation and 
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other toxic agents, p53 activates an increase in p21 transcription levels leading to CDK 

inhibition and cell cycle arrest. The arrest of the cell cycle following DNA damage allows 

time for DNA repair to occur, leading to the concept that p53 acts as a guardian for 

genomic fidelity29. In tumor cells, wild type p53 mitigates progression of the cell cycle by 

inducing irreversible cell cycle arrest. Therefore, p53 acts as a surveillance mechanism in 

tumor progression due to its activation as a response to cellular stress30.  

2d. Role of Apoptosis in Cancer 

Evasion of apoptosis is a prominent hallmark in many cancers21. Apoptotic pathways can 

be altered in cancer cells at several levels including transcription, translation, and post 

translationally. Several proteins in the apoptotic pathway play both a pro- and anti-

apoptotic role. The equilibrium of the pro- and anti-apoptotic proteins plays an important 

role in the regulation of cell death. Therefore, disruption in the balance of pro- and anti-

apoptotic proteins has been known to contribute to carcinogenesis by reducing apoptosis 

in malignant cells31. An example of a family of proteins that has both pro- and anti-

apoptosis roles whose disequilibrium leads to malignancy is the BCL-2 proteins. Under 

expression or over expression of both pro- and anti-apoptotic proteins or a combination 

of both can lead to unregulated cell proliferation27. In a wide variety of human cancers 

BCL-2 proteins have been shown to possess genetic and epigenetics alterations. 

Additionally, BCL-2 proteins tend to be inactivated or overexpressed in malignant cells, 

hallmarks that are often correlated with recurrence, poor prognosis, and resistance to 

cancer therapeutics22. Besides genetic and epigenetic alterations, there is evidence that 
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dysregulation of MicroRNAs (miRNAs), a class of non-coding RNAs that regulate post-

transcriptional gene expressions and silence target messenger RNAs (mRNAs), is 

associated with different human cancers. miRNAs can function as oncogenes and tumor 

suppressors and have been established to act as anti-apoptotic or pro-apoptotic 

regulators respectively by targeting different mRNAs involved in the apoptotic pathways, 

especially BCL-2 family proteins25. For example, miR-15/16 targets Bcl-2 and the loss or 

reduced expression of the tumor suppressor miR-15/16 may explain the elevation of Bcl-

2 level in some tumors. Furthermore, pro-apoptotic miR-34 family members down-

regulate anti-apoptotic proteins and lead to decreased cellular proliferation and 

increased apoptosis32. Conversely, some miRNAs such as miRNA-21, the miRNA-17/92 

cluster, miRNA-272/273, and miRNA-221/222 have oncogenic functions that negatively 

control apoptotic activity, enhance cancer cell proliferation, and contribute to drug 

resistance. In many cancers, the most commonly up-regulated miRNA is anti-apoptotic 

miRNA-21. It is believed that miRNA-21 can modulate apoptosis by targeting the 

programmed cell death 4 gene (PCD 4 gene or PDCD4), tropomyosin 1 (TPM1), and the 

phosphatase and tensin homologue (PTEN)33.  

Caspases play a critical role in the initiation and execution of apoptosis. It is therefore 

logical to consider that impairment in caspase function or diminishing levels of caspases 

may result in a reduction of apoptosis and carcinogenesis34. Down-regulation of different 

caspases has been observed in diverse cancers; for example, down-regulation of caspase-

9 can lead to colorectal cancer and correlates with poor clinical outcomes3536. In addition, 
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decreased levels of caspase 3 has been observed in ovarian, breast, and cervical cancers, 

and it is established that restoring caspase-3 expression in breast cancer cells (MCF-7) 

leads to increased sensitivity of these cells to apoptosis in response to anticancer drugs 

or other apoptotic stimuli. Notably, there is some evidence that has shown the down-

regulation of more than one caspase contributes to tumor development37. 

3. Metastasis 

It is estimated that 90% of cancer deaths are due to metastasis. Metastatic secondary 

tumors form when cancer cells migrate from the primary site via hematogenic or 

lymphatogenic dissemination and form new colonies in distant organs (Figure 2). 

Generally, metastasis follows a pattern of local invasion, intravasation, survival in 

circulation, extravasation, arrest, and metastatic colonization at distant sites38.  

3a. Local Invasion 

The initial stage of invasion begins with migration of cells to adjacent tissue. Malignant 

cells cross the basement membrane and invade the underlying connective tissue.  

Epithelial-mesenchymal transition (EMT) is the process when cells develop directional 

polarity and generate a leading edge in front and a lagging edge at the back. The EMT 

happens during normal developmental processes but also upon transformation of tumor 

cells that acquire invasion properties39. During local invasion and the EMT process, there 

is a reduction of cell-cell adhesion molecules such as E-Cadherin rendering the epithelium 

more permeable. Loss of adhesion molecules is facilitated by downregulation of 

transcription factors such as Slug, Snail, Twist, and Zeb-1/-2. Additionally, migratory 
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abilities are enhanced by acquisition of cellular morphological protrusions mainly made 

up of actin13. Other factors that enhance local invasion include degrading of the extra 

cellular matrix (ECM) by tumor cells due to secretion of proteases such as 

metalloproteinase (MMP) -1, -2, and -9 and activation of plasminogens. Inflammation 

usually follows due to recruitment of innate immune cells such as macrophages, 

neutrophils, dendritic cells, and adaptive immune cells like T- and B-lymphocytes by 

stromal cells. Recruitment of immune cells create a complex microenvironment with a 

mixture of cytokines, chemokines, growth factors, and inflammatory and matrix modeling 

enzymes39. 

3b. Intravasation 

As previously mentioned, tumor cells migrate from the primary site via hematogenic or 

lymphatogenic dissemination and form new colonies in distant organs. During 

intravasation, tumor cells directly migrate into vessels. Factors that enhance local 

invasion such as secretion of proteases and activation of plasminogens seem to enhance 

intravasation. Secretion of angiogenic factors, most prominently the vascular endothelial 

growth factor (VEGF), is known to enhance intravasation40.  

3c. Survival in Circulation 

Circulating tumor cells (CTCs) find a hostile environment in blood. It is estimated that less 

than 1% of CTCs survive the blood environment to establish distant colonies. They must 

survive circulating immune cells, especially natural killer (NK) cells. CTCs protect 

themselves from immune surveillance through a process known as tumor cell-induced 
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platelet aggregation. This process involves secretion of substances like thrombin, 

cathepsin B, cancer procoagulant, and MMP-2/-14 by CTCs causing platelet aggregation 

around the tumor cells. This platelet ‘coat’ helps to facilitate extravasation and the arrest 

at distant organ sites. Platelets also protect tumor cells from the cytotoxic effects of 

circulating tumor necrosis factor alpha (TNF-a) and enhance tumor embolization in the 

microvasculature41.  

3d. Extravasation 

Prior to establishing metastasis, CTCs need to extravasate from the bloodstream. 

Extravasation is accomplished by a combination of molecular processes ensuring 

adherence to the vascular endothelium, migration across the blood vessel’s endothelial 

cell lining and invasion of the surrounding tissue. Secretion of factors that induce vascular 

hyperpermeability like protein angiopoietin-like-4 (Angptl4) and MMP-1/-2 assist CTCs in 

extravasation4243. Other factors in extravasation include interactions between surface 

receptors and ligands on cancer and endothelial cells such as, α3β1 integrins and a novel 

receptor called metadherin are implicated in homing to the microvasculature of the lung. 

Moreover, vascular endothelial growth factor (VEGF), abundantly expressed by most 

cancer cells, increases the permeability of the endothelium, and thus facilitates 

extravasation44. CTCs seem to have affinity to certain organs. This homing effect is 

mediated by cytokines that have been shown to have crucial roles in the homing of tumor 

cells to distinct organs. In breast cancer and their metastasis, for example, the chemokine 

receptor CXCR4 is abundantly expressed. Metastatic destinations of breast cancer express 
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elevated levels of the ligand SDF1 (CXCL12), that bind to the CXCR4 receptor, suggesting 

that the receptor CXCR4 attracts the SDF1 (CXCL12) ligand in breast cancer. In vivo studies 

in a transgenic mouse model have shown that neutralizing the interactions between SDF1 

(CXCL12) and CXCR4 significantly impairs metastasis of breast cancer cells to regional 

lymph nodes and lung45. Therefore, specific expression of a set of genes in the malignant 

cells can direct metastasis to distinct secondary sites46.  

3e. Metastatic Formation and Colonization 

For metastatic formation and colonization to take place, the target organ or tissue needs 

to be ‘primed’ for seeding. It has been shown that the primary tumor releases into 

circulation growth factors that cause the upregulation of VEGF-A, placental growth factor 

(PlGF), transforming growth factor-β (TGFβ), and inflammatory proteins S100A8/-9 at the 

future metastatic sites47. Other factors such as such as VEGF derived from the bone 

marrow are recruited to the site causing a remodeling of the ECM. After formation of 

micro metastasis, tumor cells must proliferate and form macro metastasis. This process 

may take several years, a phenomenon referred to as tumor latency. It is estimated that 

50% of micro metastasis will develop to detectable macro metastasis48. 
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Figure 2. Mechanisms of cancer metastasis: Figure showing the sequential process of 
metastasis which includes transformation, angiogenesis, motility and invasion, transport 
in vascular system and extravasation. Retrieved from: Cancer Research49   

 

3f. Patterns of Cancer Invasion 

Presently, two patterns of cancer cell invasion have been elucidated: collective cell 

migration and single cell migration50. Collective cell migration entails the migration of 

whole groups of cells connected by cadherin and intercellular gap junctions. A moving cell 

group has ‘leader’ cells on the leading edge and ‘follower’ cells at the trailing edge. The 

leading-edge tumor cells form pseudopodia and use integrins to form contacts with actin 

cytoskeleton and release proteases to degrade the ECM, creating space and micro 

environment for the invasion of tumor51. On the other hand, single cell invasion, also 



16 
 

referred to as mesenchymal cell migration, involves loss of polarity and acquisition of an 

elongated spindle shape. Mesenchymal type of migration goes through a number of 

steps. First, formation of lamelopodia or filopodia resulting from contraction of the actin 

cytoskeleton aided by small GTPases Rac1, Cdc42, and involvement of integrins of the β1 

family. Second, formation of focal adhesion with the involvement of integrins β1 and β3 

at the contact site between the extracellular matrix and the cell, and assembly of focal 

contacts based on integrin-mediated interactions. Third, activation of proteolytic 

enzymes (matrix metalloproteinases, serine and threonine proteases, cathepsins) at the 

“cell-matrix” interface that lead to the destruction and remodeling of the surrounding 

ECM. Lastly, “Pulling” the trailing edge toward the newly formed defects in the matrix 

structure52   

3g. Signaling Pathways Involved in Metastasis 

The RAS/RAF/MEK/ERK signaling pathway is involved in the regulation of cell cycle 

progression. RAS/RAF/MEK/ERK signaling induces expression of matrix-degrading 

proteases, MMP-1, −2, −3, −9 and urokinase-type plasminogen activator (uPa) RAS (H-, K-

, N-RAS) and its downstream effectors enhance tumor cell migration (Figure 3). ERK 

activates myosin light-chain kinase (MLCK) which increases cell movement and 

contraction by increasing phosphorylation of the regulatory light chain of myosin 

II53.  PI3K/Akt/mTOR signaling triggers tumor cell motility and invasion. Both mTOR 

complexes, mTOR complex 1 and mTOR complex 2, which regulate different cellular 

processes, induce tumor cell migration and invasion via their downstream target p70 S6 
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kinase (S6K1) and eukaryotic initiation factor 4E binding protein (4E-BP1). Additionally, 

PI3K/Akt/mTOR signaling upregulates matrix-remodeling enzymes such as MMP-2/-9, 

uPA, and plasminogen activator inhibitor-1 (PAI-1), and regulates the actin cytoskeleton 

and cell motility by activating PKCα, GTPases, and focal adhesion proteins. Also, 

PI3K/Akt/mTOR signaling supports cell survival by inactivating different pro-apoptotic 

factors like Bad and procaspase-9, and inhibiting the expression of pro-apoptotic genes 

such as Fas ligand (FasL). mTOR controls cell cycle progression, cell growth, and cell size 

through its effectors S6K1, a kinase, and 4E-BP1, a translation repressor. The 

PI3K/Akt/mTOR pathway plays an important role in angiogenesis by promoting VEGF 

expression54.  
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Figure 3: PI3K/Akt/mTOR pathway: Figure showing the PI3K/Akt/mTOR pathway and the 
various proteins in the pathway that leads to proliferation, apoptosis and proteins 
synthesis. Retrieved from: Sarcoma55  

 

3h. Role of Neutrophils in Metastasis 

In humans, neutrophils are the most abundant immune cell population representing 50-

70% of all leukocytes. They are part of the innate immune system. Recent data have 

shown that neutrophils play a complex role of pro- and anti-tumor effect. Anti-tumor role 

of neutrophils includes limiting tumor growth and metastasis through direct and 

antibody-dependent cytotoxic activity, activation of innate and adaptive immune cells 

such as T cells, B cells, natural killer (NK) cells, and dendritic cells (DCs)56. Conversely, 

various malignancies exhibit increased circulating neutrophils and recent studies have 
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shown that neutrophils facilitate tumorigenesis, promote tumor growth and metastasis, 

stimulate tumor angiogenesis, and mediate immunosuppression57. In studying the role of 

neutrophils in cancer, an emerging theme is that neutrophils exhibit polarization to N1 

and N2 phenotypes. The N1 neutrophils are short-lived cells with mature phenotype and 

display high cytotoxicity and immunostimulating activity and N2 neutrophils are long-

lived cells with immature phenotype and show low cytotoxicity but high pro-angiogenic, 

pro-metastatic, and immunosuppressive activities56 58. Inflammation plays a key role in 

tumor initiation and neutrophils are a crucial component of this phase. Inflammation 

induced models have shown that neutrophils are recruited to tumor prone tissues via 

CXCR1, CXCR2, and CXCR5 ligands, which are thought to be released by macrophages and 

are known to play a role in tumor initiation and metastasis. Attenuation of CXCR1, CXCR2, 

and CXCR5 ligands hinders tumorigenesis in tumor inducing models. Neutrophils play a 

role in tumor growth by induction of angiogenesis through recruitment of pro-angiogenic 

molecules such as VEGF, elastase, prokineticin 2 (PROK2), and MMP959. Neutrophils also 

play a key role in cancer metastasis by increasing the migratory and invasive potential of 

tumor cells, degrading extracellular matrix, and promoting the colonization of tumor cells. 

Neutrophils induce epithelial-to-mesenchymal transition (EMT) in tumor cells, which 

significantly increases the migratory and invasive capacity of tumor cells. This response 

occurs by release of high levels of oncostatin M (OSM) that binds to tumor cells, which in 

turn promotes the detachment of homotypically aggregated breast cancer cells and 

facilitating of tumor cell migration60. Whereas metastasis plays a significant role in cancer 
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deaths, changes in chromatin stability and gene expression also play a significant role in 

oncogenesis. 

4. Chromatin 

In the nucleus, DNA, associated proteins, and non-coding RNAs are packaged tightly in a 

condensed form known as chromatin61. The basic units for chromatin organization are  

comprised of 147 base pairs of DNA wrapped 1.64 times around the 8 core histones to 

form the, the nucleosome62. The core histones consist of two copies each of the four 

histones H2A, H2B, H3, and H4. Approximately 20-50 base pairs of linker DNA and a linker 

histone (H1) join the nucleosomes together to form an 11 nm ‘beads on a string’ 

structure63. Chromatin is further compacted to form higher order chromatin structures 

that are 30 nm, 300 nm, 700 nm, and 1,400 nm (Figure 4).  
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Figure 4: Levels of chromatin organization: Figure showing the levels of chromatin 
compaction from the 2 nm naked DNA to 1,400 nm mitotic chromosome. Retrieved from: 
Nucleic Acids Research64  

 

Two main chromatin organization levels exist and are mainly distinguished by appearance 

when stained for light microscopy. The two main levels are heterochromatin, that appears 
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darker and remains condensed throughout the cell cycle and euchromatin that contains 

transcribed genes and appears less condensed62.  

4a. Post-translational Modifications 

After the ribosomal translation of mRNA into polypeptide chains, proteins mature by 

undergoing covalent enzymatic changes known as post-translational modifications.  

Examples of post-translational modifications on proteins are acetylation, methylation, 

phosphorylation, ubiquitylation, and sumoylation65. This project focused on acetylation 

dynamics of core histones. Acetylation is a reversible post-translational modification that 

takes place on a wide range of proteins that are mediated by a class of enzymes known 

as histone acetyltransferases (HATs), a class of enzymes66. HATs bind and convert two 

substrates in the process of catalysis. This is accomplished by the acetylation of lysine 

residues using the co-factor acetyl-coenzyme A (Ac-CoA) as the acetyl donor. HATs are 

therefore bisubstrate enzymes67. Though most human proteins (80-90%) are acetylated 

on the N-terminus as part of their translation, the most studied post-translational 

acetylation is on the histone ɛNH3-groups of R-chains of lysine residues. Since acetylation 

takes place on many non-histone proteins, the classes of HATs that perform acetylation 

on the lysine residues are sometimes referred to as KATs (Lysine (K) acetyltransferases)68. 

Histone acetylation has been broadly studied due to its role in gene regulation. The 

reverse of histone acetylation is histone deacetylation, a process carried out by histone 

deacetylases (HDACs). The interplay between HATs and HDACs is crucial in regulating 

gene expression69.  
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5. HAT Families 

HATs are generally classified into two classes; type A and type B HATs. Type A HATs reside in 

the nucleus and type B HATs are cytoplasmic. Type B HATs acetylate newly synthesized 

histones before their assembly into nucleosomes70. Classification of type A HATs is majorly 

based on structure or function. Structural classification is based on their catalytic domain and 

the multi-protein complex where they reside. On the other hand, functional classification is 

based on whether they are transcriptional activators, cell cycle regulators, involved in DNA 

repair, chromatin architecture and assembly, rDNA silencing, development, or cell survival69 

71. Mainly, there are three different groups of type A HATs (Table 1). They include the Gcn5 

N-acetylytransferases (GNAT), MYSTs, and p300/CREB Binding Protein (CBP). Elucidation of 

structural and biochemical properties shows that HATs contain a structurally conserved core 

region  as part of the active site made up of three stranded β-sheets and an α-helix that 

functions as a template for Ac-CoA binding and substrate acetylation. The core region has no 

sequence homology between the various HATs71 72. GNAT family member PCAF and GCN5 

were the first identified and characterized at the biochemical and structural level. They share 

a 73% sequence homology. GCN5 acts predominantly on histone substrates and exists in two 

forms: Gcn5L and Gcn5S. The L form preferentially acetylates nucleosomal histones whereas 

the S form acts only on free histones 73. PCAF has a wide array of substrates. Besides 

acetylating histones (histone H3 on lysine 14, and histone H4 on lysine 8), it also acetylates 

non-histone proteins like p53, and other substrates causing diverse physiological effects. 

PCAF has a globular α/β fold containing a central region associated with Ac-CoA cofactor 

binding and a structurally conserved glutamate residue as a base for the acetyl-transfer 
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reaction. The N- and C-terminals of GNAT/PCAF play a role in histone substrate binding. The 

other member of GNAT family, elongator acetyltransferase complex subunit 3 (ELP3) acts on 

histone substrates only74.  

The MYST (acronym for the founding members MOZ, Ybf2, Sas2, and TIP60) family of proteins 

was characterized at the biochemical and structural level around the same time as the 

Gcn5/PCAF family66. Other members of the MYST family include Sas3, Esa1, MOF, and HBO1. 

MYST plays a role in histone substrate binding via the N-and C- terminal domains. Like 

Gcn5/PCAF, MYST family members have a structurally conserved glutamate residue as a 

general base for the acetyl transfer reaction. The MYST enzymes have been implicated in 

growth, differentiation, and development63. They also play a role in the formation of fusion 

proteins that have been implicated in cancers. TIP60, a Tat interacting protein plays a role in 

stress response and acetylates histone H4. It is also activated during DNA damage and may 

act as a link between transcription activation and DNA repair75. CBP and p300 share 60% 

sequence homology and have been implicated in a number of biological functions such as 

proliferation, cell cycle regulation, apoptosis, differentiation, and DNA damage response76. 

p300/CBP are known transcription activators that cooperatively bind and coordinate the 

assembly of transcription factor complexes and have over 400 binding partners and at least 

75 substrates77. Both CBP and p300 are known to possess intrinsic HAT activity and are 

capable of acetylating core histones as well as non-histones proteins. Specifically, p300/CBP 

acetylates histone H2B lysine 12 and 15 and 20, H3 lysine 9, 14, and 18 and H4 lysine 5 

and 878. Some transcription factors are known to possess acetyltransferase activity, hence 

having a direct effect in transcription activation. They include ATF2, TAF1, and TFIIIC90. 
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Nuclear receptor coactivators like SRC-1, ACTR, TIF2, TAFII250 family and TFIIIC family also 

possess acetyltransferase activity79.  

