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CHAPTER -1

BACKGROUND LITERATURE

INTRODUCTION: CANCER

Cancer is a disease that has been afflicting people since humanity began. There have been
several documented cases describing tumors that date back to thousands of years ago with the
earliest documentation being around 3000 BC [1]. Unlike most who credited these masses of
tissue to be a result of supernatural forces, the Greek physician Hippocrates believed it was due
to natural causes [2]. Hippocrates coined the term carcinoma because the way malignant tumors
spread reminded him of a crab [3]. Since little was known about cancer, if the disease was too
advanced then it would typically be deemed untreatable. Other remedies included herbs, teas,
surgery or cauterization [4]. Since then, there have been major medical advancements to
significantly improve and extend our lifespan. The discovery of carcinogens, cancer viruses,
emergence of early detection methods, classification of tumors, and chemotherapy and
radiation as effective therapies drastically changed our ability to diagnose and treat patients [5-
9]. Although cancer research has made tremendous progress in the past 50 years, cancer is still
considered to be the plague of the 21 century. It is estimated that about 1.7 million people
were diagnosed with cancer last year in the United States alone. 600,000 of which are predicted

to have died from cancer related disease [10].

Cancer arises due to an accumulation of mutations that lead to the cell’s continuous
proliferation. However, it has been widely accepted that cancer is not merely uncontrollable
proliferation. It is a multifactorial disease with a myriad of aspects that all contribute to its

development and advancement. There are many defining characteristics to cancer including
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continuous proliferation by sustained self-sufficient secretion of growth signals, evasion of
apoptosis, unlimited replicative potential, altered metabolism, angiogenesis, tissue invasion
and metastasis, and escaping the immune system [11-14]. Cancer cells have been discovered
to be self-sufficient in sustaining their own continuous proliferation. They secrete growth
factors and by autocrine and paracrine signaling, are able to support their own and neighboring
cells’ growth [15]. Cancer cells are also able to evade apoptosis, thus ignoring the cell’s
genomic instability and other signals that would normally alert the cell to undergo self-
programmed cell death [16-18]. Avoiding apoptosis allows more mutations to arise, which is
needed when selective pressures such as immune detection become an issue for cancer cell
survival. Immune cells such as neutrophils and regulatory T cells are responsible for detecting
and removing cancer cells when they appear in the body [19]. Cancer immunoediting is another
defining characteristic. The cells that are able to escape recognition (perhaps by lacking tumor-
antigens or by directly suppressing immune function by secreting certain cytokines) are
selected for because they are able to continue replicating [20-22]. Of course, there are many
more aspects involved with cancer beyond what was mentioned, but even so it is apparent that

this is an incredibly complex disease. This complexity is what makes finding a cure so difficult.

Pancreatic Cancer

Pancreatic cancer (PaCa) arises when there is uncontrollable cell proliferation that originates
in the pancreas and forms a tumor. This tumor disrupts the normal pancreatic cell function and
more often than not, metastasizes to nearby organs such as the gallbladder, liver, and stomach
[23]. The pancreas is a small fish-shaped organ about six inches long located behind the lower
part of the stomach. The pancreas is mainly comprised of two cell types: exocrine and
endocrine cells. The exocrine cells are responsible for synthesizing and secreting enzymes into

the small intestine to aid digestion [24]. The endocrine cells release insulin and glucagon into
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the bloodstream to regulate blood glucose levels in the body [25]. More than 95% of PaCa
cases are determined to be exocrine tumors [26]. The exact cause for a person to develop PaCa
is difficult to determine. However, there have been several risk factors identified to contribute
to development. Cigarette smoking is the top preventable risk factor for PaCa, which more than
doubles a person’s probability for development [27]. Other preventable influences include
alcoholism, obesity, and unhealthy diets [28]. As with any cancer, age is considered to be a
factor as well, due to the accumulation of mutations over a person’s lifetime. Genetics are also
deemed to be a risk factor [29, 30]. There are several cancer syndromes for PaCa that can be

genetically inherited and thus increase a person’s likelihood of development.

While many types of cancer have made considerable improvements in their overall survival
rate and advancements in treatment, PaCa is one of the few that continues to be a fatal
malignancy [31, 32]. Currently, the overall five-year survival rate is a dismal 8% [10]. PaCa is
considered to be a lethal malignancy due to a myriad of reasons. The average age a person gets
diagnosed with this disease is 65 years old. Due to their age, they usually have co-morbidities
and are generally in poor health overall [33, 34]. There are also no early detection methods to
date. There have not been any established biomarkers in the blood or bodily fluids. Unlike
prostate, breast, or skin cancer, there aren’t any physical examinations that can be performed
due to the pancreas’ location in the abdomen [35]. There have been some pancreatic antigens
proposed to be used a as a potential screening, unfortunately there haven’t been any discovered
to be specific to only PaCa [36, 37]. Consequently, a diagnosis is often made in the later stages
of this cancer at which point the disease is advanced. Additionally, this disease is normally
asymptomatic during the early stages. In the late stages, there may be symptoms present,
however they are generally non-specific (nausea, abdominal pain) [38]. Thus, this also

contributes to its late diagnosis.
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Approved treatment options for PaCa are currently limited in terms of selection and
effectiveness. Standard treatment is typically chemotherapy (usually a combination of chemo
agents) and radiation. Chemotherapy drugs for PaCa include gemcitabine, 5-fluoruracil,
cisplatin, paclitaxel, and erlotinib [39, 40]. These cytotoxic therapies have a number of negative
side effects such as vomiting, hair loss, low blood count and peripheral neuropathy [41].
Surgery is another treatment option; however, this approach is not feasible to more than 80%
of patients [42-44]. This is again attributed to the fact that when patients begin treatment, the
cancer is often at an advanced stage and has spread to other local organ sites. Another aspect
of PaCa that adds to its fatality is the cancer cells’ inherently or acquired resistance to treatment
on both a physiological and molecular level. On a physiological level, creation of the tumor
microenvironment adds to treatment resistance. A prominent characteristic of PaCa is the
desmoplastic reaction. Desmoplasia is due to in an increased production of extracellular matrix
components and activation of pancreatic stellate cells, both of which leads to elevated
interstitial fluid pressure [45-47]. This increased pressure effects the perfusion rate of the
chemotherapeutic agents, ultimately resulting in decreased molecular delivery and
effectiveness. The genetic alterations in the PaCa cells also contribute to its resistance. While
not all mutations that occur are understood how they result in chemo resistance, some mutations
cause deficiencies in transporters required for drug uptake, thus impairing delivery [28, 48].
The resistance to chemotherapy and radiation poses an issue for patients since neither dosage
can be increased due to the high level of toxicities [49, 50]. This provides an urgent need for
improved alternative treatment options for PaCa that are more sensitizing, effective and less

toxic.
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Alternative treatment options for PaCa have been gaining popularity as it has become apparent
that having a cytotoxic effect on the patient’s cancer cells is just as important as not affecting
the healthy cells. Immunotherapy is a prime example of this. Immunotherapy is harvesting the
body’s immune system to either boost the body’s response or to help it specifically target
cancer cells [101]. The benefits to immunotherapy are its low toxicity, being personalized for
each patient, and an ability to have life-long effects on the immune system [102]. Having a
treatment that is tailored to the patient is crucial for having the most effective therapy. The fact
that immunotherapy can have long lasting effects on the immune system is also an important
aspect since PaCa has over a 70% reoccurrence rate [103]. This form of treatment has been
successfully used in other types of cancer cases and spiked interest in using it for pancreatic
cancer. In 2004, a pancreatic cancer vaccine, GVAX, was created [104]. This vaccine was
created by taking tumor cells expressing the protein granulocyte—macrophage colony-
stimulating factor (GM-CSF) and irradiating them. Since GM-CSF is able to stimulate an
immune response, these cells had been modified to express proteins found on pancreatic cancer
cells to help the immune system specifically target the cancer cells. The concept of
immunotherapy for PaCa was brought up and currently more promising and effective vaccines

are being created and tested to better treatment [ 105].

POTENTIAL THERAPEUTIC TARGETS

Targeting aberrantly regulated transcription factors has been a large area of interest in cancer
research. Transcription factors are involved with initiation and regulation of gene transcription;
thus, their dysregulation makes them attractive targets as genetic alterations are the driving
force behind tumorigenesis [51, 52]. Two principal transcription factors implicated in PaCa
formation and progression are Specificity proteins 1 and 3 (Spl and Sp3) [53]. Spl and Sp3

are part of the zinc finger family of Specificity protein (Sp) family of transcription factors [54].
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They regulate their target gene transcription by directly binding to GC-rich elements and
promoter sequences. Spl and Sp3 initiate gene transcription, however, only Sp3 is able to act
as both a transcriptional activator and repressor [55]. These small proteins are ubiquitously
expressed in cells and involved in directing various normal biological processes including cell
growth, survival, and differentiation [56]. However, their overexpression has been found in a
number of different cancers including: lung, breast, prostate, colon, brain, and pancreatic [57-
62]. This overexpression has been implicated in tumor formation and progression, metastasis,
and angiogenesis [63, 64]. Because of Sp1’s association with aggressive cancer and high stage
metastasis, it has even been suggested as a potential biomarker to detect a class of advanced
pancreatic ductal adenocarcinoma (the most commonly observed type of PaCa) [65]. One gene

of particular interest in PaCa regulated by these Sp proteins is survivin [66].

Survivin is encoded by the BIRC5 gene and the smallest member of the inhibitor of apoptosis
protein family [67]. Survivin plays a role in both cell cycle regulation and inhibitor of
apoptosis. During metaphase and anaphase in cell cycle, survivin is associated with spindle
microtubules and ensuring faithful sister chromatid segregation [68]. Survivin prevents the
activation of apoptosis by binding to capasases 9 and 3, thus, interrupting caspase 9 from
apoptosome formation and sequential cleavage of effector caspase 3 [69]. Increased expression
of survivin is observed during fetal development, but in adult cells its expression is minimal
[70]. Sp1 and Sp3 are known regulators of survivin transcription and like Sp1 and Sp3, survivin
is found to be overexpressed in a variety of different cancers, including pancreatic [71, 72].
Survivin’s overexpression is also considered to be a negative prognostic factor for patient
survival [73, 74]. This is mainly due to survivin’s contribution to the tumor cell’s resistance to
radiation and chemotherapy treatment [75]. An effective approach to treating PaCa is to pursue

the molecular mechanisms that drive tumorigenesis. For these reasons, we are particularly
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interested in Spl, Sp3, and survivin in this study as they are attractive potential therapeutic
targets. By downregulating Sp1 and Sp3, survivin expression could perhaps be modulated as

well.

NSAIDS AS ANTI-CANCER AGENTS

There have been an increasing number of studies for the potential use of nonsteroidal anti-
inflammatory drugs (NSAIDs) as anti-cancer agents. NSAIDs work by inhibiting
cyclooxygenase (COX) enzymes 1 and 2 [76]. These catalyze the formation of prostaglandins,
a precursor involved with inflammation, pain, and fever. Inhibiting COX enzyme function
hinders prostaglandin formation, thus, NSAIDs are used as anti-inflammatory, analgestic, and
anti-pyretic agents [77]. Preclinical studies for NSAIDs have demonstrated its use as
chemopreventive and chemotherapeutic drugs [78-80]. These have been shown to contain anti-
cancer properties, such as inhibition of cancer cell growth and induction of apoptosis [81].
Another aspect that makes NSAIDs an attractive potential agent is that they also have a lower

level of toxicity in comparison to conventional chemotherapeutic drugs [82].

Unfortunately, the lack of clinical evidence has prevented replacement of current standard care
with NSAIDs. Other limitations of using NSAIDs in cancer therapy are the issues associated
with long-term usage of COX inhibitors. Extended use of COX-1 inhibitors can cause
gastrointestinal issues while COX-2 inhibitors increase the incidence of cardiovascular events
[83-86]. Therefore, there has been a rising interest in finding NSAIDs that work in mechanisms
independent of COX inhibition. Consequently, a study was conducted by one of our
collaborators. Human pancreatic ductal adenocarcinoma cells (Pancl) were screened with a
number of different NSAIDs or COX-1/2 inhibitors for their effect on Sp proteins (Sp1, Sp3,

and Sp4) [87]. Cells were treated with 50 uM and collected at 48 h post-treatment. A western
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blot was performed to analyze the protein expression of Sp proteins. There were only three
NSAIDs that downregulated Spl and Sp3, however, tolfenamic acid was found to be the most

effective.

Tolfenamic acid (TA) is a common NSAID sold in Europe as a generic medicine for migraine
headaches. TA’s commercial name is Clotam. Many studies have been conducted from our
laboratory and others that demonstrate TA’s anti-neoplastic activity in various cancer models
[88-94]. TA has been investigated not only because of its ability to induce cell cycle arrest and
apoptosis in cancer cells, but also because of its low level of toxicity in non-malignant cells
[95]. TA also contains lower levels of toxicity in comparison to other NSAIDs. TA has been
shown to work by downregulation Sp1, Sp3, and survivin in PaCa models [53, 96]. A study
conducted by our laboratory even used a mouse model to demonstrate that TA treatment
sensitizes PaCa cells to radiation by inhibiting survivin expression [97]. For these reasons, TA
has been a drug of interest in cancer research to potentially use in combination therapies [98-

100].
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CHAPTER - 11

RESEARCH APPROACH

TOLFENAMIC ACID AND COPPER(II)-TOLFENAMIC ACID

Thus far, the results seen with TA treatment in PaCa models appear promising. The anti-
tumoral properties seen in PaCa cells along with its limited toxicity to normal cells makes TA
an attractive anti-cancer agent. It has even been approved for Phase I clinical trials to use in
combination therapy with gemcitabine in advanced and/or metastatic PaCa patients. The
dosage to induce anti-cancer properties in multiple pre-clinical screening studies is about 50
uM [1-5]. The most practical clinical application could be using this agent in combination with
chemotherapeutic agents in clinical testing. Therefore, it is useful to explore the possibility to

enhance TA’s therapeutic activity to inhibit PaCa cell growth with lower doses.

APPROACH FOR CURRENT STUDY AND HYPOTHESIS

The concept of metallodrugs has been and continues to be an active field in cancer research for
their potential use as anti-tumoral agents [6-9]. These are drug derivatives that are modified to
contain a metal complex. Metal complexes in metallodrugs have been found to have a
synergistic activity with the drug and optimizes the parent drug’s bioactivity [10]. Metallodrugs
have been proposed to use in combination therapy with standard care in an attempt to sensitize
cancer cells that have developed resistance to treatment [11-14]. Their usefulness in
combination treatments is due to their anti-cancer properties and limited toxicity [15-17]. In
particular, NSAIDs with copper(Il) complexes have been investigated in preclinical studies for

cancer and reported to have enhanced activity compared to the parent as well as a decreased
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toxic effect on gastrointestinal tissues [ 18]. Interestingly, a novel copper(Il) and TA compound
has been synthesized and stated to have a higher antioxidant activity in comparison to TA [19].
As literature suggests, the preparation of TA as a copper compound (Cu-TA) could potentially
increase its anti-cancer effects. Thus, we hypothesize that Cu-TA can result in enhanced anti-
cancer properties and underlying mechanisms in PaCa cells when compared to TA. The
ultimate goal in investigating Cu-TA would be to use alongside current standard treatment for
PaCa in an attempt to sensitize cancer cells and allow the patients to receive less cytotoxic
therapy dosages. Therefore, increasing the overall treatment’s activity and decreasing toxicity.
The aim of this project is to enhance TA’s activity using the Cu-TA derivative and to

investigate its anti-cancer properties in PaCa cells.

SPECIFIC AIMS

Specific Aim 1

Characterization of Cu-TA and determining its stability and anti-proliferative activity in
human PaCa cell lines.

The physical characterization and chemical stability of Cu-TA compound was first examined
by UV-visible spectroscopy and Fourier-transform infrared spectroscopy (FTIR). Then, MIA
PaCa-2 and Pancl cells lines were treated with increasing concentrations of TA or Cu-TA and
cell viability was measured 24 and 48 h after treatment. Dose-response curves were plotted and
the ICso values were calculated. All further experiments were conducted with the ICso dose for
Cu-TA and equimolar TA. Additionally, the biological stability was also tested with
compounds that were six-months and one-year old. Since certain NSAIDs are known to cause

cardiotoxicity, the cytotoxic effect of Cu-TA was also evaluated using cardiomyocytes, HOC2.
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Specific Aim 2

Evaluate the effect of Cu-TA on potential markers associated with PaCa cell growth.

Studies from our laboratory and others have previously demonstrated that TA modulates the
expression of Spl, Sp3 and survivin in PaCa cells. Downregulation of these targets inhibits cell
proliferation. TA is also known to induce apoptosis and cell cycle arrest. Western blot and
qPCR analysis were performed to examine the effect of Cu-TA on Spl, Sp3 and survivin
protein and mRNA level expression. In addition, modulation of apoptotic markers and cell

cycle phase distribution was also analyzed.

Specific Aim 3

Gene expression analysis to precisely elucidate the underlying mechanisms of Cu-TA’s anti-
cancer activity in PaCa cells.

Gene expression analysis was conducted to elucidate the specific underlying mechanisms of
Cu-TA’s anti-cancer activity in PaCa cells. Previously we published a molecular profiling
delineating the pathway analysis identifying the altered gene expression and associated
pathways induced by TA in PaCa cell lines. RNA profiling of Cu-TA treated cells was
performed using HTG EdgeSeq Oncology Biomarker Panel. This gene sequencing assay
examined 2,560 tumor markers. Pathway analysis was done to demonstrate the functional
significance of the altered gene expression. These results were compared to our published
work on TA to see if Cu-TA is working in a similar mechanism. It also helped us to identify
other underlying mechanisms. After identifying the major regulators, Western blot analysis
was performed to confirm these results. Then, key regulators involved with affected molecular

and cellular functions were confirmed by qPCR assay using specific primers.
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CHAPTER - 111

CHARACTERIZATION OF CU-TA AND DETERMINING ITS STABILITY AND

ANTI-PROLIFERATIVE ACTIVITY OF CU-TA IN HUMAN PACA CELL LINES

INTRODUCTION

Numerous studies from our laboratory and others have demonstrated TA’s anti-proliferative
effect in PaCa models [1-5]. This specific aim is to evaluate Cu-TA’s growth inhibitory effect
in PaCa cells using a cell viability assay. The results from the assay were used to calculate the
ICso value and determine the optimal dosage. Because previous studies have used 24 and 48 h
as the time points to investigate TA’s anti-cancer properties, we also used these time points.
For all subsequent experiments, the ICso value for Cu-TA and equimolar TA were used. Since
there have been many studies investigating TA’s anti-cancer properties using TA’s optimal
dosage, equimolar TA rather than TA’s ICso value was used to demonstrate Cu-TA’s enhanced
activity. Physical characterization was performed using Fourier-transform infrared
spectroscopy (FTIR) and UV visible spectroscopy to determine Cu-TA’s stability as a
compound. The biological stability of Cu-TA was also studied by repeating dose curves using
a six-month old stock solution and a freshly made stock solution using one year old Cu-TA
compound. Another cell viability assay was done using the components used in the synthesis
of Cu-TA, CuCl; and BPY. This was to ensure that the cytotoxic effects we were observing in
PaCa cells was due to the Cu-TA compound as a whole and not any single agent. Finally, to
test the effects of Cu-TA on non-malignant cells, another cell viability assay was done using

cardiomyocyte cells (H9C2).
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MATERIALS AND METHODS

Cell Culture:

Two human pancreatic ductal adenocarcinoma cell lines, MIA PaCa-2 and Pancl, were
obtained from American Type Culture Collection (Manassas, VA). Both cell lines were grown
and cultivated in Dulbecco's Modified Eagle Medium media with high glucose (4500 mg/L)
supplemented with fetal bovine serum and penicillin streptomycin as described before [6, 7].

Cells were maintained in an incubator at 37°C with 5% COx.

Preparation of Stock Solutions:

Tolfenamic acid was purchased from Sigma-Aldrich Corporation (St. Louis, MO). Copper(II)-
tolfenamic acid (Cu-TA) was synthesized by our collaborator Dr. Alvin Holder (Old Dominion
University, Norfolk, VA) following the procedure described earlier [8]. The chemical structure
of Cu-TA is shown in the appendix. Stock solutions were prepared in dimethyl sulfoxide
(DMSO) with a final concentration of 10 mM. CuCl, and BPY (copper(Il) chloride and 2,2'-
bipyridine) were the components used to synthesize Cu-TA. Equimolar (representing the
concentration of each component in Cu-TA compound) solutions for these components were

also prepared in DMSO.

Characterization of Cu-TA complex:

Characterization of Cu-TA was performed using Fourier-transform infrared (FTIR) and UV-
visible spectroscopies. FTIR spectroscopy was done using a Bruker Platinum ATR-IR
spectrometer, and the UV-visible spectrum was acquired using an Agilent HP8453 diode array
spectrophotometer [9]. FTIR and UV spectra analysis was performed at the laboratory of our

collaborator, Alvin A. Holder. Initial FTIR and UV spectra were obtained using freshly
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prepared Cu-TA powder and these experiments were repeated 8 months later using the same

powder.

Cell Viability:

Dose curves to calculate optimal dosages for Cu-TA: MIA PaCa-2 and Pancl cells were seeded
in 96-well plates with each well containing 4,000 cells in 50 pl of media. 10 mM stock
concentrations of each drug were diluted in 50 pl of media before treatment. Cells were treated
with vehicle (DMSO) or increasing concentrations of Cu-TA (10/25/50 uM) or TA
(10/25/50/100 uM). Each treatment was done in triplicates. Cells were then incubated with
CellTiter-Glo reagent (Promega, Madison WI) 24 and 48 h post-treatment and incubated in the
dark for 15 min. Cell viability was then measured by detecting luminescence using Synergy
HT (Bio Tek, Winooski, VT) plate reader. For all subsequent experiments the concentration of

Cu-TA’s ICso value and equimolar TA were used.

Determining the cytotoxicity of components (CuClz and BPY) used for the synthesis of Cu-TA:
MIA PaCa-2 and Pancl cells were treated with DMSO or CuCl, or BPY using equimolar
concentration of Cu-TA’s ICso value (MIA PaCa-2: 29 uM; Pancl: 27 uM). Cell viability was

measured 24 and 48 h post-treatment.