Table 1. Histone Acetyltransferases and their substrates 

Family Old Name(s) New 
Name 

Substrate 

Cytoplasmic HAT1 
HAT4 

KAT1 
NA A60 

Newly synthesized histones62  
Newly synthesized histones80   

GNAT Gcn5 
 
PCAF 

KAT2A 
 
KAT2B 

H2B, H3K9/14/23/27, H4K8/16 
H3K14, H4K865  
H3K9, H3K14, H4K875  

MYST TIP60, FLIP 
MOZ, MYST3 
MORF, 
MYST4 
HBO1, MYST2 
MOF, MYST1 

KAT5 
KAT6A 
KAT6B 
KAT7 
KAT8 

H2AK5, H3K14, H4K5/8/1274  
H3, H466  
H380  
H3, H466  
H481  

p300/CBP p300 
 
CBP 

KAT3B 
 
KAT3A 

H2AK5, H2BK12/15/20, 
H3K9/14/18/23, H4K5/882  
H2AK5, H2BK12/15/20, H3K14/18/23, 
H4K5/8/1283  

 

6. HAT Inhibitors for Cancer Therapy 

Generally, there are two classifications of HAT inhibitors: natural products and synthetic 

molecules84. Table 2 summarizes the classifications of HAT inhibitors (HATi). Some natural 

products have been shown to be potent HAT inhibitors. For example, curcumin, a 

polyphenolic compound from Curcuma longa specifically inhibits p300/CBP85 86. The 

phytochemical garcinol, extracted from Garcinia indica, inhibits the HAT activity of p300 

and PCAF87. Anachardic acid (AA) another phytochemical found in the nutshell of 

Anachardium occidentale is a p300 and PCAF inhibitor88. There are some structural 

similarities between these natural HAT inhibitors and the amidoximes used in this 
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dissertation. For example, curcumin has two rings on each side and a linker between the 

rings, a structural feature present in the amidoximes. Functional similarities include the 

fact that both amidoximes and natural HAT inhibitors decrease acetylation levels of 

various core histones and induce apoptosis in various human cancer cells. Isothiazolones 

are an example of synthetic small molecules that have been shown to inhibit p300 and 

PCAF89. Other known HAT inhibitors include ICG-001, C646, Lys-CoA, Lys-CoA-CH3, Ph-Lys-

CoA, and H3-CoA-20 (Table 2). 

Table 2. HAT inhibitors; target HATs, IC50, and development stage 

HAT Inhibitor HAT Inhibited IC50 (µM) Development Stage 

Natural HATi 
     Garcinol 
 
     Anacardic Acid 
 
     Curcumin 
 

 
PCAF (KAT2B) 
P300 (KAT3B) 
P300 (KAT3B) 
PCAF (KAT2B) 
P300 (KAT3B) 

 
5.0 
7.0 
8.0 
5.0 
25 

 
Preclinical90  
 
Preclinical91  
 
Clinical (phase II)92  

Synthetic Small 
Molecule HATi 
     Isothiazolones 
     ICG-001 
     C646 
     Lys-CoA 
     Lys-CoA-CH3 
     Ph-Lys-CoA 
     H3-CoA-20 
 

 
 
PCAF (KAT2B) 
CBP (KAT3A) 
P300 (KAT3B) 
P300 (KAT3B) 
PCAF (KAT2B) 
P300 (KAT3B) 
PCAF (KAT2B) 

 
 
4.2 
3 
400 (nM) 
0.5 
0.8 
0.7 
300 nM 

 
 
Preclinical93  
Preclinical94  
Preclinical95  
Preclinical96  
Preclinical96  
Preclinical96  
Preclinical96  
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6a. Garcinol 

Use of naturally occurring compounds for prevention and therapeutic intervention of 

cancer has long been advocated, but in recent years, it seems to have gained 

momentum97. Toxicity is a major concern in cancer therapy and one advantage of some 

natural compounds is their relatively non-toxic nature. Garcinol is one such natural 

compound that has demonstrated versatility as a biological agent98. Garcinol is obtained 

from the Garcinia indica fruit, popularly known as Kokum, Malabar tamarind or 

Mangosteen and has been used for Ayurvedic medicine to treat heat strokes, edema, 

infections, diabetes, obesity, and ulcers. It induces apoptosis in several malignant cells 

including: leukemia, colon, gastrointestinal, prostate, breast, pancreatic and liver 

cancers99.   Garcinol induces antitumorigenic death in malignant cell lines through several 

mechanisms which include p300/CPB inhibition, inducing cell cycle arrest, increasing 

apoptosis, preventing angiogenesis, decreasing cell invasion markers, and modulation of 

metastasis genes98 100 100 101 102. 
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Figure 5a. Chemical structure of garcinol. Retrieved from Journal of Oncology103  

 

 

 

 

 

 

 

 

 

 

 

Figure 5b. Different mechanisms of induction of cell death by garcinol. This figure is based 
on information retrieved from Journal of Hematology and Oncology104  
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6b. Anarchardic Acid 

The natural compound anachardic acid (AA), also known as pentadecylsalicylic acid is 

retrieved from cashew nutshell liquid and has been used as traditional medicine for 

thousands of years84. Mechanistically, one study showed that AA suppresses tumor cell 

proliferation by inhibiting TNF-induced NF- κB activation in a dose-and time-dependent 

manner, inhibited constitutive NF- κB activation in tumor cells and suppressed TNF-

induced HAT activity105. Moreover, AA inhibits the proliferation of human lung 

adenocarcinoma cell line A549 by inducing apoptosis in a caspase 3/7 dependent manner, 

and by increasing pro-apoptotic members of the Bcl-2 family 106. Another study showed 

that AA was cytotoxic to A549 cells and this involved the increase of the endoplasmic 

reticulum (ER) stress associated pro-apoptotic markers CHOP/GADD153 and caspase-12 

increased. Morphological changes in the ER and mitochondria were also observed and 

autophagy of A549 cells was evident due to an increase of autophagy markers LC3 I and 

LC3 II. These results showed that AA induces ER stress and autophagy in A549 cells107. 

 

Figure 6: Chemical structure of Anacardic acid: Retrieved from BBA Biomembranes108  
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6c. Curcumin 

KAT inhibitor Curcumin (diferuloylmethane) is a yellow polyphenol extracted from 

turmeric, (Cocuma longa) a plant grown in Southeast Asia and has been used as a spice 

and coloring agent in Indian food for centuries109. It has been known to induce cell death 

(including apoptosis and necrosis) in various tumor cells and is therefore a potential anti-

cancer drug that is a naturally occurring antioxidant85.  Structurally, curcumin has one 

aromatic ring on each end, which are thought to be formed after condensation of two 

phenylpropanoids to a central carbon provided by a malonic acid molecule. Curcumin has 

two electrophilic α, β-unsaturated ketones, which may covalently react with nucleophilic 

groups.110. Curcumin targets signal transduction pathways such as the intrinsic and 

extrinsic apoptotic pathways in various cancer cell lines. The mechanism if this activity is 

through the activation of caspase-3 by inducing upregulation of GADD153 and GRP78, 

both markers associated with apoptosis in human lung cancer A549 cells111.  

 

 

Figure 7a. Chemical structure of curcumin: Retrieved from: Cancer Research112  
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Figure 7b:  Molecular targets of curcumin: This figure is based on information retrieved 
from113 114.   
 
7. Amidoximes 

The novel amidoximes synthesized for this research were analyzed to assess their ability 

to inhibit proliferation of various human malignant cell lines and the normal dermal 

human fibroblasts (NDHF). Different amidoximes showed different specificity in killing the 

cancer cells suggesting that each of the novel amidoximes had a different mechanism of 

action in inducing cell death (Table 3).  Mechanistically, amidoximes JJMB5, JJMB6, JJMB7, 

and JJMB9 induced apoptosis in HCT-116 (colon cancer cells) as confirmed by DNA 

fragmentation assay, cleavage of caspase-3 and increase in sub-G1 population. 

Additionally, cell cycle analysis by flow cytometry revealed that JJMB5 arrested the cells 

at the G2/M checkpoint while JJMB6, JJMB7, and JJMB9 arrested cells at the  G1/S 

Molecular Targets of 

Curcumin 

Protein Kinase and 

Inflammatory mediators 
Transcription Factors Growth Factor Induced 

Signaling cascades 

Activator protein (AP)-1 
NF-ĸB 
STAT 
Wnt/β-catenin 
Nrf-2 
TNF-α and interleukins 
Inflammatory enzymes 
Oncogenic kinases 
 

HER2/neu 
EGFR 

Cyclin D1 
P53 
Adhesion molecules 
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checkpoint. Moreover, amidoximes JJMB5, JJMB6, JJMB7, and JJMB9 significantly 

reduced the levels of core histone acetylation in HCT-116 cells. Sequence of the inhibition 

of acetylation and apoptosis in HCT-116 cells suggested that JJMB9 might induce 

inhibition of acetylation prior to apoptosis. In contrast, JJMB7 induced apoptosis by a 

different mechanism and the apoptosis, in turn, inhibited the acetylation of the histones 

in the cells. 

Table 3. GI50 of Novel amidoximes in various human malignant cell lines142 

 

Letter N = No Inhibition 

8. Research Goals 

This dissertation focused on four main research goals. First, to establish the sequence of 

core histone acetylation inhibition and apoptosis induction caused by amidoximes JJMB5 

and JJMB6. Second, to develop a pre-clinical mouse model system to test the amidoximes’ 

efficacy in vivo. Third, to explore the pharmacokinetics of the amidoximes and lastly to 

explore possible resistance and the mechanisms of resistance to amidoximes in a human 

malignant cell line. 

 

Cell Line JJMB1 JJMB2 JJMB3 JJMB4 JJMB5 JJMB6 JJMB7 JJMB8 JJMB9 Garcinol

Colon (HCT-116) N N N 21 µM ± 3 36 µM ± 5 17 µM ± 4 36 µM ± 1 N 29 µM ± 5 39 µM ± 8

Lung (HLF-A) N N N 58 µM ± 8 335 µM ± 4 N 275 µM ± 3 N 40 µM ± 7 27 µM ± 4

Breast (MCF-7) N N N 58 µM ± 8 90 µM ± 4 N N N 30 µM ± 5 55 µM ± 7

Breast (MDA-MB-231) N N N N 125 µM ± 4 N 85 µM ± 3 N N 44 µM ± 4

Prostate (DU-145) N N N 73 µM ± 9 N N N N N 55 µM ± 7

Ovarian (SK-OV-3) N N N 77 µM ± 6 N N N N N 43 µM ± 5

Normal (NHDF) N N N 73 µM ± 2 N N N N N N
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9. Pharmacokinetics 

Since one of the research goals of this dissertation was to explore pharmacokinetic 

dynamics of the amidoximes, it is important to give a brief background on 

pharmacokinetics. Pharmacokinetics (PK) is the study of drug absorption, distribution, 

metabolism, and excretion in the body. Other important properties studied include half-

life of a drug (t1⁄2), absorption, and tissue distribution115. The primary goal for performing 

drug metabolism and pharmacokinetics is to validate and optimize a compound prior to 

FDA approval and public use. Central to successful development of a drug is the 

determination of efficacy and safety, and both are dependent on drug metabolism. 

Besides determination of drug metabolism parameters, likely drug-drug interactions 

should be evaluated by identifying the major metabolic enzymes that act on a drug116. 

Approximately 60 percent of drugs are metabolized by hepatic cytochrome (CYP450), a 

hemoprotein named because its carbon monoxide derivative absorbs light at 450 

nm. Human liver microsomes (HLM) are an important in vitro experimental model for the 

evaluation of drug metabolism and have a plethora of many drug-metabolizing enzymes 

such as cytochrome P450s (CYP450s), flavin monooxygenases, carboxyl esterases, 

epoxide hydrolases, and UDP glucuronyl transferases117. HLMs are subcellular fractions 

derived from the endoplasmic reticulum of hepatic cells and are prepared by 

homogenization of liver. Moreover, microsomes are pooled from multiple donors, 

minimizing the effect of variability between individuals. HLMs are widely used as an in 
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vitro model system to elucidate drug metabolism, stability, and identification of 

metabolites118.  

9a. Drug Absorption 

The rate of drug absorption by cells depends on many factors such as membrane structure 

and function of a given tissue, local blood flow, rate of gastric emptying, and drug binding 

to proteins. Cell membranes are semipermeable, contain numerous aqueous channels, 

and specialized carrier molecules. For most tissues, passive aqueous diffusion occurs for 

molecules with a molecular weight of less than 200 daltons118. Lipid soluble drugs dissolve 

via passive lipid diffusion across the membrane driven by the concentration gradient 

across the membrane. Carrier (channels, transporters, pumps) mediated diffusion will 

occur for drugs that have analogous compounds in the tissue. For example, methotrexate, 

an anticancer drug that is structurally similar to folic acid is transported using the folate 

membrane transport system119. Local blood flow is an important determinant of the rate 

of absorption especially for orally administered drugs. Oral drugs must go through the 

stomach, and the blood supply draining the stomach goes through the liver prior to 

systemic circulation. The liver being a major site for drug metabolism may reduce the 

amount of drug arriving at target tissue. Some drugs bind strongly to circulating proteins, 

especially albumin, whereas some drugs remain unbound (free). Binding to albumin 

increases the rate of passive absorption by maintaining concentration of free drug120.  
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9b. Drug Distribution 

Once in the body, the drug is distributed systemically and eliminated. Drug distribution 

and elimination is partially influenced by blood flow. Generally, drug distribution is to 

three compartments: the central compartment, peripheral compartments, and special 

compartments. The central compartment is comprised of well perfused organs and 

tissues such as heart, blood, liver, brain, and kidney. Peripheral compartments include 

organs with less perfusion such as fat and skeletal muscles. Central compartments are 

mainly located in the central nervous system (CNS). Barriers such as the blood brain 

barrier that limits the entry of drugs restrict entry into CNS121. As aforementioned, many 

drugs bind to plasma proteins that affects drug distribution. Only freely circulating drugs 

(unbound) can penetrate cell membranes. Protein binding therefore decreases net 

transfer of drug across membranes122. 

9c. Drug Metabolism 

 Drug metabolism happens at the organ, cellular, and biochemical levels. The liver is the 

primary organ for drug metabolism. Other organs that carry out drug metabolism include 

the lung, kidney, intestine, skin, and placenta123. Cellular level metabolism takes place in 

lipophilic membranes of the smooth endoplasmic reticulum. Biochemical level 

metabolism is divided in phase I and phase II reactions. During phase I reactions, 

generally, metabolism is intended to transform compounds into more polar structures, 

or readily excretable water soluble product, by introducing or unmasking polar functional 

groups such as - OH, -NH2, or -SH. Phase II reactions involving conjugation of the newly 
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established polar group with endogenous compounds such as glucuronic acid, sulfuric 

acid, acetic acid, or amino acids (typically glycine)124. 

9d. Drug Elimination 

The primary organ for drug and metabolite elimination is the kidney. Drugs and 

metabolites can also be eliminated via bile, sweat, saliva, exhaled air, or secreted milk. 

Drug and metabolite elimination take place through renal glomerular filtration, renal 

tubular secretion, renal tubular reabsorption and biliary excretion. The glomerular allows 

most drug molecules to pass except those that are protein bound. Glomerular filtration 

rate can affect rate of drug elimination. Renal tubules can allow reabsorption of protein 

bound drugs and nonionized, lipid soluble drugs125.  

10. Drug Resistance 

One of the research goals of this dissertation is to establish drug resistance to the 

amidoximes and elucidate possible mechanisms of drug resistance. Drug resistance is a 

phenomenon exhibited by resistance of a certain pathology to treatment. In cancer 

therapy, despite the progress made in treatment options, a vast majority of failures are 

due to invasion, metastasis, and drug resistance126. Whereas various malignancies have 

identical drug resistance mechanisms, some resistance mechanisms are cancer specific. 

Rigorous work is being done to elucidate resistance mechanisms and ways to overcome 

them. So far, known mechanisms to drug resistance include drug inactivation, alteration 

of drug targets, epithelial-mesenchymal transition, cell death inhibition, DNA damage 
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repair, drug efflux, and epigenetics127. These mechanisms are summarized below (Figure 

8). 

 

Figure 8: Drug resistance mechanisms. Retrieved from: Cancers128   

10a. Drug Inactivation 

Drug inactivation entails complex interactions between the drug and enzymes leading to 

partial degradation or modifications of the drug. A plethora of anticancer drugs undergo 

metabolic inactivation and do not acquire clinical efficacy. Increased drug inactivation is 

a molecular marker in many cancers. Some of the molecules responsible for drug 

activation or inactivation include the cytochrome P450 (CYP) system, glutathione-S-

transferase (GST) superfamily, and uridine diphospho-glucuronosyltransferase (UGT) 

superfamily126. The GST superfamily, for example, is a group of detoxifying enzymes that 

protect cellular macromolecules from electrophilic compounds. GST expression levels are 

elevated in many cancers, enhancing detoxification of the anticancer drugs, resulting in 

less efficient cytotoxic damage of the cells129.  
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10b. Alteration of Drug Targets 

Alteration of drug targets through mutations or modification of expression levels can 

diminish the efficacy of a drug. For example, cancer cells develop resistance to the 

topoisomerase II inhibitor doxorubicin through mutations in the topoisomerase gene that 

result in drug resistance In breast cancer, 30% of patients overexpress the human 

epidermal growth factor receptor 2 (HER2), a receptor tyrosine kinase in the EGFR 

family130 . Whereas patients initially respond to inhibitors targeting EGFR, drug resistance 

can result after long-term use due to mutations reported in the EGFR gene. In ovarian 

cancers, resistance to paclitaxel has been observed due to mutations in beta-tubulin, a 

target for taxane drugs resulting in resistance to taxane drugs131. 

10c. Drug Efflux 

Reduction of drug accumulation by enhancing drug efflux is one of the most studied 

mechanisms of cancer drug resistance. Members of the ATP-binding cassette (ABC) 

transporter family proteins enable drug efflux. ABC transporters are transmembrane 

efflux proteins that play an important role in prevention of accumulation of toxins within 

the cell. Whereas this is a normal physiologic process in non-cancerous cells, it is also a 

known mechanism for drug resistance in cancer132. Three transporters that are implicated 

in many cancers are multidrug resistance protein 1 (MDR1), multidrug resistance-

associated protein 1 (MRP1), and breast cancer resistance protein (BCRP). They have a 

broad specificity and can efflux many chemotherapeutics, conferring resistances in 

several cancer types including breast, colon, kidney, lung, and liver cancers. 
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Overexpression of these transporters confers poor clinical outcomes. Drug efflux 

inhibitors such as gefinitib alleviates drug resistance in lung cancer patients133. 

10d. DNA Damage Repair 

Repair of damaged DNA is an established mechanism in cancer drug resistance. 

Chemotherapy can directly or indirectly target and damage DNA, while DNA damage 

response (DDR) mechanisms can reverse the drug-induced damage. For example, 

platinum-based drugs induce damaging crosslinks in DNA, leading to apoptosis. However, 

resistance to platinum-based drugs can be acquired by enhancing DNA repair systems, 

including nucleotide excision repair system (NER) and homologous recombination repair 

mechanisms (RRM) in the cancer cells. Enhanced DNA damage repair pathways can be 

targeted to enhance sensitivity of cancer cells to DNA damaging cytotoxic drugs, 

increasing the effectiveness of chemotherapy134. 

10e. Cell Death Inhibition 

Two major mechanisms that trigger apoptosis: the extrinsic pathway involves ligands and 

cell death receptors such as FAS, TNF-R, linker proteins, caspases-3, -6, -7 and -8, and the 

intrinsic (mitochondrial) pathway involves Bcl2, AKT (anti-apoptotic proteins), Bax, Bak 

and caspase-9 (pro-apoptotic proteins). In cancer cells, there is evidence of upregulation 

of anti-apoptotic genes such as Bcl2, AKT, and downregulation of pro-apoptotic genes 

such as Bax, Bak, and caspase-9127 129. The tumor suppressor protein p53 promotes 

apoptosis in response to chemotherapy. Inactivation of p53 by its regulators such as 

caspase 9 and apoptotic protease activating factor 1 (Apaf-1), has been shown to lead to 
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drug resistance. Moreover, p53 is mutated in 50% of cancers rendering it non-functional, 

thus accelerating drug resistance135  

10f. Epigenetics 

Epigenetics plays a crucial role in drug resistance. DNA methylation and histone 

modifications through acetylation or methylation are the two main types of epigenetic 

changes. Epigenetics regulate gene expression and in cancer, normal epigenetic 

regulations are modulated.  Methylation silences tumor suppressor genes whereas hypo- 

or hyper-methylation of oncogenes induces their expression136. For example, in some 

cancer cell lines, demethylation of multi-drug resistance gene (MDR1) confers a multi 

drug-resistant phenotype and attenuates the accumulation of the drug inside the cancer 

cells137.  

11. Combination Therapy in Cancer 

In the studies reported in this dissertation, we endeavor to develop a pre-clinical mouse 

model system to test the amidoximes’ efficacy in vivo.  Part of establishing this model 

involved using combination treatments, both in vivo and in vitro. Combination therapy is 

a cornerstone in cancer therapy that involves combining two or more therapeutic agents 

to combat malignancy. In the past, physicians have employed 3 main treatment options: 

surgery, radiation therapy, and chemotherapy. However, in the last decade, additional 

therapies such as immunotherapy, targeted therapy, hormone therapy, stem cell 

transplants, and precision medicine have added to the treatment arsenal for cancer 

therapy. Combination therapies enhances the efficacy compared to monotherapies 
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because they target several key pathways and molecular targets ensuring a synergistic or 

additive effect, potentially mitigating drug resistance, while providing anticancer benefits 

such as decreasing tumor growth and metastasis138. Due to many side effects resulting 

from therapy, a novel approach has endeavored to restrict dosing by targeting malignant 

cells while sparing normal cells139.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 9: Chemical structures of amidoximes used in this research
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CHAPTER II 

MATERIALS AND METHODS 

1. Chemicals 

The amidoximes used in this research were synthesized by Dr. James Johnson of the 

Department of Chemistry and Biochemistry, Texas Woman’s University, Denton, TX, USA, 

and Dr. Debra Doliver of Southeastern Louisiana State University, Hammond, LA, USA. 

Cisplatin, etoposide, romidepsin, mitoxantrone, and paclitaxel were purchased from 

Selleckchem.com, and Avertin (2,2,2-tribromoethanol, cat# A18706, and 2-Methyl-2-

butanol cat# A18304) (98% purity) was purchased from Thermo Fisher Scientific, 

Pittsburg, PA, USA.  

2. Cells and Cell Culture Conditions 

All media were supplemented with 10% fetal bovine serum (FBS) (Gemini, Sacramento, 

CA, USA, cat# 100-106) and 1% penicillin-streptomycin (Gemini, Sacramento, CA, USA cat# 

400-110). All cells were grown in an incubator at 370C, 100% humidity, and 5% CO2. Cells 

in logarithmic phase were plated at 20 x 103 cells/well (MCF-7, EpH4 1424, EpH4 1424.2, 

and 4T1 cells) or 25 x 103 cells/well (HCT-116) in a 96-well plate. The cancer cell lines HCT-

116 (colorectal carcinoma), MCF-7 (breast adenocarcinoma), and/or EpH4 1424 and EpH4 

1424 (murine mammary carcinoma) were obtained from ATCC (Cat# CRL-3210) 

(Manassas, VA). The murine mammary carcinoma 4T1 cell line was a gift by Dr. Rolf 

Brekken of University of Texas Southwestern (Dallas, TX). EpH4 1424, EpH4 1424.2 and 



43 
 

MCF-7 cells were maintained in Dulbecco’s Modified Eagle’s Medium (Thermo Fisher 

Scientific, Pittsburg, PA, USA, cat# 10569044). HCT-116 cells were maintained in McCoy’s 

5A medium (Sigma Aldrich, St. Louis, MO, USA, cat# M4892), and 4T1 cells were 

maintained in RPMI 1640 (Thermo Fisher Scientific, Pittsburg, PA, USA, cat# 72400120).  

3. MTS Assays 

The MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium) assay is a colorimetric based cytotoxicity assay that assesses the number 

of viable cells based on the activity of the mitochondrial dehydrogenase. Twenty-four 

hours after plating in 96 well plates, cells at 80% confluency were treated with 

amidoximes dissolved in dimethyl sulfoxide (DMSO) ranging from 0.2 µM to 500 µM.  The 

negative control wells were treated with 0.5% DMSO. MTS viability assay was performed 

after the cells were incubated with amidoximes for 48 hours (72 hours for MCF-7). After 

the incubation time, the medium was replaced with 100 µl of fresh medium and 20 µl of 

MTS reagent in the presence of phenazine methosulfate (PMS) (Promega, Madison, WI, 

USA cat# G3582). After 1 hr and 15 mins of incubation, cell viability was determined by 

measuring absorbance at 490 nm using a synergy HT 96-well plate reader (Bio-Tek 

Instruments Inc, Winooski, VT, USA cat# 76883). The assays were performed in triplicate 

and the absorbance values were adjusted by subtracting the background absorbance 

(medium and MTS reagent without cells). The growth inhibition (GI50) was calculated by 

considering the 0.5% DMSO negative control as 100% viability and the treated cells GI50 
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was calculated relative to the negative control. GI50 is the concentration where we had 

50% reduction of viable cells. 

4. Selection of JJMB9 Drug Resistance Cells 

MCF-7 cells were plated in a medium flask (75 cm3) and allowed to grow to 50% 

confluence. An initial concentration of 5 µM (the GI50) of the amidoxime JJMB9 was added 

to the cells. After three days, once the cells began to die, the media (and drug) was 

decanted and the cells were allowed to grow back. After recovery, the same dose was 

added to the cells. This process was repeated until there was no detectable cell death 

from the initial dose. At this juncture, the dose was doubled, and the above steps were 

repeated until a concentration of 320 µM was achieved.  After 6 months, an MTS assay 

was performed to determine the fold resistance of the treated cells compared to the 

parent cells.  

5. Western Blot Analysis 

HCT-116 Colon cancer cells were incubated with 40 µM and 45 µM of JJMB5 and JJMB6 

respectively for 24 hours and whole cell lysate was extracted using 1X SDS buffer (100 

mM Tris-Cl, 4% SDS, 100 mM DDT, 20% glycerol) and mini complete protease inhibitor 

tablet (Roche, Branford, CT, USA cat# 88666). Whole cell lysates were boiled at 960C for 

5 minutes to denature proteins. The lysates were centrifuged at 10,000 rpm for 30 

seconds and protein concentration was determined using a protein assay kit with an 

absorbance of 660 nm in the presence of Ionic Detergent Compatibility Reagent (Pierce, 
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IL, USA cat# QC214253). Cell extracts were resolved on 15% sodium dodecyl sulfate- 

polyacrylamide gel electrophoresis (SDS-PAGE) to separate proteins based on their 

molecular weight. Equal loading was confirmed after Coomassie staining by densitometric 

analysis using the Alpha Innotech Imager and Fluorchem HD2 software. Proteins were 

separated on a 15% SDS PAGE gel at 100 volts for 2 hours, then transferred onto 

Polyvinylidene fluoride or polyvinylidene difluoride (PVDF) membrane (Millipore, MA, 

USA cat# IPVH00010), at 28 amps per gel for 2 hours. The membrane was blocked for 45 

minutes using Odyssey Phosphate Blocking buffer (PBS) (LI-COR, Lincoln, NE, USA). After 

rinsing with 1X PBS, the membrane was incubated overnight at 40C with one of the 

following antibodies directed against: Rabbit H4K5ac (0.05 µg/ml) (Santa Cruc Cat# H111)  

rabbit H3K9ac (1 µg/ml), (Santa Cruc Cat# H112), rabbit H3K27ac (1 µg/ml) cell signaling 

(Cat# 9662), rabbit caspase-3 (1.5 µg/ml). After overnight incubation, the membrane was 

washed with PBS-Tween and incubated with secondary antibody (goat anti-mouse with 

IRDye infrared fluorescent dyes) that fluoresces between 680 nm and 800 nm (LI-COR, 

Lincoln, NE, USA cat# C61012-05). The membrane was then scanned using Odyssey CLx 

Imager (LI-COR, Lincoln, NE, USA cat# 9140).  

6. Toxicity Studies 

All the in vivo experiments described were conducted based on the approval of The  TWU 

Institutional Animal Care and  Use Committee protocols 2014-05 and 2018-04. The 

amidoximes were injected intraperitoneally (IP) to 2 pilot 6-8-week old BALB/c mice 

(Jackson Laboratories, Bar Harbor, ME, USA) with an initial dose of 50 mg/kg. This dose 
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proved to be lethal and the dose was lowered two folds, and the IP injections were 

repeated. If the lowered dose proved lethal, it was lowered again until a maximum 

tolerated dose (MTD) was determined. The MTD in this study was defined as the highest 

dose that would be tolerated to achieve 90% survival. For each dose, 2 pilot mice were 

used initially, and observed for 2 weeks. If they survived the dose, 8 additional mice were 

added. If a 90% survival was not achieved, the dose was lowered until a 90% survival was 

realized. The mice were observed for a total of 60 days. The animals were observed daily 

for signs of acute pain and distress such as piloerection, squinting eyes, dramatic weight 

loss, inability to eat, walk, and groom normally based on parameters established by 

protocol. If the animals exhibited these signs, they were humanely euthanized based on 

a point system according to the Texas Woman’s University’s Institutional Animal Care and 

Use Committee (IACUC) protocol.  

7. Mammary Tumor Growth and Lung Metastasis 

Murine mammary carcinoma 4T1 cells were cultured to confluence in RPMI 1640 with 

10% FBS and 1% penicillin-streptomycin, and then harvested by trypsin digestion. Cells 

were washed twice with PBS (MP Biomedicals, Solon, Ohio, USA cat# 029405), and 

resuspended in PBS. Six to eight-week-old female BALB/c mice were anesthetized with 

Isoflurane (Henry Schein Inc, Grapevine, TX, USA cat# 1860454X6), then the mammary fat 

pad (MFP) was shaved. The shaved area was disinfected thrice with betadine (a gift from 

Dr. Averitt’s lab, Texas Woman’s University, Denton, TX, USA) and 70% ethanol. A small 

incision was made to expose the MFP followed by injection of 4T1 cells (1 X 104 in 0.1 ml 
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PBS) into the incision site and closed with an Autoclip Wound closing System (Braintree 

Scientific Inc, Braintree, MA, USA cat# 140370). The same fat pad was injected in all 

experiments. The day after injecting 4T1 cells into the MFP, the mice were randomly 

sorted into the requisite groups needed for the experiment. Depending on the 

experiment, the vehicles used were 20% DMSO (Sigma Aldrich, St. Louis, MO, USA cat# 

D2650), and 80% sesame seed oil (Sigma Aldrich, St. Louis, MO, USA cat# s3547), or 20% 

DMSO and 80% corn oil (Sigma Aldrich, St. Louis, MO, USA cat# C8267), or 10% DMSO, 

20% polyethylene glycol (PEG) 400 (Sigma Aldrich, St. Louis, MO, USA cat# 91893), and 

70% of 5% dextrose in double distilled water (D5W) (Sigma Aldrich, St. Louis, MO, USA 

cat# 9434). Treated groups were injected IP with the MTD for that amidoxime. 

Treatments were performed for five consecutive days, followed by a two-day break, then 

five more consecutive days, followed by a 2-day break, then treated for another five 

consecutive days. Once tumors were visible, tumor length and width were measured 

every day, or every other day and tumor volume was estimated using the formula (length 

X width2/0.52). Mice were also weighed daily. At the experimental end point, mice were 

anesthetized with 50 mg/kg avertin. Cardiac puncture was performed using a 261/2-gauge 

needle and blood smears were prepared. Lungs were excised and fixed in 4% formalin 

(Sigma Aldrich, St. Louis, MO, USA HT 501128-4L), and sent to UT Southwestern Dallas, TX 

USA, for hematoxylin and eosin (H&E) staining. The area of micro metastasis was analyzed 

using ImageJ software. Solid tumors were also removed and weighed.  
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8. Blood Smears 

Mice were held firmly in the hand and a number 4 lancet was used to make a small prick 

on the submandibular vein. Blood was collected using a heparin coated capillary tube and 

blood smears were made. Hematoxylin and eosin stains were performed at UT 

Southwestern core facility and neutrophil and lymphocyte count was performed using the 

10X objective lens of a Nikon eclipse 90i light microscope. 

9. Microsome Pharmacokinetics 

JJMB9 (2 µM in DMSO) was incubated with mouse microsomes (Lot YSW) fraction and 

Phase I (NADPH Regenerating System) cofactors for 0-120 minutes.  Reactions were 

halted with 0.5 ml (1:1) of methanol containing 0.2% formic acid. Samples were vortexed 

for 15 seconds, incubated at room temperature for 10 minutes and centrifuged for 5 

minutes at 16, 000 g.  Supernatant (approximately 0.9 ml) were then transferred to a 

microfuge tube and debris pelleted in a table top chilled centrifuge for 5 minutes at 

16,000 g. The supernatant (800 µl) was transferred to an HPLC vial and analyzed by Qtrap 

4000 mass spectrometer.   

10. In Vivo Pharmacokinetics 

Twenty-one female CD-1 mice were injected IP with 0.2 ml of 0.78 mg/kg JJMB9 (MTD for 

JJMB9) formulated in 10% DMSO, 20% PEG 400, & 70% of D5W (5% Dextrose in double 

distilled water). Whole blood was harvested after 10 minutes, 30 minutes, 60 minutes, 3 

hours, 6 hours, 16 hours and 24 hours, and plasma was separated from whole blood by 

centrifugation of the acid citrate dextrose (ACD) treated blood for 10 minutes at 9,600 g 
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in a benchtop centrifuge. Animal were euthanized and both lungs was excised and gently 

washed with 1x PBS to remove residual circulating blood. Then tissue was weighed and 

snap frozen in liquid nitrogen. For the standards and quality control (QC), 98 µl & 98.8 µl 

of blank plasma was added to an Eppendorf tube and spiked with 2 µl and 1.2 µl of initial 

standard.  Standards, QC's, and samples of 100 µl were then crashed with 200 µl of 

methanol containing 0.15% formic acid and 12.5 ng/ml international standard (IS). The 

samples were vortexed for 15 seconds, incubated at room temperature for 10 minutes 

and debris pelleted at 16,000 g in a standard microcentrifuge. The supernatant was then 

analyzed by liquid chromatography–mass spectrometry (LC-MS). Vendor supplied plasma 

used in standards and QCs: Bioreclamation, LLC; lot #MSE284936; exp = 03/31/2020; ACD 

anticoagulant. These experiments were conducted at the UTSW pharmacokinetics core 

facility with the help of Dr. Kavitha Priya. 

11. Statistical Analysis 

Values from triplicate experiments are presented as mean ± SE. One-Way Analysis of 

Variance (ANOVA) was performed to assess the differences between groups using SPSS 

(IBM Corporation, Armonk, NY). Statistical significance between control groups was 

analyzed by post hoc Dunnett’s test. For mice studies, differences in tumor weights were 

analyzed by Independent Sample t-Test. Differences in tumor volumes were analyzed by 

non-parametric Kruskal Wallis test. Levels of significance were designated as P ≤ 0.001, P 

≤ 0.01, P ≤ 0.05 depending on the experiment.
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Chapter III 

RESULTS 

1. Sequence of Inhibition of Acetylation and Onset of Apoptosis in Colon Cancer 

HCT-116 Cells Treated With Amidoximes JJMB5 and JJMB6 

Previous results had shown that amidoxime JJMB9 induced inhibition of acetylation prior 

to apoptosis, while amidoxime JJMB7 induced inhibition of acetylation and apoptosis 

concurrently in human colorectal carcinoma (HCT-116) cells140. However, the sequence of 

inhibition of acetylation and apoptosis had not been determined for novel amidoximes 

JJMB5 and JJMB6. The sequence needed to be established, as it would potentially give 

insight into the event that triggered the mechanisms leading to cell death. We therefore 

sought to determine the sequence of inhibition of acetylation and apoptosis relative to 

each other in response to treatment with amidoximes JJMB5 or JJMB6. Human colorectal 

carcinoma cells HCT-116 were treated with 40 µM and 45 µM of JJMB5 and JJMB6 

respectively. These concentrations were previously found to induce caspase 3 cleavage 

and inhibit acetylation140. The cells were lysed at 3, 6, 12, and 24 hours following 

incubation with JJMB5 or JJMB6. Cells treated with DMSO were used as a control. 

Cleavage of the apoptotic marker procaspase 3 to active caspase 3 was assessed, whereas 

acetylation levels were determined using antibodies against H3K9ac and H4K5ac. 

Western blot analysis after treatment of HCT-116 cells with JJMB5 revealed a decrease 
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in procaspase 3 levels at 12 hours and concomitant activation of caspase 3 that was 

sharply evident at the 24-hour time point as shown by the presence of 2 bands at 19 kDa 

and 17 kDa (Figure 10). A marked decrease of acetylation levels was detected at 3 hours 

and remained the same for the rest of the time points for HCT-116 cells treated with 

JJMB5 (Figure 10). Similar results were observed when HCT 116 cells were treated with 

JJMB6. Western blot analysis after treatment of HCT-116 cells with JJMB6 revealed a 

decrease in procaspase 3 levels at 12 hours and concomitant activation of caspase 3 that 

was sharply evident at the 24-hour time point as shown by the presence of 2 bands at 19 

kDa and 17 kDa (Figure 11). A marked decrease of acetylation levels was detected at 3 

hours and remained the same for the rest of the time points for HCT-116 cells treated 

with JJMB6 (Figure 11). These results show that inhibition of acetylation precedes 

apoptosis indicating a possibility that inhibition of acetylation may be involved in the 

molecular process that induces the apoptotic pathway. 
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Figure 10: Amidoxime JJMB5 induced inhibition of core histone acetylation prior to apoptosis in colon 
carcinoma HCT-116 cells. (A). Inhibition of acetylation was induced within 3 hours after treating with 40 µM 
of JJMB5, whereas complete procaspase-3 cleavage was evident 24 hours after treatment. Colon cancer 
cells (HCT-116) were incubated with JJMB5 followed by cell extraction at 3, 6, 12, and 24 hours. After 
determining protein concentration, Coomassie staining of the SDS-PAGE of core histones demonstrated 
equal loading of protein lysates. Western blot analysis was performed using antibodies against procaspase-
3, H3K9ac, and H4K5ac. JJMB5 caused significant reduction in acetylation and procaspase-3 levels 
decreased. Procaspase-3 cleavage to cleaved caspase-3 (17/19 KDa) was most evident at the 24-hour 
timepoint. Western blot was standardized to Coomassie staining. (B) Graph representing western blots in 
panel A. The bars represent standard error. One-way ANOVA was performed to assess the statistical 
differences between the groups, including a post-hoc Dunnett’s test *p ≤ 0.05. The experiment was 
repeated 3 times.  
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Figure 11: Amidoxime JJMB6 induced inhibition of core histone acetylation prior to apoptosis in colon 

carcinoma HCT-116 cells. (A) Inhibition of acetylation was induced within 3 hours after treating with 45 µM 

of JJMB6, whereas complete procaspase-3 cleavage was evident 24 hours after treatment. Colon cancer 

cells (HCT-116) were incubated with JJMB6 followed by cell extraction at 3, 6, 12, and 24 hours. After 

determining protein concentration, Coomassie staining of the SDS-PAGE of core histones was done to 

demonstrate equal loading of protein lysates. Western blot analysis was done using antibodies against 

procaspase-3, H3K9ac, and H4K5ac. JJMB6 caused significant reduction in acetylation and procaspase-3 

levels decreased. Procaspase-3 cleavage to cleaved caspase-3 (17/19 KDa) was most evident at the 24-hour 

timepoint. Western blot was standardized to Coomassie staining. (B) Graph representing western blots in 

panel A. The bars represent standard error. One-way ANOVA was performed to assess the statistical 

differences between the groups, including a post-hoc Dunnett’s test *p ≤ 0.05. The experiment was 

repeated 3 times.  

 

 



54 
 

2. Inhibition of Acetylation of H3K27 in HCT-116 Cells 

Recent data have shown that one of the molecular markers in human colorectal 

carcinomas (CRC) is hyperacetylation on core histone H3K2735. Therefore, it can be 

hypothesized that inhibition of acetylation of H3K27 can be a potential therapeutic target. 