Cytotoxicity of Cu-TA against non-malignant cells: Cardiomyocytes (H9C2) were treated with
increasing dosage of Cu-TA or TA up to equimolar concentration of Cu-TA’s 1Cso value (30
uM). Cell viability was measured post 24 and 48 h using the same method as mentioned

previously.
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Biological Stability (activity) of Cu-TA: Biological activity testing of Cu-TA was performed
using the 6-month-old and one-year-old Cu-TA using pancreatic cancer cells, Pancl. Dose
curves were repeated using 12-month-old Cu-TA powder and 6-month-old solution. The dose-

response curves were plotted.

RESULTS

Characterization of Cu-TA was performed (Figure 1) to demonstrate Cu-TA’s structural
stability of Cu-TA complex. Using the FTIR spectrum, the two important stretching
frequencies were observed at 1579 cm™ and 1385 cm™ for COz(asym) and COx(sym),
respectively for the coordinated carboxlate anion of TA. In the UV-visible spectrum, the Amax
was observed at 680 nm, which was assigned as a d-d transition due to the presence of the
Cu(II) metal center. Repeated measurements using 8-month old Cu-TA exhibited very similar
spectra, confirming the stability of the compound in powder form. In the freshly prepared
powder’s FTIR spectrum, the stretching frequencies were observed at 1579 cm! and 1385 cm-
! for CO2(asym) and COx(sym), respectively, while in the 8-month-old powder, the stretching
frequencies were observed at 1578 cm™ and 1385 cm!. The UV-visible spectrum (Ama at 680
nm) of the fresh and 8-month-old compound (in powder form) exhibited molar extinction
coefficient values of 92 M! cm™ and 89 M! em™!, respectively. Additionally, both TA and Cu-
TA had a similar effect on cell viability for both cell lines. There was a dose- and time-
dependent decrease in cell viability. However, Cu-TA was found to be more effective than TA
for inhibiting PaCa cell growth and at lower doses (Table 1 & Figure 2). The ICso values were
calculated using the 48 h data and Cu-TA (MIA PaCa-2: 29.32 uM; Pancl: 26.65 uM) was
found to be half that of TA’s ICso value (MIA PaCa-2: 57.20 uM; Pancl: 61.76 uM). For all
subsequent experiments, Cu-TA’s ICso value and equimolar TA were the dosages used to treat

cells (MIA PaCa-2: 29 uM; Pancl: 27 uM). The biological stability of Cu-TA was then
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investigated. Dose curves were repeated using 1) 6-month old stock solution and 2) a freshly
made stock solution using one-year old compound. The dose-response and ICso values were
compared and found to be consistent for all samples (Figure 3). Both repeated dose curves gave
an 1Cso value within 5% of the original. The cytotoxic effect of the components used in the
synthesis of Cu-TA were then tested. Neither CuClz and BPY had any significant effect on cell
growth in either cell line for both 24 and 48 h post-treatment (Figure 4). Finally, potential
cardiotoxicity of Cu-TA was assessed using cardiomyocyte HOC2 cells. Cell viability results
demonstrate that neither Cu-TA nor TA caused any significant cytotoxicity to HOC2 cells

(Figure 6).

DISCUSSION

The small molecule TA has been demonstrated to contain anti-cancer properties in a myriad of
preclinical studies using cancer models. TA’s growth inhibitory effect followed a dose- and
time-dependent response in PaCa cells [10]. TA has been found to be effective against PaCa
cell growth while having a minimal effect on non-malignant cells [11]. Although TA has given
promising results as a potential agent to use alongside standard care for PaCa, its high dosage
poses an issue. Thus, we began investigating a complex (metallodrug), Cu-TA, in an effort to

increase TA’s activity.

First, a dose curve was performed to assess the anti-proliferative effect of Cu-TA and calculate
the optimal dosage. Both cell lines (MIA PaCa-2 and Pancl) had similar results, TA and Cu-
TA caused a decrease in cell viability that was dose-dependent. However, Cu-TA had an ICso
value that was half that of TA’s. This demonstrates that Cu-TA has an enhanced anti-
proliferative activity compared to TA. Having an enhanced growth inhibitory effect means that

a lesser dosage of Cu-TA is needed to see the same effect as seen with TA. The characterization
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of the compound was performed initially and again after 8 months, and both results were found
to be consistent as evaluated by their FTIR and UV visible spectra. The biological (activity)
stability was also investigated. Repeated dose curves were done using six-month old stock
solution and one-year old compound to calculate their ICso values. The fact that the ICso values
were similar to the original meant that the compound was biologically stable and had the same
effect on cell viability. Importantly, the anti-cancer activity of Cu-TA in its powder form was
retained through 12-month after synthesis. Therefore, the Cu-TA complex is physically and
biologically stable for at least a year. The components used in the synthesis of Cu-TA, CuCl,
and BPY, were also evaluated for their effect on cell viability. There was no effect on cell
viability when using equimolar Cu-TA’s ICso value at 24 or 48 h post-treatment. This
establishes that the growth inhibitory response seen in the Cu-TA treatment is due to the Cu-
TA compound as a whole and not any single agent acting alone. Furthermore, while an anti-
proliferative effect is desired in cancer cells, the drug of interest should not have an effect in
non-malignant cells. When investigating a potential drug in cancer research, the toxicity to
normal cells is just as important as effectiveness of the drug. In this study, cardiomyocytes
(H9C2) were used as the non-malignant cells. Certain NSAIDs are known to cause
cardiotoxicity [12-15]. Thus, since Cu-TA is a NSAID derivative it is important to determine
its cytotoxic effect in H9C2 cells. Cu-TA had no significant effect on cardiomyocyte cell

viability.

In conclusion, we were able to determine the optimal dosages of Cu-TA that will be used in
the next experiments. The enhanced activity of Cu-TA meets one of the purposes of our study,
to increase TA’s activity so that less dosage is required to see its anti-cancer effects. FTIR/UV-
visible spectroscopy and repeated dose curves demonstrate the physical and biological stability

of Cu-TA, respectively. Finally, the fact that Cu-TA does not have a significant effect on
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cardiomyocyte cell viability meets another purpose of our study, to investigate potential agents

that are effective and have minimal toxicity.
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Figure 1. Physical Characterization of Cu-TA: Physical characterization and stability of Cu-
TA was performed using (A&B) UV-visible spectroscopy and (C&D) FTIR spectroscopy.
Tests were performed with (A&C) freshly prepared compound and (B&D) 8-month old

compound stored at room temperature.
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Figure 2. Anti-proliferative effect of TA or Cu-TA against PaCa cells: (A) MIA PaCa-2
and (B) Pancl cells were treated with DMSO (vehicle) or TA (10-100 uM) or Cu-TA (10-50
uM) and cell viability was measured after 24 and 48 h. (C) dose curves for 48 h data for both
MIA PaCa-2 and Pancl cells using log values to calculate the 1Cso values. Bars represent %

viable cells (mean £+ SD) normalized to control. All treatments were done in triplicate.
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Cell line I1C5, Value TA I1C5y Value Cu-TA
MIA PaCa-2 57.20 uM 29.32 uM

Pancl 61.76 uM 26.65 uM

Table 1: ICso Values for PaCa cell lines at 48 h post-treatment with TA or Cu-TA.

A One-Year Old Cu-TA Compound B Six-Month Old Cu-TA Stock Solution
100 5 100
5
0 0
Z 2
= 751 = 751
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[3) 3
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Log [Dosage pM] Log [Dosage pM]

Figure 3. Stable biological activity of Cu-TA: Pancl cells were treated with increasing
dosages of (A) one-year old Cu-TA compound and (B) six-month old stock solution of Cu-TA.
The ICso values were calculated using GraphPad Prism V6.0. All treatments were done in
triplicate. All treatments were done in triplicate, and the bars marked with ‘*’ are significantly

different from corresponding control (p < 0.05).
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Figure 4. Cu-TA components, CuCl, and BPY, on PaCa cell growth: The effect of CuCl,

and BPY on cell viability in (A) MIA PaCa-2 and (B) Pancl (B) cells was measured 24 and

48 h post-treatment. Bars represent % viable cells (mean + SD) normalized to control. All

treatments were done in triplicate, and the bars marked with “*’ are significantly different from

corresponding control (p < 0.0001).
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Figure 5. Cytotoxicity of Cu-TA in cardiomyocytes: To determine the effect of Cu-TA on

non-malignant cells, we have evaluated the cardiotoxicity using cardiomyocytes, H9C2. Cells

were treated with increasing dosages of Cu-TA or TA (10, 20, 30 uM) and cell viability was

measured at 24 and 48 h. All treatments were done in triplicate.
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CHAPTER -1V

EVALUATE THE EFFECT OF CU-TA ON POTENTIAL MARKERS

ASSOCIATED WITH PACA CELL GROWTH

INTRODUCTION

Over the last few decades, the cancer research community has grown immensely.
Unfortunately, pancreatic cancer (PaCa) is one of the few cancers that has not made a
significant improvement in terms of treatment and survival rates. In the U.S., PaCa is the 3™
leading cause of cancer related deaths and is one of the most fatal malignancies due to its poor
prognosis [1-3]. PaCa diagnosis generally occurs in the late stages, after the cancer has
metastasized and is aggressive in nature. There are currently no early detection methods for
this cancer; which contributes to its late diagnosis and thus treatment is quite difficult [4].
Current standard treatment for PaCa include surgery and chemotherapy along with radiation.
However, because of its late diagnosis, surgery is a viable option to less than 20% of cases [5].
Chemotherapy drugs for PaCa include gemcitabine, 5-fluorouracil, cisplatin, and paclitaxel [6,
71. These cytotoxic therapies have a number of negative side effects including low blood count
and peripheral neuropathy [8]. Certain chemotherapy drugs have additional side effects. For
example, at higher dosages cisplatin can cause nerve and renal damage [9]. Notably,
chemotherapy and radiation becomes less effective when the patient begins developing
resistance over time [10, 11]. This is a serious concern, since neither dosage can be increased
because of the morbidity associated with chemotherapy and irradiation. Thus, there is an urgent

need for alternative therapies that are more effective yet less harmful.
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Survivin is encoded by the BIRC5 gene and part of the inhibitor of apoptosis protein family
[12]. Increased expression of survivin is observed during fetal development, but in adult cells
its expression is minimal [13]. Survivin’s overexpression is considered to be a negative
prognostic factor for patient survival [ 14, 15]. Satoh et al., evaluated the clinical specimens of
56 patients and survivin was found to be over-expressed in 77% of pancreatic ductal carcinoma
patients [16]. In another study, Lee et al., found that 94% of 49 patient samples were positive
to survivin [17]. Furthermore, survivin was shown as a constitutive resistance factor for
radiation [18] and knocking down of survivin via siRNA technology attenuated radiation
resistance [ 19]. Since the association of survivin with PaCa and the response to PaCa treatment
is well established, it is ideal to exploring the agents that can target survivin and can induce

anti-cancer activity.