Since our data showed that the amidoximes inhibit acetylation of various core histone 

sites (H3K9, H3K14, H4K5), we endeavored to establish if the amidoximes would inhibit 

the acetylation of H3K27. To that end, HCT-116 cells were treated with varying 

concentrations of JJMB5, JJMB6, JJMB7, and JJMB9 for 24 hours followed by whole cell 

lysis. Western blotting analysis against H3K27ac revealed that there was a dose 

dependent inhibition of acetylation of H3K27 by JJMB5, JJMB6, and JJMB9. Amidoxime 

JJMB5 induced significant inhibition of acetylation at 20 µM and 30 µM (Figure 12) while 

JJMB6 induced significant inhibition of acetylation at 30 µM (Figure 13). JJMB9 also 

induced significant inhibition of acetylation at 20 µM and 30 µM (Figure 15). JJMB7 did 

not induce significant inhibition of acetylation of H3K27 (Figure 14). These results also 

further corroborate that JJMB5, JJMB6, and JJMB9 are HAT inhibitors while JJMB7 is not 

an actual HAT inhibitor140. These results show that three amidoximes, JJMB5, JJMB6, and 

JJMB9 inhibit acetylation of H3K27 and if in future H3K27 is deemed as a potential 

therapeutic target, the amidoximes may be useful in such cancers.  
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Figure 12: Effect of JJMB5 on inhibition of core histone acetylation of H3K27. (A) Human colon cancer cells 

(HCT-116) were incubated with JJMB5 in concentrations ranging from 2 µM to 30 µM for 24 hours, followed 

by cell lysis. DMSO (0.5%) was used as a control. After determining protein concentration, Coomassie 

staining of the SDS-PAGE was done to demonstrate equal loading of protein lysates as seen by the core 

histones. Western blot analysis was done using antibodies against H3K27ac and the acetylation levels were 

determined. Western blot was standardized to Coomassie staining. There was significant inhibition of 

acetylation at 20 µM and 30 µM. (B) Bar graph representing western blots from panel A. The bars represent 

standard error. One-way ANOVA was performed to assess the statistical differences between the groups, 

including a post-hoc Dunnett’s test *p ≤ 0.05. The experiment was repeated 3 times.  
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Figure 13: Effect of JJMB6 on inhibition of core histone acetylation of H3K27. (A) Human colon cancer cells 

(HCT-116) were incubated with JJMB6 in concentrations ranging from 2 µM to 30 µM for 24 hours, followed 

by cell lysis. DMSO (0.5%) was used as a control. After determining protein concentration, Coomassie 

staining of the SDS-PAGE was done to demonstrate equal loading of protein lysate as seen by the core 

histones. Western blot analysis was done using antibodies against H3K27ac and the acetylation levels were 

determined. Western blot was standardized to Coomassie staining. There was significant inhibition of 

acetylation at 30 µM. (B) Bar graph representing western blots from panel A. The bars represent standard 

error. One-way ANOVA was performed to assess the statistical differences between the groups, including a 

post-hoc Dunnett’s test *p ≤ 0.05. The experiment was repeated 3 times.  
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Figure 14: Effect of JJMB7 on inhibition of core histone acetylation of H3K27 (A). Human colon cancer cells 

(HCT-116) were incubated with JJMB7 in concentrations ranging from 2 µM to 80 µM for 24 hours, followed 

by cell lysis. DMSO (0.5%) was used as a control. After determining protein concentration, Coomassie 

staining of the SDS-PAGE was done to demonstrate equal loading of protein lysates as seen by the core 

histones. Western blot analysis was done using antibodies against H3K27ac and the acetylation levels were 

determined. Western blot was standardized to Coomassie staining. There was no significant inhibition of 

acetylation. (B) Bar graph representing western blots from panel A. The bars represent standard error. One-

way ANOVA was performed to assess the statistical differences between the groups, including a post-hoc 

Dunnett’s test *p ≤ 0.05. The experiment was repeated 3 times. 
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Figure 15: Effect of JJMB9 on inhibition of core histone acetylation of H3K27. (A) Human colon cancer cells 

(HCT-116) were incubated with JJMB9 in concentrations ranging from 2 µM to 30 µM for 24 hours, followed 

by cell lysis. DMSO (0.5%) was used as a control. After determining protein concentration, Coomassie 

staining of the SDS-PAGE was done to demonstrate equal loading of protein lysates as seen by the core 

histones. Western blot analysis was done using antibodies against H3K27ac and the acetylation levels were 

determined. Western blot was standardized to Coomassie staining. There was significant inhibition of 

acetylation at 20 µM and 30 µM. (B) Bar graphs representing western blots from panel A. The bars represent 

standard error. One-way ANOVA was performed to assess the statistical differences between the groups, 

including a post-hoc Dunnett’s test *p ≤ 0.05. The experiment was repeated 3 times.  
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3. Exploring Inhibition of Proliferation of Murine Mammary Malignant Cell Lines by Novel 

Amidoximes 

The longer-term goal of this research project is to evaluate the amidoximes as potential 

chemotherapeutic agents for human malignancies. Previous results had established that 

the amidoximes JJMB5, JJMB6, JJMB7, and JJMB9 inhibited the proliferation of several 

human malignant cells lines and did not inhibit the proliferation of normal dermal human 

fibroblasts (NDHF)140. Before establishing them as potential chemotherapeutic agents in 

humans, the drugs have to be tested in mice or animal models. Murine breast cancer 

models require the implantation of murine mammary carcinoma cell lines that will grow 

secondary tumors, and then be treated with the experimental drug. To this end, it was 

necessary to show that these amidoximes were able to inhibit the proliferation of murine 

mammary carcinoma cell lines. To investigate it, three mammary malignant cell lines 

EpH4 1424, EpH4 1424.2, and 4T1 cells with mouse embryonic fibroblasts (MEFs), as 

negative controls, were incubated with amidoximes JJMB5, JJMB7, and JJMB9 for 48 

hours at concentrations ranging from 0.2 µM to 500 µM followed by determination of cell 

viability, using an MTS assay. DMSO treated cells were used as a control. The growth 

inhibition (GI50) of the amidoximes was defined as the concentration that caused 50% cell 

death. The amidoximes induced cell death in the murine mammary carcinoma cell lines 

at varying concentrations. In Eph4 1424 cell line, JJMB5 had a GI50 of 31.2±7.1 μM, in Eph4 

1424.2, a GI50 of 24.2±6.5 μM, and in 4T1 cells a GI50 of 6.3±2.3 μM. JJMB7 had a GI50 of 

35.5±5.5 μM in Eph4 1424 cell line, a GI50 of 32.7±3.5 μM in Eph4 1424.2 cell line and a 
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GI50 of 14.7±6.3 μM in the 4T1 cell line. JJMB9 had a GI50 of 7.3±2.2 in μM Eph4 1424 cell 

line, a GI50 of 5.6±1.5 μM in Eph4 1424.2 cell line, and GI50 of 33.3±2.4 μM in 4T1 cell line. 

The three amidoximes did not induce cell death in MEFs as indicated by the letter N for 

no inhibition (Figures 16, 17, 18 and Table 4). These results demonstrated that not only 

did the amidoximes inhibit proliferation of several human malignant cell lines, but also 

inhibited proliferation of murine mammary malignant cell lines. In both cases, the 

amidoximes did not inhibit the normal cells tested. The amidoximes were therefore good 

candidates for exploring their efficacy in a murine mammary carcinoma model. 
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Figure 16: Cell viability of murine mammary carcinoma cell lines. Survival of 4T1, EpH4 1424, EpH4 1424.2 

but not mouse embryonic fibroblasts (MEFs) demonstrated a dose dependent growth inhibition by JJMB5. 

Cells were cultured and incubated with JJMB5 for 48 hours, followed by an assessment of cell viability by 

MTS assay as described in materials and methods. Cell lines 4T1, EpH4 1424, EpH4 1424.2 showed sensitivity 

to JJMB5 at varying concentrations while MEFs did not. The bars represent standard error. The experiment 

was repeated 3 times.   
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Figure 17: Cell viability of murine mammary carcinoma cell lines. Survival of 4T1, EpH4 1424, EpH4 1424.2 

but not mouse embryonic fibroblasts (MEFs) demonstrated a dose dependent growth inhibition by JJMB7. 

Cells were cultured and incubated with JJMB7 for 48 hours, followed by an assessment of cell viability by 

MTS assay as described in materials and methods. Cell lines 4T1, EpH4 1424, EpH4 1424.2 showed sensitivity 

to JJMB7 at varying concentrations while MEFs did not. The bars represent standard error. The experiment 

was repeated 3 times.   

 

 

 

 

0

50

100

150

0.0 0.1 1.0 10.0 100.0 1,000.0

C
e

ll 
 V

ia
b

ili
ty

 (
%

 o
f 

C
o

n
tr

o
l)

JJMB7 Concentration (μM)

4T1

EpH4 1424

EpH4 1424.2

MEFs



63 
 

 
 

Figure 18: Cell viability of murine mammary carcinoma cell lines. Survival of 4T1, EpH4 1424, EpH4 1424.2 

but not mouse embryonic fibroblasts (MEFs) demonstrated a dose dependent growth inhibition by JJMB9. 

Cells were cultured and incubated with JJMB9 for 48 hours, followed by an assessment of cell viability by 

MTS assay as described in materials and methods. Cell lines 4T1, EpH4 1424, EpH4 1424.2 showed sensitivity 

to JJMB9 at varying concentrations while MEFs did not. The bars represent standard error. Experiment was 

repeated 3 times.   
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Table 4: Summary table of Growth inhibition (GI50) of amidoximes JJMB5, JJMB7, and JJMB9 on 

murine mammary carcinoma cell lines EpH4 1424, EpH4 1424.2, 4T1 and mouse embryonic 

fibroblasts (MEFs). 

 
 
 

Amidoxime 

Cell Lines 

EpH4 1424 EpH4 1424.2 4T1 MEFs 

JJMB5 31.2±7.1 μM 24.2±6.5 μM 6.3±2.3 μM N 

JJMB7 35.5±5.5 μM 32.7±3.5 μM 14.7±6.3 μM N 

JJMB9 7.3±2.2 μM 5.6±1.5 μM 33.3±2.4 μM N 

 

The cell lines 4T1, EpH4 1424, and EpH4 1424.2 showed sensitivity to JJMB9 at varying 

concentrations while MEFs were not sensitive to the amidoximes. Experiment was 

repeated 3 times. N – No inhibition. 
   

 

4. Exploring the Efficacy of the Novel Amidoximes When Used Individually or in 

Combination in Human and Murine Cell Lines. 

 

Combination chemotherapy is a standard practice in cancer therapy139. For combination 

therapy to be effective, each drug in the combination should have a different molecular 

target or pathway and mode of cell death induction. Combination therapies often have 

an additive or synergistic effect. Previously, we had determined that JJMB5, JJMB7, and 

JJMB9 induced death in human and murine carcinoma cell lines by different mechanisms 

of action140. We therefore sought to explore the efficacy of the novel amidoximes when 
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used individually or in combination in human and murine carcinoma cell lines. To 

determine this, three carcinoma cell lines: the human breast carcinoma MCF-7, the 

human colon carcinoma HCT-116, and mouse mammary carcinoma 4T1 were incubated 

with amidoximes JJMB5, JJMB7, and JJMB9 individually or in combination for 48 hours (72 

hours for MCF-7) at concentrations ranging from 0.2 µM to 500 µM followed by 

determination of cell viability, using an MTS assay. DMSO was used as a negative control. 

The growth inhibition (GI50) of the individual and combined treatments was determined. 

Equimolar concentrations of both amidoximes were used in the combination studies. 

When MCF-7 cells were treated individually or in combination with JJMB5 and JJMB9, 

JJMB5 had a GI50 of 28.5 ± 4.5 µM, JJMB9 had a GI50 of 5.4 ± 1.1 µM, and combined JJMB5 

and JJMB9 had a GI50 of 5.8 ± 0.9 µM each (Table 5). When HCT-116 cells were treated 

with JJMB5 and JJMB9 individually or in combination, JJMB5 had a GI50 of 19.8 ± 1.9 µM, 

JJMB9 had a GI50 of 19.5 ± 2.0 µM, and combined JJMB5 and JJMB9 had a significantly 

lower GI50 of 8.6 ± 1.4 µM each (p ≤ 0.05) (Table 5). When HCT-116 cells were treated with 

JJMB5 and JJMB7 individually or in combination, JJMB5 had a GI50 of 22.6 ± 0.7 µM, JJMB7 

had a GI50 of 15.7 ± 3.5 µM, and combined JJMB5 and JJMB7 had a significantly decreased 

GI50 of 4.7 ± 0.3 µM each (p ≤ 0.05) (Table 5). When HCT-116 cells were treated with JJMB7 

and JJMB9 individually or in combination, JJMB7 had a GI50 of 25.3 ± 0.3 µM, JJMB9 had a 

GI50 of 21.6 ± 2.2 µM, and combined JJMB7 and JJMB9 had a significantly reduced GI50 of 

7.4 ± 0.3 µM each (p ≤ 0.05) (Table 5). When 4T1 cells were treated with JJMB5 and JJMB9 

individually or in combination, JJMB5 had a GI50 of 7.9 ± 2.1 µM, JJMB9 had a GI50 of 22.8 
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± 2.4 µM, and combined JJMB5 and JJMB7 had a GI50 of 3.5 ± 0.4 µM each (Table 5). When 

4T1 cells were treated with JJMB5 and JJMB7 individually or in combination, JJMB5 had a 

GI50 of 8.3 ± 0.1 µM, JJMB7 had a GI50 of 7.1 ± 0.5 µM, and combined JJMB5 and JJMB7 

had a significantly reduced GI50 of 3.2 ± 0.5 µM each (p ≤ 0.05) (Table 5). When 4T1 cells 

were treated with JJMB7 and JJMB9 individually or in combination, JJMB7 had a GI50 of 

8.3 ± 0.1 µM, JJMB9 had a GI50 of 7.1 ± 0.5 µM, and combined JJMB7 and JJMB9 had a 

significantly lower GI50 of 4.2 ± 0.4 µM each (p ≤ 0.05) (Table 5). Based on the summarized 

results in table 5, we concluded that five out of seven combinations had a significantly 

lower GI50. These results demonstrate that combination treatments have an additive or 

synergistic effect and could be explored in a murine mammary carcinoma model. 
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Table 5: The effect of combinations of anti-proliferative amidoximes on human 
carcinoma and murine mammary carcinoma cell survival 

MCF-7 HCT-116   4T1 

Amidoxime 

Growth 
Inhibition 
(GI50) in 
µM(± SE)   Amidoxime 

Growth 
Inhibition (GI50) 
in µM (± SE)   Amidoxime 

Growth 
Inhibition (GI50) 
in µM (± SE) 

JJMB5 28.5 ± 4.5   JJMB5 19.8 ± 1.9   JJMB5 7.9 ± 2.1 

JJMB9 5.4 ± 1.1   JJMB9 19.5 ± 2.0   JJMB9 22.8 ± 2.4 

JJMB5 & 
JJMB9 5.8 ± 0.9*   

JJMB5 & 
JJMB9 8.6 ± 1.4*#   

JJMB5 & 
JJMB9 3.5 ± 0.4* 

 

            

  JJMB5 22.6 ± 0.7   JJMB5 8.3 ± 0.1 

  JJMB7 18.7 ± 5   JJMB7 7.1 ± 0.5 

  
JJMB5 & 
JJMB7 4.7 ± 0.3*#   

JJMB5 & 
JJMB7 3.2 ± 0.5*# 

            

  JJMB7 22.3 ± 4   JJMB7 8.0 ± 0.4* 

  JJMB9 21.6 ± 2.2   JJMB9 25.6 ± 3 

  
JJMB7 & 
JJMB9 7.4 ± 0.3*#   

JJMB7 & 
JJMB9 4.2 ± 0.4*# 

 
The human breast cancer cell line MCF-7, human colorectal carcinoma cell line HCT-116 and murine 

mammary carcinoma cell line 4T1 were cultured and incubated with individual amidoximes or combined 

amidoximes for 48 hours (72 hours for MCF-7), followed by an assessment of cell viability by MTS assay 

(described in materials and methods). Some of the combined amidoximes had significantly lower growth 

inhibition (GI50) compared to individual treatments. One-way ANOVA was performed to assess the 

statistical differences between the groups, including a post-hoc Dunnett’s test *p ≤ 0.05 (n = 3). The # sign 

represents a GI50 that was significantly lower compared to both treatments, whereas the * sign represents 

a GI50 that was significantly decreased compared to one of the treatments. Highlighted GI50 indicates a 

significantly lower GI50 compared to individual treatments.  

 

 

5. Exploring the Efficacy of Cisplatin When used Individually or in Combination 

With Amidoximes in Human and Murine Cell Lines 

Platinum based compounds have been used individually or in combination for 

chemotherapy for decades134. Platinum-based agents are used to treat different cancers 

including breast cancer134. They induce cell death by forming platinum-DNA adducts, thus, 
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have a different mechanism of action than the HAT inhibitory activity of amidoximes. 

Since some amidoxime combinations had demonstrated significantly reduced GI50, we 

sought to determine if cisplatin and amidoxime combinations would yield significantly 

lower GI50. Therefore, treatment with amidoxime and cisplatin combinations was 

performed. The human breast carcinoma MCF-7 cells, the human colon carcinoma HCT-

116 cells, and the murine mammary carcinoma 4T1 cells were incubated with cisplatin 

and amidoximes JJMB5, JJMB7, and JJMB9 individually or in combination for 48 hours (72 

hours for MCF-7) at concentrations ranging from 0.2 µM to 500 µM, followed by 

determination of cell viability, using an MTS assay. DMSO was used as a negative control. 

The growth inhibition (GI50) of the individual and combined treatments were determined. 

Equimolar concentrations of both amidoxime and cisplatin were used in the combination 

studies. When MCF-7 cells were treated individually or in combination with JJMB5 and 

cisplatin, JJMB5 had a GI50 of 31.2 ± 1.7 µM, cisplatin had a GI50 of 45.8 ± 4.3 µM, and 

combined JJMB5 and cisplatin had a significantly decreased GI50 of 17.2 ± 2.4 µM each (p≤ 

0.05) (Table 6). When MCF-7 cells were treated individually or in combination with JJMB9 

and cisplatin, JJMB9 had a GI50 of 8.5 ± 1.6 µM, cisplatin had a GI50 of 40.1 ± 1.2 µM, and 

combined JJMB9 and cisplatin had a GI50 of 4.9 ± 0.8 µM each (Table 6). When HCT-116 

cells were treated individually or in combination with JJMB5 and cisplatin, JJMB5 had a 

GI50 of 19.3 ± 1.4 µM, cisplatin had a GI50 of 68.7 ± 5.4 µM, and combined JJMB5 and 

cisplatin had a significantly reduced GI50 of 7.9 ± 0.3 µM each (p ≤ 0.05) (Table 6). When 

HCT-116 cells were treated individually or in combination with JJMB5 and cisplatin, JJMB7 
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had a GI50 of 16.2 ± 1.1 µM, cisplatin had a GI50 of 73.0 ± 5.3 µM, and combined JJMB7 and 

cisplatin had a significantly lower GI50 of 5.3 ± 0.8 µM each (p ≤ 0.05) (Table 6). When HCT-

116 cells were treated individually or in combination with JJMB9 and cisplatin, JJMB9 had 

a GI50 of 15.9 ± 2.2 µM, cisplatin had a GI50 of 66.3 ± 3.6 µM, and combined JJMB9 and 

cisplatin had a significantly decreased GI50 of 8.1 ± 0.6 µM each ( p≤ 0.05) (Table 6). When 

4T1 cells were treated individually or in combination with JJMB5 and cisplatin, JJMB5 had 

a GI50 of 9.1 ± 0.2 µM, cisplatin had a GI50 of 39.8 ± 1.5 µM, and combined JJMB5 and 

cisplatin had a GI50 of 4.7 ± 0.2 µM each (Table 6). When 4T1 cells were treated individually 

or in combination with JJMB5 and cisplatin, JJMB7 had a GI50 of 5.0 ± 0.8 µM, cisplatin had 

a GI50 of 39.8 ± 1.5 µM, and combined JJMB7 and cisplatin had a GI50 of 3.4 ± 0.3 µM each 

(Table 3). When 4T1 cells were treated individually or in combination with JJMB5 and 

cisplatin, JJMB9 had a GI50 of 27.4 ± 1.3 µM, cisplatin had a GI50 of 36.5 ± 1.1 µM, and 

combined JJMB9 and cisplatin had a significantly reduced GI50 of 2.2 ± 1.0 µM each (p≤ 

0.05) (Table 6). We concluded that five out of eight combinations between cisplatin and 

the HAT inhibitory amidoximes had a significantly reduced GI50. These results support that 

these combination treatments have an additive or synergistic effect and could be explored 

in a murine mammary carcinoma model. 
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Table 6: The effect of combinations of anti-proliferative amidoximes on human 
carcinoma and murine mammary carcinoma cell survival. 

MCF-7 

  

HCT-116 

  

4T1 

Amidoxime 

Growth 
Inhibition (GI50) 

in µM (± SE) Amidoxime 

Growth 
Inhibition(GI50) 

in µM (± SE) Amidoxime 
Growth Inhibition 
(GI50) in µM (± SE) 

JJMB5 31.2 ± 1.7 JJMB5 19.3 ± 1.4 JJMB5 9.1 ± 0.2 

Cisplatin 45.8 ± 4.3 Cisplatin 68.7 ± 5.4# Cisplatin 39.8 ± 1.5# 
JJMB5 & 
Cisplatin 17.2 ± 2.4*# 

JJMB5 & 
Cisplatin 7.9 ± 0.3*# 

JJMB5 & 
Cisplatin 4.7 ± 0.2* 

  

    
JJMB7 16.2 ± 1.1 JJMB7 5.0 ± 0.8 
Cisplatin 73.0 ± 5.3# Cisplatin 35.1 ± 1.4# 
JJMB7 & 
Cisplatin 5.3 ± 0.8*# 

JJMB7 & 
Cisplatin 3.4 ± 0.3* 

    
JJMB9 8.5 ± 1.6# JJMB9 15.9 ± 2.2 JJMB9 27.4 ± 1.3 

Cisplatin 40.1 ± 1.2 Cisplatin 66.3 ± 3.6# Cisplatin 36.5 ± 1.1 
JJMB9 & 
Cisplatin 4.9 ± 0.8*   

JJMB9 & 
Cisplatin 8.1 ± 0.6* 

JJMB9 & 
Cisplatin 2.2 ± 1.0*# 

 
Human breast cancer cell line MCF-7, human colorectal carcinoma cell line HCT-116 and murine mammary 

carcinoma cell line 4T1 were cultured and incubated with amidoximes and cisplatin individually or in 

combination for 48 hours (72 hours for MC7-7), followed by an assessment of cell viability by MTS assay 

(described in materials and methods). Some of the amidoxime and cisplatin combinations had significantly 

lower growth inhibition (GI50) compared to individual treatments. One-way ANOVA was performed to 

assess the statistical differences between the groups, including a post-hoc Dunnett’s test *p ≤ 0.05 (n = 3). 

The # sign represents a GI50 that was significantly lower compared to both treatments whereas the * sign 

represents a GI50 that was significantly decreased compared to one of the treatments. Highlighted GI50 

indicates a significantly lower combination compared to individual treatments. 

 

 

 

 

 



71 
 

6. Determining the Toxicity of Amidoximes in BALB/c Mice 

The search for new and efficacious cures necessitates the use of preclinical animal models 

that closely mimic human pathology. Preclinical animal models have proved to be pivotal 

tools in delivering improved therapies for cancer141. These models have also been 

instrumental in generating new insights into the mechanisms underlying development of 

disease142. An integral part in developing a new anti-cancer drug is determining the 

maximal dose that is tolerable to the animal also called the maximum tolerable dose 

(MTD)142. We sought to determine if the mice would tolerate the amidoximes, and if they 

did, what would the MTD. These experiments as well as all other animal experiments 

described in this dissertation were approved in IACUC protocols: 2014-05 and 2018-04. 

To that end, two pilot mice were injected IP with JJMB5, JJMB7, or JJMB9 at a dose of 12.5 

mg/kg (in 80% sesame seed oil and 20% DMSO) for five consecutive days, then skipped 

two days; if they survived, they were treated for five additional consecutive days. The 

12.5 mg/kg dose was selected because the initial dose of 50 mg/kg was not tolerated by 

the mice. Eventually, 10 mice were treated for each concentration. For each dose, a 90% 

survival was required, and this rate was defined as the MTD. If a 90% survival rate was 

not achieved, the dose was lowered four fold until a 90% survival was achieved. For 

JJMB5, the initial dose of 12.5 mg/kg yielded 57% survival. The dose was lowered to 3.125 

mg/kg and this dose yielded 60% survival. The dose was further lowered to 1.042 mg/kg 

and yielded 80% survival. The next dose of 0.56 mg/kg also yielded 80% survival. The dose 

was further lowered to 0.26 mg/kg and yielded 90% survival and was established as the 
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MTD (Figure 19 and Table 7). For JJMB7, the initial dose of 12.5 mg/kg yielded 57% 

survival. The dose was lowered to 3.125 mg/kg and it yielded 80% survival. The dose was 

further lowered to 1.563 mg/kg and yielded 90% survival and was established as the MTD 

(Figure 20 and Table 7). For JJMB9, two pilot mice did not survive the initial dose of 12.5 

mg/kg. The dose was lowered to 3.125 mg/kg, which yielded 80% survival. The dose was 

lowered again to 1.563 mg/kg and yielded 70% survival. The dose was further lowered to 

0.78 mg/kg and yielded 90% survival and was established as the MTD (Figure 21 and Table 

7). It was concluded that the mice could tolerate the amidoximes and the MTDs were also 

determined.  The survival studies are summarized in Table 7.  
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Figure 19: Survival studies of BALB/c mice treated with JJMB5. Mice were injected intraperitoneally with an 

initial dose of 12.5 mg/kg for five consecutive days followed by a two-day break, then injected with JJMB5 

for another five consecutive days. The mice were monitored for a total of sixty days for signs of pain and 

distress as well as survival. If the mice did not survive the initial dose, it was lowered by a factor of 2 to 4 

and the above process repeated. For JJMB5, the desired survival rate of 90% was achieved at a dose of 0.26 

mg/kg.  
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Figure 20: Survival studies of BALB/c mice treated with JJMB7. Mice were injected intraperitoneally with an 

initial dose of 12.5 mg/kg for five consecutive days followed by a two-day break, then injected with JJMB7 

for another five consecutive days. The mice were monitored for a total of sixty days for signs of pain and 

distress as well as survival. If the mice did not survive the initial dose, it was lowered by a factor of 2 to 4 

and the above process repeated. For JJMB7, the desired survival rate of 90% was achieved at a dose of 1.56 

mg/kg.  
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Figure 21: Survival studies of BALB/c mice treated with JJMB9. Mice were injected intraperitoneally with an 

initial dose of 3.125 mg/kg for five consecutive days followed by a two-day break, then injected with JJMB9 

for another five consecutive days. The mice were monitored for a total of sixty days for signs of pain and 

distress as well as survival. If the mice did not survive the initial dose, it was lowered by a factor of 2 to 4 

and the above process repeated. For JJMB9, the desired survival rate of 90% was achieved at a dose of 0.78 

mg/kg.  
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Table 7: Summary table of the survival of BALB/c mice treated with HAT inhibitory amidoximes 

Amidoxime 
Dosage 
(mg/kg) 

Concentration 
(μM) 

Number of 
mice 
started  

Number dead (day of 
death in parenthesis) 

Percent 
Survival   

  JJMB5 12.5 36.72 7  3(3, 6, 12)  57% 
  JJMB5 3.13 9.2 10 4 (5,5,12,57) 60% 

  JJMB5 1.04 3.06 10 2 (4,10) 80% 

  JJMB5 0.52 1.53 10 2 (6,9) 80% 

  JJMB5 0.26 0.76 10 1 (38) 90% 

            

  JJMB7 12.5 38.29 7 3 (4,6,8) 57% 

  JJMB7 3.13 9.59 10 2 (11,12) 80% 

  JJMB7 1.56 4.78 10 1 (15) 90% 

            

  JJMB9 12.5 30.38 2 2 (7,9) 0% 

  JJMB9 3.13 7.6 10 2 (12,16) 80% 

  JJMB9 1.56 3.79 10 3 (6,12,13) 70% 

  JJMB9 0.78 1.88 10 1 (14) 90% 
 
Mice were injected intraperitoneally with an initial dose for five consecutive days followed by a two-day 

break, then injected with amidoxime for another five consecutive days. The mice were monitored for a total 

of sixty days for signs of pain and distress as well as survival. If the mice did not survive the initial dose, it 

was lowered by a factor of 2 to 4 and the above process repeated. The table also indicates how many mice 

were used for each dose and day of death. The desired survival rate of 90% was achieved at a dose of 0.26 

mg/kg for JJMB5, 1.56 mg/kg for JJMB7, and 0.78 mg/kg for JJMB9. 
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7. The Effect of JJMB5, JJMB7, or JJMB9 on Breast Tumor Progression  

Animal models are important tools in drug research and development. After establishing 

the MTD for the amidoximes, the next experiment endeavored to determine if the 

amidoximes would slow tumor progression in BALB/c mice. Ten thousand mammary 

carcinoma 4T1 cells were implanted in the mammary fat pad (MFP) of 6-week female 

BALB/c mice (approved IACUC protocol #2014-05 and 2018-04). Two treatment regimens 

were followed. In the first regimen, the mice were treated (IP) one day following tumor 

implantation with the MTD established for JJMB5, JJMB7, or JJMB9 for five consecutive 

days, followed by a two-day break, then treated for five additional consecutive days. In 

the second regimen, the mice were treated in combination with JJMB7 and JJMB9 for 

three cycles of 5 days IP injections with a two-day break between each cycle.  Once tumors 

were visible, the length and width of the tumors were measured using a caliper, then the 

tumor volume was calculated for each day as described in materials and methods, until 

experimental end point. The mice were also weighed every day to monitor for mice health 

and extreme metabolic changes. Tumor volume and weight graphs were generated 

comparing treated groups to control group. Figure 22 is a flow chart of the first regiment 

protocol. In the second protocol, an additional cycle of 5-day injection was added. In the 

first experiment, mice treated with JJMB7 had significantly lower tumor volumes 

compared to vehicle (80% sesame seed oil and 20% DMSO) treated mice (Figure 23). In 

the second experiment, we proceeded to treat the mice with the other two amidoximes 

JJMB7 and JJMB9. Mice treated with JJMB9 had significantly lower tumor volumes until 
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day 21 compared to vehicle (80% sesame seed oil and 20% DMSO) treated mice (Figure 

25). Moreover, mice treated with JJMB9 had significantly lower tumor volumes compared 

to untreated mice.  Additionally, vehicle treated mice had significantly lower tumor 

volumes compared to untreated mice. Mice treated with JJMB5 had higher tumor 

volumes compared to vehicle treated mice and did not have significantly lower tumor 

volumes compared to untreated mice (Figure 25). Therefore, JJMB5 was excluded from 

the rest of the trials. In the third experiment, a few changes to the protocol were 

implemented. First, the vehicle was changed from 80% sesame seed oil and 20% DMSO 

to 80% corn oil and 20% DMSO. This is because sesame seed oil seemed to possess anti-

cancer effects on its own. Second, the treatment cycle was changed from two weeks to 

three weeks because in the second experiment, JJMB9 significantly induced tumor 

volume reduction until day 21. Lastly, we added a combined JJMB7 and JJMB9 treatment 

group. When mice were treated with individual and combined JJMB7 and JJMB9, there 

was no statistical significance between the treatment groups (Figure 27). In the fourth 

experiment, the vehicle was changed to 10% DMSO, 20% PEG 400 and 70% dextrose, 

since the oil-based vehicles seemed to have anti-cancer effects on their own. After tumor 

volume analysis, there were no significant differences between the treated and untreated 

mice (Figure 29). Based on the cumulative results on tumor volume JJMB5 did not inhibit 

tumor growth compared to the vehicle. Even though JJMB7 had significant tumor volume 

reduction in the first experiment, the subsequent experiments showed no significant 

tumor volume reduction. JJMB9 has potential to significantly reduce tumor volume if 4T1 
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concentration is decreased, the MTD is increased and a different delivery mechanism is 

adopted. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 22: Flow chart of mice breast cancer implantation, amidoxime treatment and metastasis protocol. 

Mice were implanted with 1 X 104 4T1 cells in the MFP followed by IP injections with the MTD for that 

amidoxime. Treatments were performed for five consecutive days, followed by a two-day break, then five 

more consecutive days, followed by a 2-day break, then treated for another five consecutive days. 
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Figure 23: Breast tumor implantation and treatment with JJMB7 and vehicle.  Mice were injected with 1 x 

104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS. The incision was closed with an Autoclip 

Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice were randomly divided into 

two groups of 10 mice each. The first group was injected IP with vehicle (80% sesame seed oil and 20% 

DMSO), and the second group injected IP with 1.56 mg/kg of JJMB7. Treatments were performed for five 

consecutive days, followed by a two-day break, then five more consecutive days. Once tumors were visible, 

tumor length and width were measured every day and tumor volume was estimated using the formula 

(length X width2/0.52). Mice were also weighed daily. At the experimental end point, mice were 

anesthetized, followed by surgical lung excision and removal of tumor as outlined in materials and methods. 

The bars represent standard error. Repeated measures ANOVA was used to analyze statistical significance 

between the groups, including a post-hoc Dunnett’s test *p ≤ 0.05. 
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Figure 24: Weight of BALB/c mice during treatment with JJMB7 and vehicle. Mice were injected with 1 x 

104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS. The incision was and closed with an 

Autoclip Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice were randomly 

divided into two groups of 10 mice each. The first group was injected IP with vehicle (80% sesame seed oil 

and 20% DMSO), and the second group injected IP with 1.56 mg/kg of JJMB7. Treatments were performed 

for five consecutive days, followed by a two-day break, then five more consecutive days. Mice were 

weighed daily. 
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Figure 25: Breast tumor implantation and treatment with JJMB5 and JJMB9.  Mice were injected with 1 x 

104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS. The incision was closed with an Autoclip 

Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice were randomly divided into 

4 groups of 10 mice each. The first group was not treated, the second group was injected IP with vehicle 

(80% sesame seed oil and 20% DMSO), the third group was treated with 0.26 mg/kg of JJMB5 and fourth 

group was treated with 0.78 mg/kg of JJMB9. Treatments were performed for five consecutive days, 

followed by a two-day break, then five more consecutive days. Once tumors were visible, tumor length and 

width were measured every day and tumor volume was estimated using the formula (length X width2/0.52). 

Mice were also weighed daily. At the experimental end point, mice were anesthetized, followed by surgical 

lung excision and removal of tumor as outlined in materials and methods. The bars represent standard 

error. Repeated measures ANOVA was used to analyze statistical significance between the groups including 

a post-hoc Dunnett’s test *p ≤ 0.05. 
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Figure 26: Weight of BALB/c mice during treatment with JJMB5, JJMB9 and vehicle. Mice were injected 

with 1 x 104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS. The incision was closed with 

an Autoclip Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice were 

randomly divided into 4 groups of 10 mice each. The first group was not treated, the second group was 

injected IP with vehicle (80% sesame seed oil and 20% DMSO), the third group was treated with 0.26 

mg/kg of JJMB5 and fourth group was treated with 0.78 mg/kg of JJMB9. Treatments were performed for 

five consecutive days, followed by a two-day break, then five more consecutive days. Mice were weighed 

daily. 
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Figure 27: Breast tumor implantation and treatment with JJMB7 and JJMB9.  Mice were injected with 1 x 

104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS. The incision was closed with an Autoclip 

Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice were randomly divided into 

5 groups of 10 mice each. The first group was not treated, the second group was treated with vehicle (80% 

corn oil and 20% DMSO), the third group was treated with 1.56 mg/kg of JJMB7, the fourth group was 

treated with JJMB9, and the fifth group treated with both 1.56 mg/kg of JJMB7 and 0.78 mg/kg of JJMB9. 

Treatments were performed for five consecutive days, followed by a two-day break, then five more 

consecutive days, followed by a two-day break, then treated for five additional days. Once tumors were 

visible, tumor length and width were measured every day and tumor volume was estimated using the 

formula (length X width2/0.52). Mice were also weighed daily. At the experimental end point, mice were 

anesthetized, followed by surgical lung excision and removal of tumor as outlined in materials and methods. 

The bars represent standard error. Repeated measures ANOVA was used to analyze statistical significance 

between the groups, including a post-hoc Dunnett’s test *p ≤ 0.05. 
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Figure 28: Weight of BALB/c mice during treatment with JJMB7, JJMB9, combined JJMB7 and JJMB9 and 

vehicle. Mice were injected with 1 x 104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS. 

The incision was closed with an Autoclip Wound Closing System. One day after injecting 4T1 cells into the 

MFP, the mice were randomly divided into 5 groups of 10 mice each. The first group was not treated, the 

second group was treated with vehicle (80% corn oil and 20% DMSO), the third group was treated with 1.56 

mg/kg of JJMB7, the fourth group was treated with JJMB9, and the fifth group treated with both 1.56 mg/kg 

of JJMB7 and 0.78 mg/kg of JJMB9. Treatments were performed for five consecutive days, followed by a 

two-day break, then five more consecutive days, followed by a two-day break, then treated for five 

additional days. Mice were weighed daily. 
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Figure 29: Breast tumor implantation and treatment with JJMB7 and JJMB9.  Mice were injected with 1 x 

104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS. The incision was closed with an Autoclip 

Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice were randomly divided into 

4 groups of 10 mice each. The first group was not treated, the second group was treated with vehicle (10% 

DMSO, 20% PEG 400 and 70% dextrose), the third group was treated with 1.56 mg/kg of JJMB7, the fourth 

group was treated with 0.78 mg/kg of JJMB9. Mice were treated with 1.56 mg/kg JJMB7 and 0.78 mg/kg 

JJMB9 for three cycles of 5 days IP injections with a two-day break between each cycle. Once tumors were 

visible, tumor length and width were measured every day and tumor volume was estimated using the 

formula (length X width2/0.52). Mice were also weighed daily. At the experimental end point, mice were 

anesthetized, followed by surgical lung excision and removal of tumor as outlined in materials and methods. 

The bars represent standard error. Repeated measures ANOVA was used to analyze statistical significance 

between the groups, including a post-hoc Dunnett’s test *p ≤ 0.05. 
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Figure 30: Weight of BALB/c mice during treatment with JJMB7, JJMB9, and vehicle, and naïve mice. Mice 

were injected with 1 x 104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS. The incision 

was closed with an Autoclip Wound Closing System. One day after injecting 4T1 cells into the MFP, the 

mice were randomly divided into 4 groups of 10 mice each. The first group was not treated, the second 

group was treated with vehicle (10% DMSO, 20% PEG 400 and 70% dextrose), the third group was treated 

with 1.56 mg/kg of JJMB7, the fourth group was treated with 0.78 mg/kg of JJMB9. Mice were treated 

with 1.56 mg/kg JJMB7 and 0.78 mg/kg JJMB9 for three cycles of 5 days IP injections with a two-day break 

between each cycle. Mice were weighed daily. 
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of metastasis was analyzed as outlined in materials and methods. In the first experiment, 

three lungs were analyzed from each group and only one section performed. The area of 

lungs metastasis from mice treated with JJMB7 was not significantly different from lungs 

treated with vehicle (Figure 31). In the second experiment, three lungs were analyzed 

from each group and only one section was performed. The area of lungs from mice 

treated with JJMB9 was not significant compared to the other treatment groups (Figure 

32). In the third experiment, to increase the possibility of observing significance, five lungs 

were analyzed from each group and one section was performed. There was no significant 

difference in area between the groups (Figure 33). In the fourth experiment, eight lungs 

were analyzed from each group and three sections were performed per lung. There was 

no significant difference between the groups (Figure 34). These results suggest that 

whereas there were visible differences in total area and metastasis counts, the 

amidoximes were not effective in preventing metastasis.  
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Figure 31: Lung metastasis analysis of BALB/c mice treated with JJMB7 and Vehicle. Mice were injected with 

1 x 104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS, and the incision was closed with an 

Autoclip Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice were randomly 

divided into 2 groups of 10 mice each. The first group was vehicle treated, and the second group was treated 

with JJMB7. At the experimental end point, mice were anesthetized with 50 mg/kg avertin. Cardiac 

puncture was performed using a 261/2-gauge needle and blood smears were prepared. Lungs were excised 

and fixed in 4% formalin and sent to UT Southwestern Dallas, TX USA, for hematoxylin and eosin staining. 