Tolfenamic acid (TA) is classified as a non-steroidal anti-inflammatory drug (NSAID) and is
used as a generic drug to treat migraines in Europe. Studies from our laboratory and others
have demonstrated that TA contains anti-cancer properties such as cancer cell growth inhibition
and induction of apoptosis in pre-clinical models, including PaCa [20-23]. TA also sensitizes
PaCa cells and tumors in mice (orthotopic model) to radiation [24]. TA has been shown to work
through downregulation of Specificity proteins 1 and 3 (Spl and Sp3) [20]. Spl and Sp3 are
part of the zinc finger family of Specificity protein (Sp) family of transcription factors [25].
They can regulate their target gene transcription by binding to GC-rich elements and promoter
sequences. These small proteins are ubiquitously expressed in cells and involved in directing
various normal biological processes including cell growth, survival, and differentiation [26].
However, their overexpression has been found in a number of different cancers including: lung,
breast, prostate, colon, brain, and pancreatic [27-32]. This overexpression associated with

tumor formation and progression, metastasis, and angiogenesis [33]. Because of Spl’s
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association with aggressive cancer and high stage metastasis, it has even been suggested as a

potential biomarker to detect a class of advanced pancreatic ductal adenocarcinoma [34].

One gene of particular interest in PaCa regulated by these Spl and Sp3 is survivin [35]. For
these reasons, TA is an attractive potential chemotherapeutic for PaCa since it targets Sp1, Sp3,
and survivin. TA has been approved for Phase I Clinical Trials along with radiation and
gemcitabine treatment for PaCa. However, since the dosage for TA’s anti-cancer activities is
slightly high (50 uM), strategies to enhance its activity is important. Therefore, we began to
look into using a TA derivative, specifically, a metallodrug. Metal complexes have been found
to have a synergistic activity with their original drugs which enhance the drug’s bioactivity

[36-42]. Recently, a copper (II)-Tolfenamic acid has been synthesized and published [43].

As demonstrated in the previous chapter, Cu-TA was found to have an anti-proliferative effect
on PaCa cells. To see if Cu-TA is affecting these markers associated with PaCa growth, their
expression was analyzed. Both protein and mRNA expression levels were examined to see if
their downregulation was on a transcriptional or post-translational level. Next, Cu-TA’s effect
on apoptosis as well as cell cycle phase distribution was investigated since induction of
apoptosis and cell cycle arrest can contribute to growth inhibition in cells. Apoptosis was
assessed by looking at various apoptotic-associated markers including effector caspase 3/7
activity, cleaved PARP protein expression, and apoptotic cell populations. Cell cycle phase

distribution was examined using a cell cycle assay.

MATERIALS AND METHODS

Western blot:
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MIA PaCa-2 and Pancl cells were treated with either DMSO, Cu-TA (MIA PaCa-2: 29 uM;
Pancl: 27 uM) or equimolar TA. After 24 and 48 h treatments, cell lysates were collected and
prepared. Total cellular protein was extracted using cell lysis buffer and protein quantification
was done using the Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA). Protein
samples were then separated through 10% sodium dodecyl sulfate-polyacrylamide gel and then
transferred to a nitrocellulose membrane. Next, the membranes were blocked with 5% milk in
Tris-Buffered Saline with 1% Tween. Blots were incubated with primary antibody overnight
and incubated with secondary antibody for one hour the following day. Bands were detected
using SuperSignal West Dura Extended Duration Substrate (Thermo Scientific). Protein
expression of Spl (Santa Cruz Biotechnology, Dallas, TX), Sp3 (Santa Cruz Biotechnology),
cleaved PARP (Cell Signaling Technology, Danvers, MA), survivin (R&D Systems,
Minneapolis, MN), cyclin B1 (Cell Signaling Technology), and cyclin A (Cell Signaling
Technology) were evaluated using specific antibodies while the expression of B-actin (Sigma-

Aldrich Corporation) was used as a loading control.

Quantitative Polymerase Chain Reaction (qPCR):

MIA PaCa-2 and Pancl cells were treated with DMSO, Cu-TA (MIA PaCa-2: 29 uM; Pancl:
27 uM) or equimolar TA for 48 h. At the time of collection, total RNA was extracted from
treated cells using TRIzol (Invitrogen, Carlsbad, CA). Total RNA was then converted into
single-stranded cDNA using Superscript III (Invitrogen). After cDNA amplification, Sp1, Sp3
and survivin were probed for using TagMan Gene Expression Assays (Applied Biosystems,
Foster City, CA) and samples were placed in a 96-well LightCycler 96 Real-Time PCR system
(Roche) for qPCR analysis. Each sample was done in triplicates and GAPDH was used as a

housekeeping gene.
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Caspase 3/7 Assay:

MIA PaCa-2 and Pancl cells were seeded in 96-well plates with each well containing 4,000
cells in 50 pl of media. 10 mM stock concentrations of each drug were diluted in 50 pl of media
before treatment, with each treatment done in triplicates. The activation of caspase 3 and 7 was
measured using Caspase-Glo 3/7 kit (Promega). Cells were platted in a 96-well plate and then
treated with DMSO, Cu-TA (MIA PaCa-2: 29 uM; Pancl: 27 uM) or equimolar TA. At 24 and
48 h, samples were incubated with Caspase 3/7-Glo substrate for 1 h in the dark and then read

by Synergy HT (Bio Tek) plate reader.

PE Annexin V Staining:

Apoptotic cell populations were detected using PE Annexin V Apoptosis Detection Kit I (BD
Biosciences). 125,000 MIA PaCa-2 and Pancl cells were seeded in 2 ml of media. The next
day, cells were treated with DMSO, Cu-TA (MIA PaCa-2: 29 uM; Pancl: 27 uM) or equimolar
TA for 24 and 48 h. Samples were collected, washed with PBS, and then incubated with
Annexin V-PE/7-AAD solution for 15 min in the dark. Apoptotic cell populations (10,000

cells) were measured via FC500 flow cytometer.

Cell Cycle Arrest:

125,000 MIA PaCa-2 and Pancl cells were seeded in 2 ml of media in a 6 well plate. The next
day cells were treated with DMSO, Cu-TA (MIA PaCa-2: 29 uM; Pancl: 27 puM) or equimolar
TA then collected at 24 and 48 h post-treatment. Samples were collected, washed with PBS,
fixed with cold 70% ethanol and then stored in -80 °C overnight. The collected samples were
then incubated with propidium iodide(PI)/RNAse solution for DNA staining for 15 min at room
temperature in the dark. Finally, samples were then incubated in 37°C for 10 min. The cell

cycle phase distribution was analyzed (10,000 cells) using FC500 Flow Cytometer.
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RESULTS

The Cu-TA treatment was found to downregulate Spl, Sp3 and survivin protein expression
(Figure 6) at 48 h in both cell lines. TA is also known to downregulate Sp1, Sp3 and survivin
protein expression, however, at the equimolar dosage of Cu-TA’s ICso value there was no
change. Quantification of Western blots are given in Figure 7A&B, while the fold change of
survivin protein expression revealed several fold (MIA PaCa-2: 5.2-fold; Pancl: 6.4-fold)
higher in Cu-TA compared to TA (Figure 7C). qPCR results demonstrated that TA and Cu-TA
treatments significantly lower survivin mRNA expression levels in both cell lines. However,
Sp1 and Sp3 mRNA expression levels remained relatively unchanged in both cell lines (Figure
8). Cu-TA treatment increased caspase 3 and 7 activity as well as protein expression of
apoptotic marker c-PARP (Figure 9). Cu-TA also caused an increase in apoptotic cell
populations (Figure 10A&B). Figure 10C shows the fold change in apoptotic cell populations.
The Cu-TA treatment in Pancl cells revealed a significant increase in G2/M phase cells
compared to the control, indicating cell cycle arrest (Figure 11). Confirmation of G2/M phase
arrest was done by examining protein expression of GyM markers, cyclin Bl and cyclin A

(Figure 12). There was no cell cycle arrest observed in MIA PaCa-2 cells at 24 or 48 h.

DISCUSSION

The zinc finger transcription factors Sp1 and Sp3 play a major role in the tumor formation and
progression in PaCa [25]. These transcription factors regulate genes involved in many
biological processes including cell growth and survival, cell cycle, and apoptosis [33]. They
also regulate survivin, a gene that plays a role in apoptosis inhibition and cell cycle regulation

[35]. Their expression was evaluated for their implication in PaCa growth as well as TA’s
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known downregulation of these potential markers. Western blot analysis revealed a
downregulation of Spl, Sp3 and survivin at 48 h in the Cu-TA treatment. Their mRNA
expression levels were then evaluated at 48 h since protein downregulation was observed at
that time point. Survivin was found to be significantly decreased while Sp1 and Sp3 levels
were comparatively unchanged. This indicates that Cu-TA effects survivin on a transcriptional
level while Spl and Sp3 are affected post-translationally. TA is known to downregulate Sp1
and Sp3 post-translationally, through proteasome dependent degradation [44]. This data

suggests that Cu-TA could perhaps be working in a similar mechanism.

Next, Cu-TA’s induction of apoptosis was assessed. Apoptosis can be induced one of two
ways: intrinsic pathway or extrinsic pathway. The intrinsic pathway is characterized by
mitochondrial outer membrane permeability and release of cytochrome c. This leads to the
formation of apoptosomes and cleavage of initiator caspase 9 [45]. The extrinsic pathway is
induced by an appropriate ligand binding to the death receptor on the cell’s outer membrane.
This activates the death domain and cleaves the initiator caspase 8 [46]. The intrinsic and
extrinsic pathway have different initiator caspases, but these pathways converge on the
activation of effector caspases 3 and 7. Caspase 3 and 7 then go on to cause DNA
fragmentation, membrane blebbing, and damage to house-keeping proteins, ultimately leading
to cell death [47, 48]. Effector caspase 3 and 7 are also responsible for cleaving PARPI (a
DNA repair protein) [49]. The caspase 3/7 assay examined caspase 3 and 7 activity and
revealed a significant increase in the Cu-TA treatment. This coupled with the protein
expression of c-PARP indicated the activation of apoptosis. Spl, Sp3 and survivin all have a
role in apoptosis. Specifically, survivin inhibits caspase 9 and 3 cleavage [50]. Perhaps by
inhibition of survivin, caspase cleavage was able to occur and induce apoptosis. The detection

of apoptotic cell populations was also analyzed. Apoptosis is characterized by several different
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features, including membrane asymmetry. Phosphatidylserine (PS) is located on the cell’s inner
membrane but becomes translocated to the outer membrane during the early events of apoptosis
[51]. Annexin V is a protein that has a high affinity for PS and can be conjugated to a
fluorochrome phycoerythrin (PE) to detect early apoptotic cells using flow cytometry. The PE
Annexin V Detection Kit used to analyze apoptotic cell populations was also done with another
dye, 7-Amino-Actinomyocin (7-AAD). Cells that are viable are impermeable to 7-AAD and
cells that are dead, either due to necrosis or apoptosis, are able to take up this dye. Membrane
asymmetry occurs during early apoptosis but will remain during late apoptosis and/or necrosis.
Since this assay does not distinguish whether cells have died as a result of necrosis or apoptosis,
it is necessary to stain for both dyes. If cell populations are visualized as viable, early apoptosis,
and late apoptosis/necrotic, then this implies that cells are progressing through apoptosis. The
Cu-TA treatment showed a significant increase in apoptotic cell populations at 48 h for both

cell lines. This demonstrates the occurrence of apoptosis.