The area of micro metastasis was analyzed using ImageJ software. The graphs represent the sum total of 

the areas of all micro and macro metastases of a given treatment group. Differences in metastasis area 

were analyzed by non-parametric Kruskal Wallis test.  
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Figure 32: Lung metastasis analysis of BALB/c mice treated with JJMB5, JJMB9 and Vehicle. Mice were 

injected with 1 x 104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS, and the incision was 

closed with an Autoclip Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice 

were randomly divided into 4 groups of 10 mice each. The first group was untreated, and the second group 

was treated with vehicle, third group was treated with JJMB5, and fourth group was treated with JJMB9. At 

the experimental end point, mice were anesthetized with 50 mg/kg avertin. Cardiac puncture was 

performed using a 261/2-gauge needle and blood smears were prepared. Lungs were excised and fixed in 

4% formalin and sent to UT Southwestern Dallas, TX USA, for hematoxylin and eosin staining. The area of 

micro metastasis was analyzed using ImageJ software. The graphs represent the sum total of the areas of 

all micro and macro metastases of a given treatment group. Differences in metastasis area were analyzed 

by non-parametric Kruskal Wallis test.  
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Figure 33: Lung metastasis analysis of BALB/c mice treated with JJMB7, JJMB9, combination of JJMB7 and 

JJMB9 and Vehicle. Mice were injected with 1 x 104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 

ml PBS, and the incision was closed with an Autoclip Wound Closing System. One day after injecting 4T1 

cells into the MFP, the mice were randomly divided into 5 groups of 10 mice each. The first group was 

untreated, and the second group was treated with vehicle, third group was treated with JJMB7, fourth 

group was treated with JJMB9, and the fifth group was treated with combined JJMB7 and JJMB9. At the 

experimental end point, mice were anesthetized with 50 mg/kg avertin. Cardiac puncture was performed 

using a 261/2-gauge needle and blood smears were prepared. Lungs were excised and fixed in 4% formalin 

and sent to UT Southwestern Dallas, TX USA, for hematoxylin and eosin staining. The area of micro 

metastasis was analyzed using ImageJ software. The graphs represent the sum total of the areas of all micro 

and macro metastases of a given treatment group. Differences in metastasis area were analyzed by non-

parametric Kruskal Wallis test.  
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Figure 34: Lung metastatic index of BALB/c mice treated with JJMB7, JJMB9 and Vehicle. Mice were injected 

with 1 x 104 4T1 cells into mammary fat pad (MFP) suspended in 0.1 ml PBS, and the incision was closed 

with an Autoclip Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice were 

randomly divided into 5 groups of 10 mice each. The first group was untreated, and the second group was 

treated with vehicle, third group was treated with JJMB7, and fourth group was treated with JJMB9. At the 

experimental end point, mice were anesthetized with 50 mg/kg avertin. Cardiac puncture was performed 

using a 261/2-gauge needle and blood smears were prepared. Lungs were excised and fixed in 4% formalin 

and sent to UT Southwestern Dallas, TX USA, for hematoxylin and eosin staining. The area of micro 

metastasis was analyzed using ImageJ software. The metastatic index was calculated by adding the total 

metastasis area of three lung sections, divided by the total lung area of three lung sections. Differences in 

metastasis area were analyzed by non-parametric Kruskal Wallis test.  
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metastatic sites144. In our work, we have witnessed accumulation of neutrophils in BALB/c 

mouse lung tissue. We sought to uncover the role of neutrophils in metastasis by first 

determining the concentration of neutrophils in blood. To that end, BALB/c mice were 

bled from the facial vein and blood smears were prepared as described in materials and 

methods. In the first experiment, blood smears were performed at the end of the 

experiment. Mice with tumors had a significant increase of neutrophils and a significant 

decrease of lymphocytes. Untreated mice had 82.2% neutrophils and 17.7% lymphocytes, 

vehicle treated mice had 83% neutrophils and 17% lymphocytes, mice treated with JJMB7 

had 85% neutrophils and 15% lymphocytes. JJMB9 treated mice had 76% neutrophils and 

24% lymphocytes. Mice treated with combined JJMB7 and JJMB9 had 82% neutrophils 

and 18% lymphocytes (Figure 35). The lymphocyte and neutrophil count were compared 

to data of naïve mice from literature that showed 15% neutrophils and approximately 

84% lymphocytes145. Normal mice had the expected 15% neutrophils and 85% 

lymphocytes. These results suggested that neutrophils might play a role in either 4T1 local 

invasion, intravasation, survival in circulation or extravasation and metastasis colony 

formation in lung and other tissues. In the following experiment, neutrophil kinetics were 

analyzed during the experiment. This was achieved by performing blood smears on the 

second, seventh, twelfth, seventeenth and twenty second day after implantation of 4T1 

cells in the mammary fat pads. This approach revealed that whereas there were no 

differences between the neutrophil levels on day two and day seven, there was a 

significant increase by day twelve and the count stayed high until the experimental end 
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point (Figure 36). These results suggest that the neutrophils may play a role in 4T1 cell 

metastasis. Figure 37 shows lung metastasis in BALB/c mice. 

 

Figure 35: Neutrophil count in BALB/c mice with mammary tumors. Mice were injected with 1 x 104 4T1 

cells into mammary fat pad (MFP) suspended in 0.1 ml PBS and the incision was closed with an Autoclip 

Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice were randomly divided into 

5 groups of 10 mice each. The first group was untreated, the second group was treated with vehicle, third 

group was treated with JJMB7, the fourth group was treated with JJMB9, and the fifth group was treated 

with combined JJMB7 and JJMB9. At the experimental end point, mice were anesthetized with 50 mg/kg 

avertin. Cardiac puncture was performed using a 261/2-gauge needle and blood smears were prepared 

followed by lymphocyte and neutrophil count. The bars represent standard error. Differences in neutrophil 

and lymphocyte count were analyzed by non-parametric Kruskal Wallis test. Levels of significance were 

designated as P ≤ 0.05. (# - data points taken from Nemzek et al, 2001) 
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Figure 36: Neutrophil kinetics in BALB/c mice with mammary tumors. Mice were injected with 1 x 104 4T1 

cells into mammary fat pad (MFP) suspended in 0.1 ml PBS and the incision was closed with an Autoclip 

Wound Closing System. One day after injecting 4T1 cells into the MFP, the mice were randomly divided into 

4 groups of 10 mice each. The first group was untreated, and the second group was treated with vehicle, 

third group was treated with JJMB7, and fourth group was treated with JJMB9. At the experimental end 

point, mice were anesthetized with 50 mg/kg avertin. Cardiac puncture was performed using a 261/2-gauge 

needle and blood smears were prepared followed by neutrophil and lymphocyte count. The bars represent 

standard error. Differences in neutrophil count were analyzed by non-parametric Kruskal Wallis test. Levels 

of significance were designated as P ≤ 0.05. 
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Figure 37: Lung metastasis in BALB/c mice. (A) Lung excised from BALB/c mice showing macro metastasis. 
(B) Hematoxilin and eosin staining of lung metastasis in BALB/c mice. 

 

10. Analyzing the Acetylation Status of Core Histones in 4T1 Induced Breast Cancer 

Tumors of Mice Treated and Untreated with the Amidoximes 

Previous data in our lab showed that treatment with novel amidoximes JJMB7 and JJMB9 

inhibited acetylation and induced apoptosis in HCT-116 cells. Amidoxime JJMB9, a p300 

inhibitor, induced inhibition of acetylation prior to apoptosis while with JJMB7 induced 

inhibition of acetylation and evidence of apoptosis were concomitant140. Amidoximes 

JJMB5 & JJMB6 induced inhibition of acetylation prior to apoptosis. Since inhibition of 

acetylation can be a possible event that triggers the apoptotic pathway in vitro, we sought 

to determine whether there was reduced acetylation in 4T1 cells derived from tumors 

treated with the amidoximes. The three smallest tumors were selected from each 
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treatment group for Western blots analysis. Small tumors were selected because, if 

inhibition of acetylation is a mechanism that triggers cell death in tumors, this mechanism 

would be most evident in the small tumors within the treatment group because of their 

higher exposure to the amidoximes. Relative acetylation levels were analyzed for H4K5ac 

and H3K27ac. After Western Blotting analysis of H4K5ac, relative acetylation levels of 

tumors from JJMB9 treated mice were significantly smaller compared to tumors from 

mice treated with vehicle (Figures 38 and 39). However, tumors from JJMB9 treated mice 

did not show any significance in H3K27ac when compared to tumors from vehicle treated 

mice. Tumors from JJMB7 treated mice did not have significant relative acetylation levels 

in both H4K5ac and H3K27ac when compared to tumors from vehicle treated mice 

(Figures 38 and 40). These results suggest that, just as inhibition of acetylation by JJMB9 

is the possible mechanism that triggers cell death in vitro, the same mechanism is evident 

in vivo.  

 

 

 

 

 

 

 

 



98 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: Relative acetylation levels of core histones in 4T1 breast cancer tumors of BALB/c mice. Small 

tumors from BALB/c mice injected with 4T1 cells were surgically removed, chopped up and digested with 

1X SDS dye. After determining protein concentration, coomassie staining of the SDS-PAGE was done to 

show equal loading of protein lysates. Western blot analysis was done using antibodies against H4K5ac and 

H3K27ac and acetylation levels were determined and standardized to the core histone intensity from 

coomassie staining. There was significant inhibition of acetylation in H4K5 in tumors from mice treated with 

JJMB9 compared to tumors from vehicle treated mice. Tumors from JJMB7 treated mice did not have 

significant relative acetylation levels in both H4K5ac and H3K27ac when compared to tumors from vehicle 

treated mice. Tumor lysates from untreated mice were used for standardization.  
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Figure 39: Relative acetylation levels of core histone H4K5 in 4T1 breast cancer tumors of BALB/c mice. 
Small tumors from BALB/c mice injected with 4T1 cells were surgically removed chopped up and digested 
with 1X SDS dye. After determining protein concentration, coomassie staining of the SDS-PAGE was done 
to demonstrate equal loading of protein lysates. Western blotting analysis was done using antibodies 
against H4K5ac and acetylation levels were determined and standardized to the core histone intensity 
from coomassie staining. There was significant inhibition of acetylation in tumors from mice treated with 
JJMB9 compared to tumors from vehicle treated mice. Tumors from JJMB7 treated mice did not have 
significant relative acetylation levels in H4K5ac when compared to tumors from vehicle treated mice. 
Acetylation levels of tumor lysates from untreated mice were used for standardization. One-way ANOVA 
was performed to assess the statistical differences between the groups, including a post-hoc Dunnett’s 
test *p ≤ 0.05 
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Figure 40: Relative acetylation levels of core histone H3K27 in 4T1 breast cancer tumors of BALB/c mice. 
Small tumors from BALB/c mice injected with 4T1 cells were surgically removed chopped up and digested 
with 1X SDS dye. After determining protein concentration, coomassie staining of the SDS-PAGE was done 
to demonstrate equal loading of protein lysates. Western blot analysis was done using antibodies against 
H3K27ac and acetylation levels were determined and standardized to the core histone intensity from 
coomassie staining. There was no significant inhibition of acetylation in tumors across all treatment 
groups. Acetylation levels of tumor lysates from untreated mice were used for standardization. One-way 
ANOVA was performed to assess the statistical differences between the groups, including a post-hoc 
Dunnett’s test. 

 

11. Exploring Pharmacokinetic Dynamics of JJMB9 In Vitro With Microsomes  

The pharmacokinetic experiments described below were all carried out with the 

assistance of Dr. Kavitha Kettimuthu at the pharmacokinetic core unit UTSW. During drug 

development, understanding the pharmacokinetics of a novel compound is a crucial step. 

The liver is the primary site of drug metabolism in the body, clearing approximately 60% 
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of pharmaceuticals via hepatic cytochrome p450 enzymes (CYP) mediated metabolism. 

Liver microsomes are subcellular fractions which contain membrane bound drug 

metabolizing enzymes such as cytochrome p450 enzymes and can be used to determine 

the in vitro clearance of a compound116. Clearance is determined by the half-life (t1/2) 

which is the time required for half of drug concentration to be removed by biological 

processes. If the clearance is too rapid, less than ten minutes, then the compound may 

not be stable in an in vivo context. We sought to determine what the t1/2 of JJMB9 would 

be in microsomes. To that end, JJMB9 was incubated with microsome fractions and Phase 

I (NADPH Regenerating System) cofactors for 0-120 minutes; however, JJMB9 was only 

detected until 60 minutes. The reaction was stopped at various time points, and samples 

were prepared for mass spectrometer analysis as detailed in materials and methods. The 

results showed that the t1/2 of JJMB9 in microsomes was 13 minutes (Figure 41), a time 

that is above the t1/2 of 10 minutes indicator for minimal stability. These results showed 

that JJMB9 is minimally stable in an in vitro setting.   
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Figure 41: Microsome pharmacokinetics of JJMB9. JJMB9 (2 µM in DMSO) was incubated with mouse 
microsomes fractions and Phase I (NADPH Regenerating System) cofactors for 0-120 minutes.  Reactions 
were stopped with 0.5 ml (1:1) of methanol containing 0.2% formic acid and 12.5 ng/ml international 
standard (IS). Samples were vortexed for 15 seconds, incubated at room temperature for 10 minutes and 
spun for 5 minutes at 2400 rpm.  Supernatant was transferred to an Eppendorf tube and spun in a table 
top, chilled centrifuge for 5 minutes at 13,200 rpm. Supernatant was transferred to an HPLC vial (without 
insert) and was then analyzed by Qtrap 4000 mass spectrometer. LN – natural log function   

 

12. In Vivo Pharmacokinetics 

Pharmacokinetic profiles are used for dose determination in pre-clinical animal models. 

Animals are used to generate time-dependent concentration profiles for calculating 

clearance and distribution of compounds146. Besides determining the half-life of JJMB9 in 

microsomes, we sought to determine JJMB9 half-life in mice. Twenty-one female CD-1 
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20% PEG 400, & 70% of D5W (5% Dextrose in water). Lung tissue was harvested as well 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

0 10 20 30 40 50 60 70

LN
 %

 R
em

ai
n

in
g

Time (mins)

Phase I - JJMB9 Mouse Microsome Half Life 



103 
 

and gently washed with 1x PBS to remove residual circulating blood. Then tissue was 

weighed and snap frozen in liquid nitrogen. Plasma and lung tissue were prepared for 

mass spectrometer analysis. The results showed that the half-life of JJMB9 in vivo was 18 

minutes (Figure 42). Metabolite analysis was not performed to determine if JJMB9 was 

metabolized to other compounds/products. 

 

Figure 42: In vivo pharmacokinetics of JJMB9. Twenty-one female CD-1 mice were dosed IP with 0.78 mg/kg 
JJMB9. A volume of 0.2 ml/mouse formulated with 10% DMSO, 20% PEG 400, & 70% of D5W (5% Dextrose 
in water). Whole blood was harvested. Plasma was processed from whole blood by centrifugation of the 
ACD treated blood for 10 minutes at 10,000 rpm in a standard centrifuge. Lungs were excised and gently 
washed with 1x PBS to remove residual circulating blood. Then tissue was weighed and snap frozen in liquid 
nitrogen. For the standards and quality controls 98 µl and 98.8 µl of blank plasma were added to an 
Eppendorf and spiked with 2 and 1.2 µl of initial standard.  Standards and quality control samples of 100 µl 
were then crashed with 200 µl of methanol containing 0.15% formic acid and 12.5 ng/ml International 
Standard (IS). The samples were vortexed for 15 seconds, incubated at room temp for 10 minutes and spun 
twice at 13,200 rpm in a standard microcentrifuge.  The supernatant was then analyzed by liquid 
chromatography–mass spectrometry 
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13. Determining Whether MCF-7 Cells Will Develop Resistance to JJMB9  

Drug resistance is a common phenomenon in cancer therapy132. To determine whether 

MCF-7 cell treated with JJMB9 and cisplatin would develop drug resistance, MCF-7 cells 

were treated once a week with increasing concentrations of JJMB9 or cisplatin as a 

positive control for 6 months. The treatment started with 6.0 ± 2 µM of JJMB9 that was 

the GI50 of JJMB9 for MCF-7 cells and a concentration of 40 µM that was the GI50 for MCF-

7 cells treated with cisplatin. To select for resistance, an initial concentration of 6 µM 

JJMB9 or 40 µM cisplatin was added to the cells. After three days, once the cells began to 

die, the media (and drug) was decanted and the cells were allowed to recover. After 

recovery, the same dose was added to the cells. This process was repeated until the cells 

no longer died from the initial dose. At this juncture, the dose was doubled, and the above 

steps were repeated for 6 months.  To assess the drug resistance, MTS assays were 

performed on treated MCF-7 cells and the GI50 was compared to that for the original 

untreated cells. After 6 months of treatment, MCF-7 resistant cells yielded a GI50 of 320.0 

± 7 µM compared to the original MCF-7 cells with a GI50 of 6.0 ± 2, a 53-fold increase in 

resistance (Figure 43A). On the other hand, MCF-7 parent cells treated with cisplatin had 

a GI50 of 40 ± 2 µM and the resistant MCF-7 cells yielded a GI50 of 322.8 ± 8 µM, an 8-fold 

increase in resistance (Figure 43B). Both results showed that MCF-7 cells were able to 

develop resistance to JJMB9 and cisplatin.  
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Table 6: Summary of concentration increase for JJMB9 and Cisplatin on MCF-7 cells. 

Cisplatin (µM) 40 80 160 322 

JJMB9 (µM) 6 12 22 44 88 176 320 

The MCF-7 cell were treated with an initial dose 6 µM of JJMB9 and 40 µM of cisplatin 40. After three days, 
once the cells began to die, the media (and drug) was decanted and the cells were allowed to recover. After 
recovery, the same dose was added to the cells. This process was repeated until the cells no longer died 
from the initial dose. At this juncture, the dose was doubled, and the above steps were repeated for 6 
months.  To assess the drug resistance, MTS assays were performed on treated MCF-7 cells and the GI50 
was compared to that of the original untreated cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 43: Development of drug resistance of MCF-7 cells to JJMB9 and cisplatin. MCF-7 cells were cultured 

and allowed to grow to 50% confluence. An initial concentration of 5 µM of JJMB9 was added to the cells. 

After three days, once the cells began to die, the media (and drug) was decanted and the cells were allowed 

to recover. After recovery, the same dose was added to the cells. This process was repeated until the cells 

no longer died from the initial dose. At this juncture, the dose was doubled, and the above steps were 

repeated.  After 6 months, an MTS assay was performed as outlined in materials and methods to determine 

the fold resistance of the treated cells compared to the parent cells. The bars represent standard error. 

Differences in GI50 were analyzed by non-parametric Kruskal Wallis test. P ≤ 0.001 (n = 3). 

0

50

100

150

200

250

300

350

G
ro

w
th

 In
h

ib
it

io
n

 (
G

I 5
0)

* 

0

50

100

150

200

250

300

350

G
ro

w
th

 In
h

ib
it

io
n

 (
G

I 5
0)

* 

A B 



106 
 

14. Exploring Drug Resistance Mechanisms to JJMB9 by MCF-7 Cell Line 

 

Several drug resistance mechanisms are known and may be shared across various 

malignancies. However, some resistance mechanisms can be cancer or drug specific127. 

Some of the molecular mechanisms for cisplatin resistance in MCF-7 cells include over 

expression of the anti-apoptotic protein Bcl-2 and decrease in the cell cycle-regulator 

cyclin D1147. We endeavored to assess whether JJMB9 resistant MCF-7 cells had similar 

resistance mechanisms as cisplatin resistant MCF-7 cells. To explore a possible cross 

resistance mechanism, the JJMB9 MCF-7 resistant cell line MCF-7-RD9-320 was treated 

with cisplatin and the cisplatin MCF-7 resistant cell line MCF-7-RCis-322 was treated with 

JJMB9. The JJMB9 MCF-7 resistant cell line treated with cisplatin yielded a GI50 of 28.9 ± 2 

µM (Figure 44B) and cisplatin MCF-7 resistant cell line treated with JJMB9 yielded a GI50 of 

278.0 ± 15 µM (Figure 44A). These results suggest that whereas both cell lines have shared 

mechanisms of drug resistance, the cisplatin resistant cell lines may have additional 

mechanisms of resistance not possessed by the JJMB9 resistant MCF-7 cell line. 
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Figure 44: Reverse resistance of MCF-7-RD9-320 by JJMB9 and cisplatin. MCF-7 cells resistant to JJMB9 were 

cultured then treated with 322 µM of cisplatin for 72 hours followed by an MTS assay performed as stated 

in materials and methods, to determine if cisplatin would reverse resistance induced by JJMB9. There was 

a 92% reduction of the growth inhibition (GI50) when MCF-7-RD9-320 were treated with cisplatin. The bars 

represent standard error. Differences in GI50 were analyzed by non-parametric Kruskal Wallis test. P ≤ 0.001 

(n = 3).
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CHAPTER IV 

DISCUSSION 

1. Sequence of Inhibition of Acetylation and Apoptosis in Colon Cancer HCT-116 

Cells Treated with Novel Amidoximes JJMB5 and JJMB6 

Epigenetic modifications affect gene expression and transcriptional activity. For example, 

hyperacetylation of core histones has been implicated in a number of diseases, which 

include cancer, asthma, COPD, HIV, Alzheimer’s, diabetes, cardiac hypertrophy, and 

malaria83. Therefore, inhibition of acetylation by attenuating HAT activity is an approach 

that has been used to treat a myriad of diseases including cancer. Indeed, various HAT 

inhibitors have been shown to induce apoptosis, or sensitize cancer cells to 

chemotherapy88. In our lab, novel amidoximes JJMB7 and JJMB9 induced inhibition of 

acetylation and apoptosis in HCT-116 cells. Amidoxime JJMB9, a p300 inhibitor, induced 

inhibition of acetylation prior to apoptosis while JJMB7 induced inhibition of acetylation 

and apoptosis concomitantly140. However, the sequence of inhibition of acetylation and 

apoptosis in HCT-116 cells treated with JJMB5 or JJMB6 had not been previously 

determined.  

Western blot analysis revealed a decrease in procaspase 3 levels at 12 hours while 

simultaneously activating caspase 3. The maximum activation of caspase 3 based on the 

time points assessed, was evident at 24 hours as demonstrated by the presence of 2 

bands, of 19 kDa and 17 kDa. There was also a marked decrease of core histone 
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acetylation levels (H3K9 and H4K5) by 3 hours after treatment which remained steady for 

the rest of the time points assessed (Figure 10 and Figure 11). The fact that inhibition of 

core histone acetylation preceded apoptosis is in agreement with the possibility that 

inhibition of histone acetylation plays a role in induction of apoptosis. HAT inhibitors have 

been shown to induce apoptosis by inhibiting acetylation of core histones and inducing 

chromatin condensation in various cancer cells by activating the p53 signaling pathway70. 

Whereas JJMB9 was shown to inhibit p300, the exact mechanisms of inhibition of 

acetylation by JJMB5 and JJMB6 are unknown.  

There are several plausible mechanisms. The simplest explanation is that, similar to the 

inhibition of p300 by JJMB9, JJMB5 and JJMB6 may directly inhibit HATs. We know that 

the HATs inhibited cannot be p300 or GCN5 since previous experiments showed that 

these HATs are not inhibited by JJMB5 or JJMB6140. Second, the amidoximes may induce 

cellular events that trigger the degradation of HATs leading to decreased acetylation 

levels on core histones. Recent data have shown that cellular stress induces the ubiquitin 

proteosomal system (UPS) to destroy HATs148. Since HATs play a critical role in gene 

expression by decompacting chromatin, it is critical to regulate the levels of HATs during 

cellular stress. This is accomplished by tagging the HATs via dephosphorylation for 

destruction. For example, dephosphorylation of the acetyltransferase p300 at 

Ser1834 triggers its UPS degradation. Another HAT, PCAF, is regulated by mouse double 

minute 2 homolog (Mdm2) mediated UPS degradation148. A third plausible explanation is, 

whereas our results show that inhibition of acetylation precedes apoptosis, it does not 
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mean that apoptotic events are not happening prior to or during inhibition of acetylation. 

We only checked a single apoptotic marker, caspase 3. It is conceivable that other 

apoptotic markers are activated triggering events that lead to decreased acetylation of 

core histones.  In one study, when the glioma cell lines U251, U87, HS683, and SHG44 

were treated with a HAT inhibitor, there was induction of apoptosis via the intrinsic and 

extrinsic pathways due to increased caspase 3 and 7 activity and a depletion of the HAT 

p300149. These results demonstrate that HAT inhibitors can trigger cellular events that 

lead to decreased acetylation of core histones. A fourth possibility is that HATs exist in 

complexes with other transcription co-activators. It is possible that the amidoximes target 

nuclear proteins within the complex, which in turn decrease HAT activity. Generally, HATs 

are recruited to the promoter region as part of a transcription initiation complex. Binding 

of molecules that are not part of the initiation complex, such as amidoximes may 

attenuate HAT activity. Additionally, HDACs may be recruited to the initiation complex 

suppressing HAT activity by interacting with proteins in the transcription initiation 

complex. A fifth explanation is that HAT inhibition of core histones may have nothing to 

do with cell death. As aforementioned, amidoximes JJMB5, JJMB6, JJMB7 and JJMB9 

induced inhibition of acetylation in HCT 116 cells (JJMB7 induced inhibition of acetylation 

and apoptosis simultaneously). However, hyperacetylation induced by HDAC inhibition in 

parallel to inhibiting acetylation levels in HCT 116 did not prevent the cells from death, 

suggesting that inhibition of acetylation in core histones by itself may not induce cell 

death, thus there may be a non-histone protein whose deacetylation is involved. 
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Alternatively, the genes that are affected by HATi are different from those affected by 

HDACi and analysis of core histone acetylation does not detect local acetylation 

differences150. 

2. Inhibition of Acetylation of H3K27 in HCT-116 Cells 

Colorectal carcinoma (CRC) is the second leading cause of death among all cancers2. As 

aforementioned, recent data have shown that one of the molecular markers in human 

CRCs, is hyperacetylation in core histone H3K27151. Since our data showed that the 

amidoximes inhibit acetylation of various core histone sites, we endeavored to establish 

if the amidoximes inhibit acetylation of H3K27 in HCT-116 cells. Western blot analysis 

showed that three of the four amidoximes, JJMB5, JJMB6, and JJMB9, significantly 

inhibited the acetylation of H3K27 (Figures 12, 13, 14, 15). These results indicated that, in 

future, if hyperacetylated H3K27 sites are deemed as potential therapeutic target, these 

amidoximes might be screened for their potential to inhibit H3K27ac in CRC. Indeed, there 

is increasing evidence that shows that aberrant epigenetic modifications such as DNA 

methylation and histone modifications play a crucial role in cancer causation and 

progression. Due to the reversible nature of epigenetic alterations, agents have been 

developed to target aberrant modifications152. For example, HDACis have been shown to 

induce cancer cell death by different mechanisms such as promoting growth arrest and 

differentiation, and induction of apoptosis, with minimal effects on normal tissue. 

Vorinostat, an HDACi, has been approved by the Food and Drug Administration for the 

treatment of cutaneous T-cell lymphoma150. However, there are currently no HAT 
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inhibitors in cancer therapy for CRC despite the progress made in clinical trials. Additional 

compounds such as our amidoximes would add to the array of potential small molecules 

for treatment of CRC. These amidoximes can also be potentially used in glioblastomas, 

since one of the molecular markers in glioblastomas in hyperacetylation of H3K27153. 

3. Challenges of Targeting HATs/KATs in Cancer Therapy 

A plethora of HAT inhibitors have demonstrated inhibition of proliferation of malignant 

cell lines in in vitro and in vivo settings. Despite the potential, no HAT inhibitor is currently 

approved for cancer therapy. This may be due to molecular properties of HATs and 

challenges in HAT catalytic mechanisms154. 

4. Challenges in Molecular Properties 

While in vitro studies of natural HAT inhibitors such as curcumin and garcinol show 

promise, clinical trials have encountered various challenges. For example, phase I/II 

clinical trials of curcumin have shown that curcumin exhibits poor bioavailability and 

clinical efficacy due to extremely low solubility in aqueous solution155. To increase 

aqueous solubility and bioavailability, scientists have attempted to encapsulate curcumin 

in polymeric micelles, solid lipid nanoparticles, biodegradable microspheres, 

phospholipids, cyclodextrin, hydrogels, and liposomes156. When encapsulated versus free 

curcumin was used on the breast cancer cell line T47D to check for telomerase inhibition, 

free curcumin inhibited 43.3% of telomerase activity compared to 61.65% inhibition by 

encapsulated curcumim157. Curcumin encapsulated nanoparticles have also been shown 

to be more effective in MCF-7 cells, PC-3 cells and in HepG2 tumor xenografts156. 
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However, success in in vitro drug delivery does not necessarily translate to successful 

clinical trials. Like curcumin, garcinol has had tremendous success in inhibiting 

proliferation of malignant cells in vitro, but there is no evidence of success in clinical trials 

thus far.  

HATs as drug targets is further complicated by the fact that HATs are part of a large 

multiprotein complex, acetylate multiple targets, and orchestrate multiple cellular 

functions70. For example, the HAT TIP60 complex contains nuclear receptor subfamily 4 

(NUR4) and ataxia-telangiectasia mutated (ATM), a kinase recruited during DNA damage. 

TIP60 acetylates ATM, which in turn phosphorylates p53 and CHK2, giving rise to 

acetylation of proteins that were not acetylated67. Additionally, different HATs have 

various substrate specificities for histone and non-histone targets. For example, p300 and 

CBP acetylate all four histones, whereas MOZ and MYST acetylate only H367. Moreover, 

the mechanism of acetylating histone versus non-histone targets differs dramatically. As 

such, targeting HATs in a multiprotein complex can have unintended consequences such 

as cell death. Target specificity can help alleviate the unintended consequences of HAT 

inhibition158.  

5. Challenges in Catalytic Mechanisms 

In the process of characterization and development of small molecule inhibitors that 

target enzymes such as HATs, it is imperative to understand the catalytic mechanisms of 

HATs. In theory, HATs use three possible standard catalytic mechanisms, namely random-

order ternary complex mechanism, compulsory order ternary mechanism and ping-pong 
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mechanism159. In a random-order ternary complex, either substrate can bind to the 

enzyme in a random order. In a compulsory order, one of the substrates must bind first 

to the enzyme, forming a ternary complex, and catalysis depends on the presence of a 

general base (usually glutamic acid), that will moderate a nucleophilic attack on Acetyl-

CoA by deprotonating the lysine residue. Lastly, in the ping-pong mechanism, Acetyl-CoA 

binds first and the acetyl group is transferred to the catalytic site of the enzyme. When 

CoA leaves the enzyme, the acetylation substrate binds and the acetyl group is 

transferred160. Evidence suggests that the GNAT family of HATs uses the compulsory order 

ternary complex mechanism, where Ac-CoA binds first to the enzyme followed by a 

histone substrate. These enzymes have a conserved glutamic acid, Glu 173, for GCNF and 

Glu 570 for PCAF in the active site161. In the MYST family different catalytic mechanisms 

have been described. One study performed in yeast suggests the ping-pong mechanism 

is used in the HATs TIP60 and MYST1. These enzymes contain a conserved glutamic acid, 

Glu-338, as well as a cysteine 304 (Cys-304), that are essential for enzyme activity162. 

However, in a different study, when Cys-304 was mutated, the enzyme functioned 

optimally, and kinetic studies showed that catalysis was mediated through a ternary 

complex mechanism163. Conflicting results showing different catalytic mechanisms of the 

same HAT makes it difficult to understand their catalytic mechanisms. Since it is 

imperative to understand the catalytic mechanism of an enzyme prior to targeting it, 

enzymes demonstrating conflicting catalytic mechanisms are difficult for drug targeting. 
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In the p300/CPB family, kinetic measurements using the recombinant full-length enzyme 

supported that p300 uses the ping-pong mechanism. On the other hand, a study was 

performed using an Ac-CoA-based probe that targets the cysteine residue bound to the 

catalytic domain. When the cysteine residue was mutated, p300 catalytic activity was not 

abolished which would be expected in a ping-pong mechanism, suggesting that the ping-

pong mechanisms may not be the catalytic mechanism for p300164. Another study 

suggested that p300 utilizes a ‘hit-and-run’ mechanism that does not require a stable 

ternary complex. Instead, Ac-CoA binds first and then the acetylating substrate binds 

weakly to the enzyme to allow lysine to react with the acetyl group165. There are several 

reasons as to why different investigators arrive at different conclusions with respect to 

HAT catalytic mechanisms. To begin with, catalytic mechanisms are influenced by the 

enzyme length and the experimental methods applied to measure the enzyme activity. 

Moreover, the presence of other proteins that can modulate HAT activity by the 

formation of protein–protein complexes can affect the catalytic mechanisms. 

Standardizing experimental modalities while investigating catalytic mechanisms may help 

alleviate arriving at different conclusions.  

6. Inhibition of Proliferation of Murine Mammary Malignant Cell Lines by Novel 

Amidoximes JJMB5, JJMB7, and JJMB9 

In cancer drug development, screening of compounds for potential therapeutic use in 

humans requires subjecting the compounds to screening assays to determine if they 

inhibit proliferation of carcinoma cell lines or other malignant cell lines via cell 
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proliferation assays. As aforementioned, previous results had established that the 

amidoximes JJMB5, JJMB6, JJMB7 and JJMB9 inhibited the proliferation of several human 

malignant cells lines without inhibiting the proliferation of normal dermal human 

fibroblasts140. Three amidoximes inhibited the proliferation of the murine mammary 

carcinoma cell lines at the concentrations used, without inhibiting the MEFs (Table 3). At 

this juncture, the ability of the amidoximes to inhibit the proliferation of both human and 

murine malignant cell lines, without inhibiting NHDFs and MEFs meant we could proceed 

with testing the amidoximes in a murine model with the intent of establishing them as 

potential chemotherapeutic agents. To our knowledge, there are no known HAT inhibitor 

amidoximes that have demonstrated inhibition of proliferation in human or murine 

mammary carcinoma cell lines. Currently, the amidoximes that inhibit proliferation of 

human malignant cell lines such as HCT-116 and A549 cells are HDAC inhibitors166. 

7. Efficacy of the Novel Amidoximes and Cisplatin When Used Individually or in 

Combination in Human and Murine Cell Lines 

As previously mentioned, combination therapy is a cornerstone in cancer therapy that 

involves combining two or more therapeutic agents to combat cancer. For many decades, 

therapy options for cancer were limited to surgery, radiation therapy, and chemotherapy. 

However, in the last decade, additional therapies such as immunotherapy, targeted 

therapy, hormone therapy, stem cell transplants, and precision medicine have added to 

the treatment arsenal for cancer therapy. The discovery and availability of additional 

treatments have increased the options for combination therapies. Combination therapies 
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enhances efficacy compared to monotherapies because they target different key 

pathways and molecular targets responsible for carcinogenesis ensuring a synergistic or 

additive effect, potentially mitigating drug resistance, while providing anticancer benefits 

such as decreasing tumor growth and metastasis167.  

Previously, we had determined that the amidoximes induced death in human and murine 

carcinoma cell lines. We then sought to explore the efficacy of the novel amidoximes in 

combination with each other and with cisplatin in human and murine carcinoma cell lines. 

Cisplatin was selected because it is a known chemotherapeutic agent against breast 

cancer and has a different mechanism of action compared to the amidoximes. The growth 

inhibition (GI50) of the individual and combined treatments was determined. The results 

showed that when malignant cell lines were treated individually or in combination with 

amidoximes, five out of seven combinations had a significantly lower GI50 compared to 

individual treatments (Table 4). Additionally, when the amidoximes and cisplatin were 

used individually and in combination, five out of eight combinations had significantly 

lower GI50 compared to individual treatment (Table 5). These results support the principle 

that combination treatments have an additive or synergistic effect, and therefore paved 

the way for exploration of their efficacy in a murine mammary carcinoma model. An 

additive effect means the effect of two drugs is equal to the sum of the effect of the two 

drugs when used separately. On the other hand a synergistic effect means the effect of 

two drugs taken together is greater than the sum of their separate effect at the same 

doses. Previous results showed that the amidoximes inhibited proliferation of various 
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human malignant cell lines at different doses suggesting that the amidoximes have 

different modes of action140. Moreover, amidoximes inhibited proliferation of malignant 

cell lines at a much lower concentration compared to cisplatin, a known 

chemotherapeutic agent. Conventional chemotherapy non-selectively targets rapidly 

proliferating cells, leading to destruction of normal and cancer cells. This approach can be 

toxic to patients by inducing multiple side effects and reduces the effectiveness of the 

immune system. Cisplatin and platinum-based compounds are known to induce toxicities 

and unwanted side effects134. Since the amidoximes induced cell death at lower 

concentrations than cisplatin, it suggests that they have a potential to be potent small 

molecules with less side effects for cancer therapy if in vivo studies are successful. Other 

chemotherapeutic agents have been used in combination with cisplatin in humans 

leading to favorable outcomes in terms of survival and minimal side effects168 .  

For example, combining paclitaxel, cisplatin, and fluorouracil in patients with advanced 

gastric and esophagogastric junction adenocarcinoma showed better tolerance169. 

Cisplatin plus gemcitabine was associated with significant survival advantage without the 

addition of substantial toxicity in patients with advanced biliary cancer170. The 

combination of doxorubicin and cisplatin is effective and well tolerated in patients with 

diffuse malignant pleural mesothelioma (DMPM)171. Combination chemotherapy 

comprised of oral UFT (a combination of tegafur and uracil) and cisplatin showed to be an 

effective regimen for the treatment of advanced non-small cell lung carcinoma172. 

Cisplatin has also been tested in combination with natural compounds like osthole in lung 
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cancer cell lines, honeybee venom in ovarian cancer cells, and anvirzel in breast, colon, 

lung, prostate, melanoma and pancreatic cancer cell lines. Also, cisplatin has been used 

in combination with bevacizumab in non-small cell lung cancer-mediated malignant 

pleural effusion, vinblastine and bleomycin in metastatic granulosa cell tumor of the 

ovary, methotrexate, bleomycin and cisplatin for advanced squamous cell carcinoma of 

the male genital tract 173. Moreover, there are no known amidoximes that have been used 

in combination with cisplatin or other platinum-based drugs for cancer therapy. 

Successful in vitro studies may pave the way for the amidoximes to be used in 

combination with cisplatin, adding to the combination treatment arsenal in cancer 

therapy.   

              8. Determining the Toxicity of Amidoximes in BALB/c Mice 

The basis of systemic therapy for many cancers is cytotoxic chemotherapy. Administration 

of chemotherapy typically consists of repeated cycles of the drug at the highest dose 

possible without causing unacceptable toxicity. This dose is often referred to as the 

maximum tolerated dose (MTD). Predictions of human MTDs are often based on animal 

studies. Over the years, clinicians have established a clear dose-response relationship 

between chemotherapy and tumor regression in both preclinical and clinical studies174. A 

meta-analysis of the preclinical and subsequent clinical development phases of 25 cancer 

drugs showed that rodent toxicology generally provided a safe and reliable way of 

assessing starting dosages in humans and adequately predicted potential side effects175. 

As mentioned previously, the search for new and efficacious cancer therapeutics 
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necessitates the use of preclinical animal models that most closely mimic human 

pathology. Preclinical animal models have proved to be a pivotal instrument in delivering 

improved therapies for cancer and are instrumental in generating new insights into the 

mechanisms underlying development of disease142. Since our amidoximes inhibited the 

proliferation of both human and murine malignant cell lines without inhibiting the normal 

dermal human fibroblasts (NDHF) and mice embryonic fibroblasts (MEFs), we sought to 

determine if the mice would tolerate the amidoximes, and if they did, establish the MTD. 

The results showed that the mice were able to tolerate the amidoximes JJMB5, JJMB7 and 

JJMB9 and the MTDs were 0.26 mg/kg, 1.56 mg/kg and 0.78 mg/kg respectively (Table 6).  

If these doses are effective in murine mammary carcinoma models, it can be extrapolated 

that, using low doses in clinical trials will potentially be safe. Moreover, the use of 

nanoparticles has shown great promise in the last decade176. If the amidoximes 

demonstrate efficacy in a murine model, they possibly can be encapsulated in 

nanoparticles for effective delivery in both murine models and in clinical trials. On the 

other hand, the vehicle for the amidoximes during the MTD studies was sesame seed oil. 

Sesame seed oil has demonstrated anti-cancer activity of its own as well as side effects177,  

suggesting that the MTD for the amidoximes could be higher than observed177. Dissolving 

the amidoximes in a vehicle that does not have side effects will give a better 

understanding of the actual MTD. If these amidoximes are efficacious in a murine 

mammary model, they will be the first known amidoxime HAT inhibitors to demonstrate 

efficacy in mice.  
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9. The Effect of JJMB5, JJMB7, or JJMB9 on 4T1 Breast Tumor Progression in 

BALB/c Mice 

In the process of establishing novel compounds as potential chemotherapeutic agents, 

it’s imperative that the animal model chosen closely mimics human pathology. Murine 

4T1 cells exhibit the characteristics of triple negative breast cancer (TNBC), in that it lacks 

receptors for estrogen (ER-), progesterone (PR-) and human epidermal growth factor 

receptor 2 (HER2-). TNBC is distinct from other subtypes of breast cancer by exhibiting an 

aggressive phenotype with a recurrence that peaks at 3 years after initial treatment and 

metastasizing more often than other kinds of breast cancer178. Therefore, since 4T1 cells 

exhibit the characteristics of TNBC, murine 4T1 breast tumor models have several 

advantages. First, 4T1 cells can be engrafted to the mammary fat pad of mice where the 

stromal compartment recapitulates the location of the disease mimicking human cancer. 

Second, 4T1 cells are highly tumorigenic in that progressive tumors develop in 100% of 

naive syngeneic BALB/c mice challenged with as few as 5 X 102 cells178. Third, the tumor 

spontaneously metastasizes to multiple distant sites, including, brain, liver, lung, draining 

lymph node, and bone. Fourth, following inoculation of 4T1 cells into the mammary gland, 

lethal metastatic disease develops early and progresses over several weeks so that tumor-

host relationships and/or immunotherapies can be tested against advanced stage 

disease. Fifth, human clinical disease in which patients have their primary tumor surgically 

removed can be easily modeled using the 4T1 system. Lastly, tumor volume can be 

tracked during progression of disease179. After establishing the MTD of the amidoximes, 
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the next experiment endeavored to determine if the amidoximes would slow down 4T1 

tumor progression in BALB/c mice. Syngeneic BABL/c mice were challenged with 4T1 cells 

as outlined in the materials and methods chapter. In the first experiment, JJMB7 treated 

mice had significantly lower tumor volumes compared to the vehicle treated mice (Figure 

23). Out of four experiments, this was the only experiment where one of the amidoximes 

demonstrated efficacy in tumor volume reduction at all time points until the mice were 

euthanized.  In the second experiment, mice treated with JJMB9 demonstrated significant 

tumor volume reduction until day 21 compared to the vehicle treated mice (Figure 25). In 

subsequent experiments, JJMB7 did not demonstrate significant tumor volume reduction. 