Then, cell cycle phase distribution was analyzed using the Cell Cycle Detection Kit. This assay
uses propidium iodide (PI) staining to see the cell cycle stage a cell is in. PI is a DNA
intercalating dye that is fluorescent. Thus, the fluorescent intensity is proportional to the
amount of DNA present. In G phase, cells are increasing their size and preparing to replicate
DNA. In S phase the cells begin replicating their DNA, thus they have more DNA than G
phase [52]. In G2 phase the cells will have completed DNA replication, thus their fluorescent
intensity will be twice as much as G phase [53]. In Pancl1 cells, there was a significant increase
in G2/M phase with the Cu-TA treatment at 48 h. This accumulation of cells suggests that G2/M
phase arrest is occurring. To confirm these cell cycle results, a western blot was done at 48 h
to analyze protein expression of G2/M phase cyclin markers. Cyclins are proteins that play a

role in the progression of cell cycle phases by forming complexes with cyclin-dependent
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kinases (CDKs) [54]. Cyclins regulate CDK activity by their differential expression; cyclins
are expressed in the phase they are needed and subsequently degraded afterwards. These
complexes have various activities including regulation of target gene transcription, however,
their exact function depends on the specific complex and the cell cycle phase they are in [55].
Expression of cyclin Bl and A were examined because of their known role in G2/M phase [56,
57]. Cyclin A has the highest expression, meaning highest activity, in G2 phase while cyclin
B1 has its peak expression in M phase [58]. Expression of both cyclins is required to progress
through the G2/M transition. Protein expression of both cyclins were inhibited with the Cu-TA
treatment. This corroborates cell cycle results that Cu-TA causes G2/M arrest. Survivin is
known to play a role in cell cycle regulation. Survivin is expressed during the M phase of cell
cycle and associates/stabilizes the microtubules of the mitotic spindle [59, 60]. The Cu-TA-
induced downregulation of survivin may be partially responsible for the G2/M phase arrest that
is occurring in Pancl cells. Since survivin is being inhibited, the spindle apparatus stability is
not reinforced and thus cell cycle arrest may occur. There was no observed cell cycle arrest in
MIA PaCa-2 cells, suggesting that Cu-TA is predominately affecting apoptotic pathways in

MIA PaCa-2 cells.

To summarize, Cu-TA causes a growth inhibitory effect in PaCa cells. This anti-proliferative
effect was partially due to induction of apoptosis and cell cycle arrest. The activation of
apoptosis was demonstrated by an increase in effector caspase activity, c-PARP expression,
and apoptotic cell populations. Cell cycle arrest was observed at Go/M phase in Pancl cells and
these findings were confirmed by analyzing protein expression of associated markers.
Additionally, molecular regulators that drive tumorigenesis and resistance, Sp1 and Sp3, were
downregulated with Cu-TA. Expression of one of their targets, survivin, was also found to be

significantly decreased. While we see a trend in inhibition of Sp1 and Sp3, the most responsive
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marker is survivin, with MIA PaCa-2 having 82.8% protein inhibition and Pancl 86.7%. This
further supports that the anti-cancer activity seen with Cu-TA may be more associated with
survivin. In the TA treatment, Spl, Sp3 and survivin protein expression are all relatively
unaffected. However, in the Cu-TA treatment, the effect is higher in survivin when compared
to Spl and Sp3. Cu-TA was found to have a significant increase in survivin inhibition (MIA
PaCa-2: 5.2-fold; Pancl: 6.4-fold) compared to TA. Both Sp1 and Sp3 regulate survivin and
can inhibit or activate its expression. If the downregulation of survivin is through Sp proteins

inhibition (post-translational degradation), then the effect observed is an additive response.

In conclusion, survivin is a tangible marker to target for treating cancers due to its strong
association with tumorigenesis and resistance to therapy and the specific agents to target
survivin are still under investigation. Cu-TA showed anti-cancer activity in PaCa cells and had
an enhanced activity in comparison to TA via inhibiting survivin. Finding a potent inhibitor of
survivin for PaCa treatment is just as vital as finding a non-toxic and stable agent. The ultimate
goal of investigating Cu-TA would be to use this alongside standard treatment care. By

downregulating survivin, we hope to sensitize the cancer cells to treatment.

FIGURES
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Figure 6: Cu-TA inhibits protein expression of Sp1, Sp3 and survivin. (A) MIA PaCa-2

and (B) Pancl cells were treated with DMSO, Cu-TA or TA for 24 and 48 h. Protein extracts

from cell lysates were then prepared and the expression of Sp1, Sp3, survivin and B-actin was

determined by Western blot analysis.
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Figure 7: Quantification of Western blot results for Sp proteins and survivin. Western blot
quantification of Sp1, Sp3 and survivin protein expression in (A) MIA PaCa-2 and (B) Pancl
cells was determined at 24 and 48 h post-treatment. Bars represent % protein expression (mean
+ SD) normalized to control. (C) The fold change of Sp1, Sp3 and survivin inhibition in Cu-

TA compared to TA was calculated from the quantification results in both cell lines at 24 and
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48 h. All treatments were done in triplicate, and the bars marked with “*’ are significantly

different from corresponding control (p < 0.05).
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Figure 8: Cu-TA effects survivin on a transcriptional level. (A) MIA PaCa-2 and (B) Pancl
cells were treated with DMSO, TA or Cu-TA for 48 h. Total RNA was then extracted and
mRNA expression levels of Spl, Sp3 and survivin were assessed via qPCR. GAPDH was used
as a housekeeping gene. Bars represent mRNA fold change (mean = SD) normalized to control.
All treatments were done in triplicates, and the bars marked with ‘*’ are significantly different

from corresponding control (p < 0.0001).
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Figure 9: Cu-TA increases caspase activity and c-PARP expression. (A) MIA PaCa-2 and
(B) Pancl cells were treated with DMSO or 1Cso value of Cu-TA (MIA PaCa2: 29 uM; Pancl:
27 uM) or equimolar TA. Caspase 3/7 activity and c-PARP protein expression was determined
at 24 and 48 h post-treatment. Bars represent mean = SD. All treatments were done in

triplicates, and the bars marked with “*’ are significantly different from corresponding control

(p < 0.0001).
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Figure 10: Cu-TA increases apoptotic cell populations. (A) MIA PaCa-2 and (B) Pancl
cells were treated with DMSO, Cu-TA or TA. Apoptotic cell populations were assessed using
PE Annexin V Staining post 24 and 48 h treatment and (C) the fold change in apoptotic cell
populations was calculated. Bars represent mean + SD. All treatments were done in triplicates,

and the bars marked with “*’ are significantly different from corresponding control (p <

0.0001).
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Figure 11: Cu-TA causes arrest at G2/M phase in Pancl cells. (A) MIA PaCa-2 and (B)

Pancl cells were treated with DMSO, Cu-TA or equimolar TA for 24 and 48 h post-treatment.

Cells were collected and then incubated with propidium iodide DNA staining. Samples were
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then analyzed via flow cytometry. Quantitative representation of Pancl 48 h results (C) shows
the experiments done in triplicates, and the bars marked with “*’ are significantly different

from corresponding control (p < 0.05).
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Figure 12: Confirmation of G2/M phase arrest in Pancl cells. Panc1 cells were treated with
DMSO or Cu-TA (27 uM) or equimolar TA for 48 h. (A) Cells were collected and then

incubated with propidium iodide DNA staining. Samples were then analyzed via flow
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cytometry. Bars represent % cells in a particular cell cycle phase (mean £ SD) normalized to
control. All treatments were done in triplicate, and the bars marked with “*’ are significantly
different from corresponding control (p < 0.05). (B) Protein extracts from cell lysates were then
prepared and the expression of Go/M phase markers cyclin Bl, cyclin A and B-actin was

determined by Western blot analysis.

Chapter-V Page | 53



REFERENCES

10.

11.

Siegel, R.L., K.D. Miller, and A. Jemal, Cancer Statistics, 2017. CA Cancer J Clin,
2017. 67(1): p. 7-30.

Khan, M.A., et al., Molecular Drivers of Pancreatic Cancer Pathogenesis: Looking
Inward to Move Forward. Int ] Mol Sci, 2017. 18(4).

Khan, M.A., et al., Insights into the Role of microRNAs in Pancreatic Cancer
Pathogenesis: Potential for Diagnosis, Prognosis, and Therapy. Adv Exp Med Biol,
2015. 889: p. 71-87.

Goral, V., Pancreatic Cancer: Pathogenesis and Diagnosis. Asian Pac J Cancer Prev,
2015.16(14): p. 5619-24.

Bliss, L.A., et al., Outcomes in operative management of pancreatic cancer. J Surg
Oncol, 2014. 110(5): p. 592-8.

Thota, R., J.M. Pauff, and J.D. Berlin, Treatment of metastatic pancreatic
adenocarcinoma: a review. Oncology (Williston Park), 2014. 28(1): p. 70-4.
Fotopoulos, G., K. Syrigos, and M.W. Saif, Genetic factors affecting patient responses
to pancreatic cancer treatment. Ann Gastroenterol, 2016. 29(4): p. 466-476.

Ansari, D., A. Gustafsson, and R. Andersson, Update on the management of pancreatic
cancer: surgery is not enough. World J Gastroenterol, 2015. 21(11): p. 3157-65.
Miller, R.P., et al., Mechanisms of Cisplatin nephrotoxicity. Toxins (Basel), 2010.
2(11): p. 2490-518.

Oberstein, P.E. and K.P. Olive, Pancreatic cancer: why is it so hard to treat? Therap
Adv Gastroenterol, 2013. 6(4): p. 321-37.

Amrutkar, M. and I.P. Gladhaug, Pancreatic Cancer Chemoresistance to Gemcitabine.

Cancers (Basel), 2017. 9(11).

Chapter-V Page | 54



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Cheung, C.H., et al., Investigations of survivin: the past, present and future. Front
Biosci (Landmark Ed), 2011. 16: p. 952-61.

Boidot, R., F. Vegran, and S. Lizard-Nacol, Transcriptional regulation of the survivin
gene. Mol Biol Rep, 2014. 41(1): p. 233-40.

Santa Cruz Guindalini, R., M.C. Mathias Machado, and B. Garicochea, Monitoring
survivin expression in cancer: implications for prognosis and therapy. Mol Diagn Ther,
2013. 17(6): p. 331-42.

Jaiswal, P.K., A. Goel, and R.D. Mittal, Survivin: A molecular biomarker in cancer.
Indian J Med Res, 2015. 141(4): p. 389-97.

Satoh, K., et al., Expression of survivin is correlated with cancer cell apoptosis and is
involved in the development of human pancreatic duct cell tumors. Cancer, 2001. 92(2):
p. 271-8.

Lee, M.A., et al., Survivin expression and its clinical significance in pancreatic cancer.
BMC Cancer, 2005. 5: p. 127.

Asanuma, K., et al., Survivin as a radioresistance factor in pancreatic cancer. Jpn J
Cancer Res, 2000. 91(11): p. 1204-9.

Kami, K., et al., Downregulation of survivin by siRNA diminishes radioresistance of
pancreatic cancer cells. Surgery, 2005. 138(2): p. 299-305.

Abdelrahim, M., et al., Tolfenamic acid and pancreatic cancer growth, angiogenesis,
and Sp protein degradation. J Natl Cancer Inst, 2006. 98(12): p. 855-68.

Basha, R., et al., Tolfenamic acid inhibits ovarian cancer cell growth and decreases the
expression of c-Met and survivin through suppressing specificity protein transcription
factors. Gynecol Oncol, 2011. 122(1): p. 163-70.

Eslin, D., et al., Anticancer activity of tolfenamic acid in medulloblastoma: a preclinical

study. Tumour Biol, 2013. 34(5): p. 2781-9.

Chapter-V Page | 55



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Shelake, S., et al., Targeting specificity protein 1 transcription factor and survivin using
tolfenamic acid for inhibiting Ewing sarcoma cell growth. Invest New Drugs, 2017.
35(2): p. 158-165.

Konduri, S., et al., Tolfenamic acid enhances pancreatic cancer cell and tumor
response to radiation therapy by inhibiting survivin protein expression. Mol Cancer
Ther, 2009. 8(3): p. 533-42.

Black, A.R., J.D. Black, and J. Azizkhan-Clifford, Sp! and kruppel-like factor family
of transcription factors in cell growth regulation and cancer. J Cell Physiol, 2001.
188(2): p. 143-60.

Vizcaino, C., S. Mansilla, and J. Portugal, Sp! transcription factor: A long-standing
target in cancer chemotherapy. Pharmacol Ther, 2015. 152: p. 111-24.

Beishline, K. and J. Azizkhan-Clifford, Sp/ and the 'hallmarks of cancer'. FEBS J,
2015. 282(2): p. 224-58.

Wang, X.B., et al., [Expression and prognostic value of transcriptional factor spl in
breast cancer]. Ai Zheng, 2007. 26(9): p. 996-1000.

Sankpal, U.T., et al., Targeting Spl transcription factors in prostate cancer therapy.
Med Chem, 2011. 7(5): p. 518-25.

Zhao, Y., et al., Inhibition of the transcription factor Sp1 suppresses colon cancer stem
cell growth and induces apoptosis in vitro and in nude mouse xenografts. Oncol Rep,
2013. 30(4): p. 1782-92.

Guan, H., et al., Sp! is upregulated in human glioma, promotes MMP-2-mediated cell
invasion and predicts poor clinical outcome. Int J Cancer, 2012. 130(3): p. 593-601.
Wang, L.W., et al., [Expression of transcription factor Spl in human gastric cancer
tissue and its correlation with prognosis]. Zhonghua Zhong Liu Za Zhi, 2007. 29(2):

p. 107-11.

Chapter-V Page | 56



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hedrick, E., et al., Specificity protein (Sp) transcription factors Spl, Sp3 and Sp4 are
non-oncogene addiction genes in cancer cells. Oncotarget, 2016. 7(16): p. 22245-56.
Jiang, N.Y., et al.,, Spl, a new biomarker that identifies a subset of aggressive
pancreatic ductal adenocarcinoma. Cancer Epidemiol Biomarkers Prev, 2008. 17(7):
p. 1648-52.

Xu, R., et al., Spl and Sp3 regulate basal transcription of the survivin gene. Biochem
Biophys Res Commun, 2007. 356(1): p. 286-92.

Holder, A.A., Inorganic pharmaceuticals. Annu Rep Prog Chem, Section A: Inorg
Chem, 2012. 108: p. 350-68.

Holder, A.A., Inorganic pharmaceuticals. Annu Rep Prog Chem, Section A: Inorg
Chem, 2013. 109: p. 317-39.

Holder, A.A., et al., Preliminary anti-cancer photodynamic therapeutic in vitro studies
with mixed-metal binuclear ruthenium(Il)-vanadium(lV) complexes. Dalton Trans,
2013. 42(33): p. 11881-99.

Kumar, K., et al., Highly potent anti-proliferative effects of a gallium(Ill) complex with
7-chloroquinoline thiosemicarbazone as a ligand: synthesis, cytotoxic and antimalarial
evaluation. Eur ] Med Chem, 2014. 86: p. 81-6.

Lewis, N.A., et al., Synthesis, characterization, and preliminary in vitro studies of
vanadium(IV) complexes with a Schiff base and thiosemicarbazones as mixed-ligands.
Eur J Inorg Chem, 2012. 2012(4): p. 664-677.

Sandhaus, S., et al., 4 novel copper(ll) complex identified as a potent drug against
colorectal and breast cancer cells and as a poison inhibitor for human topoisomerase
Ilalpha. Inorg Chem Commun, 2016. 64: p. 45-49.

Crisponi, G., et al., Copper-related diseases: From chemistry to molecular pathology.

Coordination Chemistry Reviews, 2010. 254: p. 876-89.

Chapter-V Page | 57



43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tarushi, A., et al., Copper(1l) complexes with the non-steroidal anti-inflammatory drug
tolfenamic acid: Structure and biological features. J Inorg Biochem, 2015. 149: p. 68-
79.

Colon, J., et al., Tolfenamic acid decreases c-Met expression through Sp proteins
degradation and inhibits lung cancer cells growth and tumor formation in orthotopic
mice. Invest New Drugs, 2011. 29(1): p. 41-51.

Jendrossek, V., The intrinsic apoptosis pathways as a target in anticancer therapy. Curr
Pharm Biotechnol, 2012. 13(8): p. 1426-38.

Ashkenazi, A., Targeting the extrinsic apoptotic pathway in cancer: lessons learned
and future directions. J Clin Invest, 2015. 125(2): p. 487-9.

Elmore, S., Apoptosis: a review of programmed cell death. Toxicol Pathol, 2007. 35(4):
p. 495-516.

Lesauskaite, V. and L. Ivanoviene, [Programmed cell death: molecular mechanisms
and detection]. Medicina (Kaunas), 2002. 38(9): p. 869-75.

Chaitanya, G.V., A.J. Steven, and P.P. Babu, PARP-1 cleavage fragments: signatures
of cell-death proteases in neurodegeneration. Cell Commun Signal, 2010. 8: p. 31.
Kelly, R.J., et al., Impacting tumor cell-fate by targeting the inhibitor of apoptosis
protein survivin. Mol Cancer, 2011. 10: p. 35.

Schultz, D.R. and W.J. Harrington, Jr., Apoptosis: programmed cell death at a
molecular level. Semin Arthritis Rheum, 2003. 32(6): p. 345-69.

Bertoli, C., J.M. Skotheim, and R.A. de Bruin, Control of cell cycle transcription during
G1 and S phases. Nat Rev Mol Cell Biol, 2013. 14(8): p. 518-28.

Barnum, K.J. and M.J. O'Connell, Cell cycle regulation by checkpoints. Methods Mol

Biol, 2014. 1170: p. 29-40.

Chapter-V Page | 58



54.

55.

56.

57.

58.

59.

60.

Viallard, J.F., et al., [Molecular mechanisms controlling the cell cycle: fundamental
aspects and implications for oncology]. Cancer Radiother, 2001. 5(2): p. 109-29.
Sanchez, 1. and B.D. Dynlacht, New insights into cyclins, CDKs, and cell cycle control.
Semin Cell Dev Biol, 2005. 16(3): p. 311-21.

Yam, C.H., T.K. Fung, and R.Y. Poon, Cyclin A in cell cycle control and cancer. Cell
Mol Life Sci, 2002. 59(8): p. 1317-26.

Senderowicz, A.M. and E.A. Sausville, Preclinical and clinical development of cyclin-
dependent kinase modulators. J Natl Cancer Inst, 2000. 92(5): p. 376-87.

Niculescu, A.B., 3rd, et al., Effects of p21(Cip1/Wafl) at both the G1/S and the G2/M
cell cycle transitions: pRb is a critical determinant in blocking DNA replication and in
preventing endoreduplication. Mol Cell Biol, 1998. 18(1): p. 629-43.

Beardmore, V.A., et al., Survivin dynamics increases at centromeres during G2/M
phase transition and is regulated by microtubule-attachment and Aurora B kinase
activity. J Cell Sci, 2004. 117(Pt 18): p. 4033-42.

Li, F., et al., Control of apoptosis and mitotic spindle checkpoint by survivin. Nature,

1998. 396(6711): p. 580-4.

Chapter-V Page | 59



CHAPTER -V

GENE EXPRESSION ANALYSIS TO PRECISELY ELUCIDATE THE
UNDERLYING MECHANISMS OF CU-TA’S ANTI-CANCER ACTIVITY IN

PACA CELLS

INTRODUCTION

While many types of cancers have made considerable improvements in their overall survival
rate and advancements in treatment, pancreatic cancer (PaCa) is one of the few that continues
to be a fatal malignancy [1, 2]. Currently, the overall five-year survival rate is dismal (~8%)
[3]. Approved treatment options for PaCa are limited in terms of selection and effectiveness.
Standard treatment is typically chemotherapy (usually a combination of chemo agents) and
radiation. Chemotherapy drugs for PaCa include gemcitabine, 5-fluoruracil, cisplatin,
paclitaxel, and erlotinib [4, 5]. These cytotoxic therapies have a number of negative side effects
such as vomiting, hair loss, low blood count and peripheral neuropathy [6]. Surgery is another
treatment option; however, this approach is not feasible to more than 80% of patients due to
late stage diagnosis [7-9]. When patients begin treatment, the cancer is often at an advanced
stage and has spread to local organ sites. Another aspect of PaCa that adds to its fatality is the
cancer cells’ inherent or acquired resistance to treatment on both a physiological and molecular
level. The resistance to chemotherapy and radiation poses a serious issue for patients since
neither dosage can be increased due to the high level of toxicities [10, 11]. This provides an
urgent need for improved alternative treatment options for PaCa that more sensitizing, effective

and less toxic.
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The use of nonsteroidal anti-inflammatory drugs (NSAIDs) as anti-tumoral agents has gained
tremendous popularity. NSAIDs work by inhibiting cyclooxygenase (COX) enzymes 1 and 2
[12]. Preclinical studies for NSAIDs have demonstrated its use as chemopreventive and
chemotherapeutic drugs [13-15]. They have been shown to contain anti-cancer properties, such
as inhibition of cancer cell growth and induction of apoptosis [16]. Another aspect that makes
NSAIDs an attractive potential agent is that they also have a lower level of toxicity in
comparison to conventional chemotherapeutic drugs [17]. One NSAID of particular interest is
tolfenamic acid (TA). TA is a common NSAID sold in Europe as a generic medicine for
migraine headaches. Many studies have been conducted from our laboratory and others that
demonstrate TA’s anti-neoplastic activity in various cancer models, including PaCa [18-24].
TA has been investigated not only because of its ability to induce cell cycle arrest and apoptosis
in cancer cells, but also because of its low toxicity in non-malignant cells [25]. TA also elicits
lower levels of toxicity in comparison to other NSAIDs. It has been shown to work by COX-
independent mechanisms, by downregulation of Specificity proteins 1 and 3 (Sp1, Sp3) in PaCa
models [26, 27]. The zinc finger transcription factors Spl and Sp3 play a major role in the
tumor formation and progression in PaCa [28]. These transcription factors regulate genes
involved in many biological processes including cell growth and survival, cell cycle, and
apoptosis [29]. They also regulate survivin, a gene that plays a role in apoptosis inhibition and
cell cycle regulation [30]. We even used a mouse model to show that TA treatment sensitizes
PaCa cells to radiation treatment by inhibiting survivin expression [31]. For these reasons, TA
has been a drug of interest in cancer research to potentially use in combination therapies [32-

34].