Instead, the tumor volumes of JJMB7 treated mice were almost identical to tumors from 

untreated mice. In three experiments, the vehicle treated mice had lower tumor volumes 

compared to the JJMB5 (Figure 25), and JJMB7 (Figure 27 and 29). It is possible that the 

vehicles, sesame seed oil and corn oil, have antitumor effects of their own. Research data 

suggests that oils rich in linoleate in triglyceride form, selectively inhibited malignant 

melanoma growth over normal melanocytes180. These results suggest that certain 

vegetable oils rich in linoleic acid, such as the sesame oil, may possess antitumor 

properties. On the contrary, the vehicles may have an antagonistic effect to the 

amidoximes. When the amidoximes JJMB7 and JJMB9 were combined, tumors from mice 

treated with the combined JJMB7 and JJMB9 did not show significant tumor volume 

reduction compared to tumors treated with individual amidoximes or the vehicle (Figure. 

28). The expectation was to have a significant tumor volume reduction in mice treated 
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with the combination regimen. One explanation could be that JJMB7 and JJMB9 may have 

an antagonistic effect towards each other but was not supported in vitro. Antagonistic 

drug interactions are common in cancer therapy. For example, Celecoxib, an inhibitor of 

cyclooxygenase-2, was shown to antagonize the antiproliferative effect of doxorubicin, a 

topoisomerase II inhibitor, in Henrietta Lacks (HeLa) cervical carcinoma cells, human liver 

carcinoma cells (HepG2), the breast carcinoma cells MCF-7 and human 

glioblastoma cell line (U251). The antagonizing effects were the result of enhanced drug-

induced G2/M arrest allowing time to repair drug-induced DNA damage before entry into 

mitosis and decreasing cell death181.  

Amidoxime JJMB9 treated mice consistently but usually not significantly had the lower 

tumor volumes than the vehicle treated mice in all experiments indicating that if certain 

parameters are adjusted, it is possible JJMB9 might induce consistent and significant 

tumor volume reduction. One approach might be to decrease the concentration of 4T1 

cells implanted into the mammary fat pad to reduce tumor burden. Currently, we are 

implanting 10,000 4T1 cells. This number can be lowered to 1000 4T1 cells. Other 

investigators have implanted a lower number of 4T1 cells with promising results179. 

Additionally, the dose delivered may be escalated from 0.78 mg/kg to a higher dose with 

the intent of achieving an efficacious dose in the context of tumor volume reduction. We 

may be able to use a higher dose of JJMB9 since the current vehicle does not have toxicity 

of its own. We may have previously underestimated the MTD of the amidoximes due to 

the toxic effects of the previous vehicles used. Dose escalation is an important tool in 



124 
 

phase 1 clinical trials that are the foundation of a successful clinical drug development 

process where a new drug or drug combination is first applied to humans. Phase I clinical 

trial is intended to establish the MTD and recommended dose for phase II trials182.  

Moreover, to enhance efficacy of the amidoximes, alternative routes of administration 

may be used such as intertumoral or intravenous injections. Recently, nanoparticles-drug 

formulations such as polymeric carriers, micelles, dendrimers, liposomes, solid lipid 

carriers, gold carriers, viral carriers, nanotubes, and magnetic carriers are promising to be 

more effective in drug delivery. Nanoparticle-drug formulations have been shown to be 

effective at targeted delivering of the compound to the tumor while minimizing cytotoxic 

effects, enhancing the safety, improving pharmacokinetic profiles and bioavailability183.  

Another approach to enhance the efficacy of the amidoximes is to design amidoxime 

derivatives that would be more potent. Drug derivatives are intended to be more 

efficacious and overcome the shortcomings of the parent drug such as low bioavailability, 

resistance, and adverse side effects. For example, several cisplatin derivatives are 

currently in clinical use and some are in clinical trials. Cisplatin represents a perfect 

example of how a small alteration in chemical structure can significantly affect biological 

activity in target cell. One such example is bile acid platinum derivatives that have shown 

increased cytotoxicity and ability to overcome resistance as compared to cisplatin in 

several cell lines184.  

Drug combinations are standard practice in cancer therapy139. Amidoxime effectiveness 

in tumor reduction can be enhanced by combining them with known chemotherapeutic 
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agents. In our lab, combination studies have demonstrated additive and synergistic 

effects against several human and murine malignant cell lines. These results were 

observed in amidoxime combinations with cisplatin, mitoxantrone, etoposide or 

paclitaxel. In two combinations, JJMB9 with cisplatin, and JJMB9 with etoposide, JJMB9 

was more potent than cisplatin or etoposide when used individually.  

In summary, approaches to enhance the efficacy of the amidoximes in a murine mammary 

carcinoma model can include: decreasing the number of cells implanted into the 

mammary fat pad, dose escalation, using nanocarriers for drug delivery, performing 

intratumoral or intravenous injections of the amidoximes, developing amidoxime 

derivatives, and drug combinations. If these approaches are successful, the amidoximes 

would be the first amidoxime HAT inhibitors to demonstrate effectiveness in a murine 

mammary carcinoma model. 

10. The Effect of JJMB5, JJMB7, or JJMB9 on Prevention of 4T1 Metastasis 

Progression in BALB/c Mice 

As previously mentioned, it is estimated that 90% of cancer deaths are due to 

metastasis39. Metastatic secondary tumors form when cancer cells migrate from the 

primary site via blood circulation or lymphatic system and form new colonies in distant 

organs. Cancer therapy not only targets the primary tumor but is also directed towards 

mitigating metastatic dissemination of primary tumor cells. As such, to be successful in 

clinical trials, the choice of murine model and cell type in pre-clinical research should 

closely mimic human pathology. 
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The 4T1 model is a suitable experimental animal model for mammary metastasis for the 

following reasons. To begin with, 4T1 cells spontaneously metastasize in a pattern that is 

analogous to human mammary cancer. For example, metastatic disease in women first 

spreads to the lungs then liver in 24% and 77% of patients, respectively, versus >95% and 

>75%, respectively, in BALB/c mice inoculated with 4T1 cells178. Additionally, bone 

metastases, which occur in approximately 70% of women with metastatic breast cancer, 

also arise spontaneously in the BALB/c-4T1 cells animal model. Moreover, metastasis to 

the central nervous system is characteristically less frequent than metastasis to other 

sites in both humans and mice (30% and 40%, respectively) and occurs later in the disease 

process178.  

To determine the effect of JJMB5, JJMB7, and JJMB9 on 4T1 cells metastatic progression 

in BALB/c mice, ten thousand mammary carcinoma 4T1 cells were implanted in the MFP 

of 6-week BALB/c mice based on the IACUC protocols #2014-05 and #2018-04. 

Implantation of 4T1 cells was followed by a treatment regimen, lung excision and 

preparation for analysis as outlined in materials and methods. In all the experiments, 

none of the drug treatments resulted in lower metastasis surface area compared to 

untreated or vehicle treated mice. Additionally, the lungs from amidoxime treated mice 

were expected to have lower metastasis area compared to lungs from untreated mice, 

but this was not the case for the first three experiments. It appears that amidoxime 

treatment induced metastasis. This is not uncommon, since chemotherapy is known to 

occasionally induce metastasis. Recent data have shown that in human xenograft models 
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of breast cancer, basic drugs in the adjuvant and neoadjuvant treatment of breast cancer 

such as paclitaxel, cyclophosphamide, and doxorubicin increased the number of 

circulating tumor cells and increased lung metastases by enhancing the formation of 

tumor microenvironment of metastasis (TMEM)185.  

This phenomenon was more evident in the third experiment where one of the treatment 

groups was a combination of JJMB7 and JJMB9. The lungs from mice treated with this 

combination had the highest metastasis area compared to groups treated with individual 

amidoximes or vehicle (Figure 33). In the second and third experiment, the untreated 

groups had the lowest metastasis area. This observation gives credence to the recent data 

that some chemotherapy regimens induce metastasis. It is worth noting that in the first 

three experiments, only one lung cross-section was performed, and the number of lungs 

were three for the first and second experiment, and five lungs in the second experiment. 

To get a better understanding of the metastatic landscape, three sections were 

performed in the fourth experiment and the number of lungs sampled was increased to 

eight. The results showed that lungs from mice treated with JJMB9 had the lowest 

metastatic index. Whereas we expected that mice treated with JJMB9 would have the 

lowest metastatic index compared to untreated and vehicle treated mice, we did not 

expect the lungs from mice treated with the vehicle to have the highest metastatic index. 

It is worth noting that these differences in metastatic indices observed were not 

significant. The outcomes in metastatic landscape might be improved by applying the 

aforementioned changes such as decreasing the number of cells implanted into the 
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mammary fat pad, dose escalation, using nanocarriers for drug delivery, performing 

intratumoral or intravenous injections of the amidoximes, developing amidoxime 

derivatives and drug combinations. Other changes may include increasing the number of 

lungs analyzed. 

11. Challenges of Amidoximes in Murine Models 

Despite the progress made in molecular biology approaches in identifying potential 

targets for therapy, success rates for drugs during pre-clinical and clinical development 

remain low. One reason is the lack of reproducible results in pre-clinical research186. As 

evidenced in our research, the amidoximes demonstrated potent efficacy in inhibition of 

proliferation of both human and murine malignant cell lines when the amidoximes were 

used individually or in combination. However, whereas the first tumor volume 

experiment with JJMB7 and vehicle demonstrated significance in tumor volume 

reduction, the subsequent three experiments did not. Lack of reproducible results makes 

it difficult to advance the amidoximes to clinical trials. Furthermore, having reproducible 

results from one species is not enough. The experiments would need to be repeated in 

other animal models to demonstrate reproducibility. An additional challenge was the fact 

that the amidoximes induced metastasis while not demonstrating significant tumor 

volume reduction. It is difficult to advance a small molecule that induces metastasis 

without demonstrating benefits in tumor volume reduction. 
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12. Exploring Pharmacokinetic Dynamics of JJMB9 in BALB/c Mice 

Pharmacokinetics (PK) is the study of drug absorption, distribution, metabolism, and 

excretion in the body with the primary goal of validating and optimizing a compound for 

approval. Other important properties studied include half-life (t1⁄2), absorption, and tissue 

distribution of a drug. Human liver microsomes (HLM) are an important in vitro 

experimental model for the evaluation of drug metabolism and have a plethora of drug-

metabolizing enzymes, chief among them are cytochrome P450s (CYP450s)187. We 

endeavored to determine the pharmacokinetic dynamics of JJMB9 in microsomes. The 

results showed that JJMB9 was stable in microsomes for 13 minutes (Figure 41), a time 

that is above the 10 minutes stability threshold. These results showed that JJMB9 would 

be stable enough in an in vivo setting. We then proceeded to perform pharmacokinetic 

studies in BALB/c mice. The results showed that JJMB9 was stable for 18 minutes (Figure 

42). Since the amidoximes in our pre-clinical protocol were injected once in 24 hours, a 

half-life of 18 minutes would be considered low bioavailability. Possessing low 

bioavailability means that very little or no drug is reaching the target. This may explain 

why we were unable to see significant tumor volume reduction. Most small molecules 

tend to be stable for several hours in in vivo pharmacokinetic studies187. Generally, in vitro 

pharmacokinetics are not always replicated in an in vivo setting. Unlike an in vitro setting 

where the compound is only exposed to cells, the in vivo environment is more complex. 

The compound may fail to bind to plasma proteins, leading to rapid clearance and low 

bioavailability. Other challenges include the presence of absorption barriers, mostly made 
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of epithelial tissues and other extracellular matrix components that minimize drug 

absorption and prevent the compound from reaching its target. Liver enzymes can 

metabolize a drug into metabolites rendering the drug ineffective. Moreover, some 

compounds may be inactivated depending on plasma pH levels. Other compounds 

undergo rapid renal clearance188.  

Given the rapid rate of JJMB9 metabolism, it is unclear whether the effects observed with 

respect to tumor volume were a result of the amidoximes or amidoxime metabolites. 

Pharmacokinetic analysis of JJMB9 metabolites may shed more light. Understanding the 

metabolite composition may be used to overcome pharmacokinetic challenges of the 

amidoximes. If it is determined that the amidoxime metabolites have some degree of 

efficacy in tumor volume reduction, amidoxime analogs of the metabolites can be 

synthesized. There are a few instances where metabolites of a drug have been 

synthesized and demonstrated increased bioavailability and efficacy compared to the 

parent drug. For example, nortriptyline, a drug widely used to treat mental disorders is a 

metabolite of amitriptyline, a selective norepinephrine reuptake inhibitor. Nortriptyline 

is more potent than amitriptyline exhibiting a Ki of 4.4 nmol/L, compared to 22.4 nmol/L 

for amitriptyline189. Another approach to improve amidoxime bioavailability is to replace 

the hydrogen atoms with deuterium to minimize rapid metabolism. This is because 

carbon-hydrogen bonds are easier to break compared to the carbon-deuterium bonds. 

Reducing the breakage of carbon-hydrogen bonds may minimize metabolism on the 
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carbon atom where the deuterium atom is attached. This approach was used to enhance 

bioavailability of Trabenazine, a drug used to treat Huntington’s disease189.  

13. Determining Whether MCF-7 Cells Will Develop Resistance to JJMB9 and 

Cisplatin 

As mentioned previously, drug resistance is a common phenomenon in cancer therapy. 

The drug resistance phenomena accounts for many cancer deaths. To determine if MCF-

7 cells would develop resistance to JJMB9, we grew MCF-7 cells in increasing 

concentrations of JJMB9 and cisplatin as a positive control. MTS assays revealed that the 

growth inhibition (GI50) of JJMB9 treated MCF-7 cells increased from 6 µM to 320 µM 

(Figure 43), a 58-fold increase, while that of cisplatin treated MCF-7 cells GI50 increased 

from 40 µM to 322 µM (Figure 43), an 8-fold increase. We next endeavored to explore 

the presence of cross-resistance mechanisms between JJMB9 resistance cells and 

cisplatin resistance cells. The JJMB9 MCF-7 resistant cell line was treated with cisplatin 

and the cisplatin MCF-7 resistant cell line was treated with JJMB9. Amidoxime JJMB9 

MCF-7 resistant cell line treated with cisplatin exhibited a GI50 of 28.9 ± 2 µM (Figure 44), 

an 11-fold decrease compared to MCF-7 cells resistant to JJMB9, whereas cisplatin MCF-

7 resistant cell line treated with JJMB9 yielded a GI50 of 278.0 ± 15 µM (Figure 44). There 

may be some genetic changes to JJMB9 MCF-7 resistant cell line treated with cisplatin 

that make them to be more sensitive to the parent MCF-7 cells treated with cisplatin. 

These results suggest that whereas both cell lines may possess shared drug resistance 

mechanisms, the cisplatin resistant cell lines may have additional drug resistance 
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mechanisms not possessed by JJMB9 resistant MCF-7 cell line. This assumption is based 

on the fact that JJMB9 MCF-7 resistant cell line treated with cisplatin had an 11-fold 

decrease in GI50 while the cisplatin resistant cells treated with JJMB9 had did not have a 

significant decrease in GI50 when treated with JJMB9. It is not uncommon for cancer cells 

to develop co-resistance to various drugs, a phenomenon described as multidrug 

resistance. For instance, advanced breast cancers tend to be resistant to different 

chemotherapeutic regimens128.  

At the same time, resistance to one drug does not mean that the cancer cannot be 

sensitive to another drug. For example, paclitaxel resistant triple negative breast cancer 

(TNBC) can be overcome by using immunotherapy drugs such as Tecentriq190. In order to 

elucidate molecular mechanisms of resistance to JJMB9, we can perform RNA sequencing 

on the JJMB9 resistant MCF-7 cell line as compared to parental non-resistant MCF-7 cells. 

This approach will potentially bring to light proteins that are overexpressed or 

underexpressed and compare the RNA sequencing profile to already known molecular 

mechanisms of resistance.  These mechanisms include multi-drug resistance by ABC efflux 

pumps such as P-gp70, cell death inhibition (apoptosis suppression), alteration of drug 

metabolism, epigenetic and drug targets changes, enhancing DNA repair, and gene 

amplification131.  

 

 

https://www.webmd.com/drugs/2/drug-171811/tecentriq+intravenous/details
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14. Exploring Neutrophil Dynamics During Mammary Carcinoma 4T1 Cells Tumor 

Progression and Metastasis 

Recent data have shown that neutrophils may play a role in tumor initiation, growth, and 

metastasis. Neutrophils accumulate in many types of human and murine tumors and in 

metastatic sites57. In our work, we have witnessed accumulation of neutrophils in tumor 

bearing BALB/c mice lung tissue. We sought to uncover the role of neutrophils in 

metastasis by first determining the concentration of neutrophils in blood. The results 

showed that blood smears from naïve mice had the expected concentrations of 

approximately 15% neutrophil count and 85% lymphocyte count. However, blood smears 

from mice with tumors had a significant increase of neutrophils and a significant decrease 

of lymphocytes. Lung neutrophil and lymphocyte count from untreated, vehicle, JJMB7, 

and JJMB9 mice had approximately 83% neutrophil and 15% lymphocyte count (Figure 

35). In the subsequent experiment, we sought to understand the neutrophil dynamics 

during the experiment. The results showed that whereas there were no differences 

between the neutrophil levels in day two and day seven, there was a significant increase 

by day twelve and the count stayed high until the experimental end point of day 23 (Figure 

36). These results suggest that the neutrophils might play a role in 4T1 cell metastasis. As 

aforementioned, recent data have shown that neutrophils may play a role in tumor 

growth and metastasis. Neutrophils are recruited to tumors via CXCR2, CXCL1, CXCL2, 

CXCL5 ligands56. These ligands play a major role in angiogenesis. Blocking these ligands 

decreased neutrophils and attenuated angiogenic micro-vessels formation59. Moreover, 
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neutrophils have been shown to play a role in intravasation and formation of metastatic 

niche by releasing MMPs191. This phenomenon could explain why in the case of metastatic 

4T1 cells, there is a significant increase in neutrophils between day seven and twelve. The 

neutrophil increase may not only enhance tumor growth but also aid in metastasis. 

Additionally, the presence of 4T1 cells may induce an inflammatory response leading to 

the recruitment of neutrophils. It is widely recognized that cancer cells induce 

inflammation and neutrophils play a major role in inflammation192. Since neutrophils can 

play a role in tumor growth and metastasis, they can be potential targets for therapy. This 

can be achieved by tracking the patient’s neutrophil to lymphocyte ratio. A rise in 

neutrophil count may indicate disease progression offering a potential target for therapy. 

In one study, surgical removal of tumor in patients with colorectal carcinoma, led to 

reduction of the neutrophil to lymphocyte ratio. The decrease in neutrophil to 

lymphocyte ratio was associated with improved survival193.  

15. Analyzing the Acetylation Status of Core Histones in Tumors of Mice Treated 

and Untreated With the Amidoximes 

Previous data in our lab showed that novel amidoximes JJMB7 and JJMB9 induced 

inhibition of acetylation and apoptosis in HCT-116 cells. Amidoxime JJMB9, that was 

shown in our lab to be a p300 inhibitor, induced inhibition of acetylation prior to 

apoptosis, while JJMB7 induced inhibition of acetylation and apoptosis concomitantly140. 

In this work, we demonstrated that amidoximes JJMB5 and JJMB6, like JJMB9 induced 

inhibition of acetylation prior to apoptosis. Since inhibition of acetylation is a plausible 
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event that triggers the apoptotic pathway in vitro, we sought to determine if we would 

see the same phenomenon in 4T1 cells derived from JJMB9-treated tumors. Relative 

acetylation levels of the three smallest tumors from each treatment were analyzed for 

H4K5ac and H3K27ac levels. After Western blot analysis of H4K5ac, the relative 

acetylation levels of tumors from JJMB9 treated mice were significantly lower compared 

to tumors from mice treated with vehicle. However, tumors from JJMB9-treated mice did 

not show any significance in H3K27ac when compared to tumors from vehicle-treated 

mice. Tumors from JJMB7-treated mice did not have a significant relative reduction in 

acetylation levels in either H4K5ac or H3K27ac when compared to tumors from vehicle 

treated mice (Figure 38 and 39). These results suggest that, just as inhibition of acetylation 

is the possible mechanism that triggers cell death in vitro, the same mechanism is evident 

in vivo.  

In drug development, target identification and validation is a crucial step. A target often 

refers to a range of biological entities such proteins, genes and RNA. A target needs to be 

druggable and accessible to the putative drug molecule and elicit a measurable in vitro 

and in vivo biological response194. As aforementioned, dysregulation of HAT expression 

and activity have been observed in many human diseases including cancer. Therefore, 

selective targeting of HAT activities presents a promising approach to treat pathological 

conditions regulated by posttranslational lysine acetylation. Amidoxime JJMB9 

demonstrated inhibition of HAT p300 in vitro. The significant inhibition of H4K5 
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acetylation in tumors indicates that HAT inhibition is a valid target for breast cancer 

therapy.  
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