Thus far, the success seen with TA treatment in PaCa models appear promising. The anti-

neoplastic properties seen in PaCa cells along with its limited toxicity to normal cells makes
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TA an attractive agent for treating cancer. It has even been approved for Phase I clinical trials
to use in combination therapy with gemcitabine in advanced and/or metastatic PaCa patients.
Although TA has given promising results as a potential agent to use alongside standard care
for PaCa, its high dosage poses an issue. Therefore, we began exploring the options to enhance
the anti-neoplastic properties of TA. The concept of metallodrugs has been and continues to be
an active field in cancer research [35-38]. Metallodrugs have been proposed to use in
combination therapy with standard care in an attempt to sensitize cancer cells that have
developed resistance to treatment [39-42]. Their usefulness in combination treatments is due
to their anti-cancer properties and limited toxicity [43-45]. In particular, NSAIDs with
copper(Il) complexes have been investigated in preclinical studies for cancer and reported to
have enhanced activity compared to the parent drug, as well as a decreased toxic effect on

gastrointestinal tissues [46].

We have demonstrated that TA and copper complex (Cu-TA) results in enhanced anti-
proliferative activity in PaCa cells when compared to TA. In this aim, gene expression analysis
was conducted to elucidate the specific underlying mechanisms of Cu-TA’s anti-cancer activity
in PaCa cells. RNA sequencing was performed to examine the differentially expressed genes
with Cu-TA treatment. Next, pathway analysis was performed to understand the functional
significance of the altered gene expression. These results were compared to our published work
on TA to see if Cu-TA is working in a similar mechanism. It also helped us to identify other
underlying mechanisms. After identifying the major pathways affected, key regulators were

confirmed by qPCR or Western blot assay using specific primers or antibodies.

MATERIALS AND METHODS

RNA Sequencing:
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MIA PaCa-2 cells were treated with DMSO (control) or Cu-TA using Cu-TA’s IC50 value (29
uM) for 48 h. Cell lysates were collected and washed in PBS. Then 250 pl of HTG Molecular
Lysis Buffer (HTG Molecular, Tucson, AZ) was added and mixed. Samples were heated to
95°C for 15 min and then stored at -80°C. Samples were later kept on dry ice and shipped to
HTG Molecular Diagnostics at UT Southwestern Medical Center (Dallas, TX) for sequencing.
RNA profiling of control (treated with vehicle) or Cu-TA treated cells was performed using
HTG EdgeSeq Oncology Biomarker Panel. This Next-Generation Sequencing (NGS) assay
uses quantitative nuclease protection (QNPA) to examine 2,560 markers that are tumor biology
related. Using the HTG EdgeSeq processor, gene-specific DNA nuclease protection probes
were added to samples to hybridize to target RNA. S1 nuclease was then added to remove all
excess unhybridzed probes and RNA. This left a 1:1 ratio of probes and target RNA. Primers
and tags were added and the remaining probes were then amplified by PCR. After removing
excess primers, the products were pooled together, quantitated, and a sequencing library was

created using an NGS platform. An overview of this NGS assay is depicted in Figure 13.

Ingenuity Pathway Analysis (IPA):

Pathway analysis was performed to determine the functional significance of the differentially
expressed genes with Cu-TA treatment. Genes that had a fold change of > 1.5 over control
were selected and entered into the IPA® software (Version: 43605602; Redwood City, CA)
for expression analysis (Core Analysis module), and the program was used with its default
settings. The IPA software contains an Ingenuity Knowledge Base. This is comprised of the
most up-to-date knowledge on genes, pathways, regulators, etc. The IPA software uses its own

algorithms to identify trends between the dataset and the Ingenuity Knowledge Base.

Western Blot:
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MIA PaCa-2 cells were treated with DMSO (control) or Cu-TA (29 uM). After 48 h, cells were
harvested to prepare whole cell lysates. Total cellular protein was extracted using cell lysis
buffer and protein quantification was done using the Pierce BCA Micro-Protein Assay Kit
(Thermo Scientific, Waltham, MA). Protein samples were then separated through 10% sodium
dodecyl sulfate-polyacrylamide gel and then transferred to a nitrocellulose membrane. Next,
the membranes were blocked with 5% milk in Tris-Buffered Saline with 1% Tween. Protein
expression of TP53 (Cell Signaling Technology, Danvers, MA), ErbB2 (Thermo Scientific),
Sp1 (Santa Cruz Biotechnology, Dallas, TX), and STAT3 (Cell Signaling Technology) were
evaluated using specific antibodies while the expression of B-actin was used as a loading
control. Blots were incubated with primary antibody overnight and incubated with secondary
antibody for one hour the following day. Bands were detected using SuperSignal West Dura

Extended Duration Substrate (Thermo Scientific).

Quantitative Polymerase Chain Reaction (qPCR):

MIA PaCa-2 cells were treated with DMSO (control) or Cu-TA (29 uM) for 48 h. Cells were
collected and total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA). Total RNA
was then synthesized to single-stranded cDNA using Superscript III (Invitrogen) and then
amplified. Centromere protein F (CENPF), DNA damage inducible transcript 3 (DDIT3) and
S-phase kinase-associated protein 2 (SKP2) were probed for using TagMan Gene Expression
Assays (Applied Biosystems, Foster City, CA), GAPDH was used as a housekeeping gene.
Samples were placed in a 96-well LightCycler 96 Real-Time PCR system (Roche) for gPCR

analysis. Each sample was done in triplicates.

Statistical Analysis:
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The statistical analyses to identify the genes that were differentially expressed following Cu-
TA treatment in the RNA sequencing results were determined and provided by the HTG
Molecular Diagnostics at UT Southwestern Medical Center (Dallas, TX). IPA was used with

its built-in statistical module, and p < 0.05 considered significant.

RESULTS

The HTG EdgeSeq Oncology Biomarker panel consisting of 2,560 genes was used in this
study. After analyzing the sequencing data of differentially expression of genes among control
and Cu-TA treated samples, 436 genes were found to have >1.5 fold change over control and

were selected for pathway analysis using the IPA software.

Networks affected by Cu-TA treatment. The Ingenuity Knowledge Base examines any
relationships between genes in a given dataset. Sets of genes that are found to be connected are
grouped into networks and the top 3 functions of this network is given. The differentially
expressed genes in PaCa cells with Cu-TA treatment were found to be involved in a total of 18
networks (Table 2). These networks are: 1. Cell Morphology, Cellular Movement, Nervous
System Development and Function; 2. Cancer, Hematological Disease, Immunological
Disease; 3. Cell Cycle, Cell Death and Survival, DNA Replication, Recombination, and Repair;
4. Cell Death and Survival, Cancer, Organismal Injury and Abnormalities; 5. Cell Death and
Survival, Cancer, Organismal Injury and Abnormalities; 6. Infectious Diseases, Cell Death and
Survival, Cancer; 7. Cell Cycle, Cell Death and Survival, Cancer; 8. Immunological Disease,
Cancer, Organismal Injury and Abnormalities; 9. Cell Cycle, Cancer, Organismal Injury and
Abnormalities; 10. Dermatological Diseases and Conditions, Organismal Injury and

Abnormalities, Digestive System Development and Function; 11. Endocrine System Disorders,
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Gastrointestinal Disease, Metabolic Disease; 12. Cancer, Hematological Disease, Organismal
Injury and Abnormalities; 13. Cardiovascular System Development and Function, Cell Cycle,
Cell Morphology; 14. Cellular Assembly and Organization, Cellular Function and
Maintenance, Nervous System Development and Function; 15. Cancer, Hematological
Disease, Immunological Disease; 16. Cell Death and Survival, Inflammatory Disease,
Inflammatory Response; 17. Cellular Movement, Cellular Development, Cellular Growth and
Proliferation; 18. Cardiac Arteriopathy, Cardiovascular Disease, Organismal Injury and
Abnormalities. These networks were associated with cancer and related diseases broadly and,
also, implicating specific causative links (e.g., cell death and survival, immunological disease,
organismal injury and abnormalities, cellular growth and proliferation), feature (morphology),
and biological processes (system development and function, cell cycle, DNA replication,
recombination and repair, cellular movement, inflammatory response, etc.). All 18 individual

network figures are shown in the appendix.

Overlapping networks: Overlapping networks contain genes that are found in both networks.
Only 2 networks were found to be independent, thus, Figure 14 shows 16 of the 18 networks
involved with Cu-TA treatments. It also gives the three overlapping and interconnected
networks. The #1 overlapping networks is made up of 12 networks (2, 3,4, 6, 7,9, 10, 11, 13,
14, 15, 16), the #2 overlapping networks contains 2 networks (1, 18), and the #3 overlapping
networks also has 2 networks (8, 17). Figure 15 shows a visual representation of the #1
overlapping networks merged into one picture to illustrate complexity. The dense lines indicate
the overlapping connections and similarities between various networks. Upregulated and

downregulated genes were colored in green and red, respectively.
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Regulators involved with Cu-TA-induced gene alterations: IPA analysis revealed the up-stream
regulators that are partially responsible for the differentially expressed genes observed. The top
10 up-stream regulators include: TP53 (tumor protein p53), TNF (tumor necrosis factor),
ErbB2 (human epidermal receptor growth factor 2), TGFBI (transforming growth factor beta-
1), Spl (specificity protein 1), TP63 (tumor protein 63), RELA (transcription factor p65),
NFkB (nuclear factor kappa B), AR (androgen receptor) and STAT3 (signal transducer and
activator of transcription 3) (Table 3). Their p-value is also given along with their predicted
activation status. The top 10 networks and network functions that were affected were also
presented in Table 3. All of the networks were given a score based on how many molecules in
that network were affected. Cell cycle, cell death, and cancer were recurring terms among the

most prevalent network functions listed.

In order to confirm the sequencing results, the change in the protein expression of important
regulators was determined by Western blot analysis for TP53, ErbB2, Sp1, and STAT3 (Figure
16). The protein expression (Western blot results) correlated with pathway analysis results. The
protein expression of TP53 was found to be increased with Cu-TA treatment while there was a

downregulation in ErbB2, Sp1, and STAT3.

A closer look at a selected network: Since, we observed induction of apoptosis and inhibition
of anti-apoptotic markers with Cu-TA treatment, we selected network #7 (Figure 17) which
has several such markers for further observation to see the changes in the molecules involved
in the network. Among the molecules affected are survivin (BIRC5), PARP, and caspase. The
up-regulated markers were colored in green and the down-regulated markers in red. The

changes observed in these molecules further confirm the activation apoptosis.
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Top associated molecular and cellular functions affected: Several molecular and cellular
functions in the PaCa cells were influenced with the treatment. The top 4 functions are: cell
death and survival, cellular development, cell growth and proliferation, and cellular movement.
Table 4 shows this list alongside their corresponding p-values. The number of molecules

affected (#Molecules) is also shown and is out of the 436 genes put into the IPA software.

Confirmation of selected genes via gPCR: The HTG sequencing results gave a number of
differentially expressed genes. Among them were CENPF, DDIT3 and SKP2; all of which
were included in the list of genes submitted for expression analysis by IPA. CENPF is a
component of the centromere-kinetochore complex and aids in chromosomal segregation
during cell cycle progression. Overexpression of CENPF has been found to contribute to
pathogenesis in a number of cancers [47]. DDIT3 is a transcription factor involved with
activation of apoptosis during stress caused to the endoplasmic reticulum [48]. SKP2 is one of
the proteins that comprise the Skpl—Cullin1-F-box (SCF) E3 ligase complex involved with
targeting molecules for degradation to transition into S-phase in the cell cycle [49]. A high
expression of SKP2 is associated with metastasis and poor prognosis in PaCa patients [50].
These three genes were selected because of their involvement in apoptosis and cell cycle in
cancer progression. Additionally, ‘cell cycle’ and ‘cell death’ were reoccurring networks in the
list of Top Networks (Table 2). CENPF, DDIT3 and SKP2 were probed for qPCR analysis in
MIA PaCa-2 cells treated with Cu-TA and these results were then compared to our previous
pathway analysis study using TA’s 1Cso value [27] (Figure 18A&B). Both TA and Cu-TA
treatments had a similar trend in results: CENPF and SKP2 were found to be significantly
downregulated and DDIT3 was found to be upregulated. However, Cu-TA had a considerably

greater increase in DDIT3 than TA, about 20-fold greater.
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DISCUSSION

PaCa is a lethal malignancy with a low 5-year survival rate. Patients are typically diagnosed
once the cancer is advanced and metastatic, making them ineligible for surgery [6, 51]. Since
this malignancy is usually at advanced state at the time of diagnosis, chemotherapy and
radiation are not effective. Thus, PaCa urgently requires more successful and sensitizing agents
for treatment. Our laboratory and others have shown the potential of the small molecule TA as
an anti-cancer agent for a variety of different malignancies, including PaCa. Recently, we
demonstrated that when TA is prepared as Cu-TA, it results in enhanced activity against PaCa
cell growth when compared to TA. We also showed that Cu-TA was stable both in physical
state (structure) and anti-cancer activity for up to 1 year and not toxic to non-malignant
(cardiomyocytes) cells. In this aim, we used NGS to assess differentially expressed genes with

Cu-TA in PaCa cells and then used IPA analysis to understand their functional significance.

Pathway analysis revealed 18 networks associated with Cu-TA treatment in PaCa cells. There
were a large number of overlapping networks and molecular/cellular functions, showing that
these networks are interdependent. The more networks that are interconnected suggests that the
genes and genes’ functions are biologically significant. Thus, since cell cycle, cell death and
cancer were reoccurring network functions, this indicates that they are important biological
processes to Cu-TA treatment. The top up-stream regulators revealed molecules responsible
for the genetic alterations involved with Cu-TA treatment. Among these regulators were TP53,
ErbB2, Spl, and STAT3. TP53 encodes the tumor suppressor protein p53, which is involved
with various processes including induction of cell cycle and apoptosis and DNA repair [52].
Mutated TP53 is one of the most common mutations found in human cancers, including
pancreatic [53]. The MIA PaCa-2 cell line used in this study also has a mutation in TP53,

affecting its activity [54]. Studies testing anti-cancer agents in MIA PaCa-2 cells have seen an

Chapter-V Page | 69



upregulation in TP53 expression with treatment and established this increase in expression also
increased its activity [55, 56]. One study in particular demonstrated that p53 was modified at a
residue located in its sequence-specific DNA binding domain after treatment, and this increased
the protein’s stability and activity [57]. Activation of the previously mutated p53 protein could
potentially be occurring with Cu-TA treatment as well, thus, restoring its tumor suppressor
function. ErbB2 is part of the epidermal growth factor receptor family and acts as a co-receptor
with other receptor family members [58]. Upon dimerization and activation, ErbB2 regulates
processes such as proliferation and migration [59]. ErbB2 overexpression has been found in
PaCa and this expression results in a poorer prognosis [60, 61]. As previously mentioned, Sp1
is a transcription factor found to be overexpressed and contribute to the progression of PaCa
[26, 28]. STATS3 is a transcription factor responsible for regulating several genes involving cell
proliferation, survival, apoptosis, and invasion [62]. STAT3 has been found to be constitutively
active in several malignancies, including PaCa [63, 64]. Hyperactivation of STAT3 contributes
to tumor progression and resistance to treatment [65, 66]. Thus, these four regulators were
selected for confirmation because of their involvement in PaCa. ErbB2, Sp1, and STAT3 were
all found to be downregulated with Cu-TA treatment. Because these proteins are found to be
overexpressed in PaCa and contribute to proliferation, their downregulation may be partially
responsible for the anti-proliferative effect seen with Cu-TA. Moreover, the selected Network
#7 (Figure 17) is also significant as survivin (BIRC5), PARP, and effector caspases are affected
by Spl and STAT3. Survivin transcription is regulated both by Sp1 and STAT3 [30, 67]. PARP
is a DNA repair protein that becomes cleaved and, thus, inactivated by effector caspases during
apoptosis [68]. Thus, the downregulation seen with Spl and STAT3 can perhaps induce
apoptosis by decreasing survivin (inhibitor of apoptosis protein) expression to allow caspase

cleavage to occur, also resulting in cleaved PARP. Western blot results corroborate the pathway
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analysis and HTG sequencing findings and demonstrate that these regulators are the ones

largely involved with Cu-TA treatment in PaCa cells.

Additionally, the top 4 molecular and cellular functions affected included cell death and
survival, cellular development, cell growth and proliferation, and cellular movement. This
further demonstrates Cu-TA’s potential as an anti-cancer agent, as it targets the biological
functions needed for an anti-tumor effect. This also correlates with the top regulators
confirming their involvement with cell growth, migration, apoptosis, survival, and cell cycle.
The genes selected for confirmation by qPCR were chosen because of their functional
significance, their involvement in cell cycle and apoptosis, and to compare to previous results
with TA. In an earlier study, we performed molecular profiling delineating the pathway
analysis identifying the altered gene expression and associated pathways induced by TA in
MIA PaCa-2 cells [27]. While, 50 uM dose was used for TA treatment, only 29 uM dose was
used for Cu-TA suggesting that Cu-TA is effective even at low doses. The confirmation qPCR
results done in this study had a similar trend to our previous study for TA (upregulation for
CENPF and SKP2, downregulation for DDIT3). This suggests that TA and Cu-TA are perhaps
working in a similar mechanism affecting cell cycle and apoptosis genes. However, there was
an enhanced effect seen with SKP2 and especially DDIT3 upon Cu-TA treatment. Cu-TA had
a 20-fold change in upregulating DDIT3 compared to TA. Therefore, qPCR results also
demonstrate that Cu-TA has an enhanced effect and at lower doses than TA. DDIT3
upregulation, having the most predominant increase compared to CENPF and SKP2, suggests

that Cu-TA is most likely affecting apoptotic pathways in MIA PaCa-2 cells.

These next-generation sequencing (NGS) and pathway analysis results provides an insight on

the myriad of different networks, pathways, and biological and molecular functions that are
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affected in Cu-TA treated PaCa cells. Cell death and survival, cellular growth and proliferation,
and cellular movement are all affected functions in PaCa cells, which are important for cancer
cells to progress and metastasize. As presented in the schematic (Figure 19), the overall
analyses of all results (sequencing, qPCR and Western blot) demonstrate the effect of Cu-TA
on molecular markers involved in critical cellular and biological processes that are associated
with cell survival (downregulation; red color) or apoptosis (upregulation; green color). These
results along with our previous studies further confirm Cu-TA’s potential as an anti-tumor
agent for PaCa. Furthermore, these results are also beneficial for a better comprehension on

pancreatic tumor biology and perhaps novel potential therapeutic targets for PaCa.

FIGURES

NGS Platform
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Figure 13. Overview of RNA Sequencing Assay. 1) PaCa cells were treated with either
DMSO (control) or Cu-TA for 48 h. 2) Cells were then collected and HTG Molecular Lysis
Buffer (MLB) was added and mixed. 3) Samples were heated for 15 min at 95°C. Samples
were then kept on dry ice and shipped to HTG Molecular Diagnostics. The HTG EdgeSeq
Oncology Biomarker Panel was selected to look at Cu-TA’s effect on tumor biology markers.
4) Protection probes (PP) were added to samples and allowed to hybridize to their target
mRNA. 5) S1 nuclease was added to remove excess PPs and unhybridized mRNA, leaving PPs
with their target RNA in a 1:1 ratio. 6) Primers and tags were then added to amplify the
remaining probes by PCR. Lastly, the products were quantitated and an NGS platform was

used to make a sequencing library.
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# Top Networks Score
Cell Morphology, Cellular Movement, Nervous System
1 Development and Function 35
2 Cancer, Hematological Disease, Immunological Disease 35
Cell Cycle, Cell Death and Survival, DNA Replication,
3 Recombination, and Repair 33
Cell Death and Survival, Cancer, Organismal Injury and
4 IAbnormalities 31
Cell Death and Survival, Cancer, Organismal Injury and
5 Abnormalities 30
6 Infectious Diseases, Cell Death and Survival, Cancer 30
7 Cell Cycle, Cell Death and Survival, Cancer 30
Immunological Disease, Cancer, Organismal Injury and
8 IAbnormalities 28
9 Cell Cycle, Cancer, Organismal Injury and Abnormalities 26
Dermatological Diseases and Conditions, Organismal Injury and
10 IAbnormalities, Digestive System Development and Function 26
Endocrine System Disorders, Gastrointestinal Disease,
11 Metabolic Disease 26
12 Cancer, Hematological Disease, Organismal Injury and
Abnormalities 26
13 Cardiovascular System Development and Function, Cell Cycle,
Cell Morphology 24
14 Cellular Assembly and Organization, Cellular Function and
Maintenance, Nervous System Development and Function 18
15
Cancer, Hematological Disease, Immunological Disease 15
16 Cell Death and Survival, Inflammatory Disease, Inflammatory
Response 15
17 Cellular Movement, Cellular Development, Cellular Growth and
Proliferation 13
18 Cardiac Arteriopathy, Cardiovascular Disease, Organismal
Injury and Abnormalities 9

Table 2. Top Networks: ID Associated Network Functions. Gene expression correlation

with the top networks affected after 48 h of Cu-TA treatment in PaCa cells. The score indicates

how many molecules are affected.
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Figure 14. Overlapping networks. Out of the 18 networks affected, 16 are displayed in this

figure. There are 3 groups of networks and within each group they have overlapping genes and

thus, functions.
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Figure 15. Merged Networks (Core of #1 Overlapping Networks). 16 networks were found

to have overlapping genes. This shows the core of #1 overlapping networks, 12 networks (2,

3,4,6,7,9,10, 11, 13, 14, 15, 16).
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# Upstream Regulators | p-value of overlap
1 TP53 1.26E-39
2 TNF 1.98E-35
3 ERBB2 8.76E-30
4 TGFB1 5.86E-28
5 SP1 5.64E-25
6 TP63 3.9E-23
7 RELA 9.06E-23
8 NFKB (complex) 2.45E-21
9 AR 1.12E-20
10 STAT3 5.89E-20

Table 3. Top Upstream Regulators. A list of the top upstream regulators involved with the
genetic alterations induced by Cu-TA 48 h post-treatment. They are all found to be statistically

significant and the p-value is < 0.001.
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Figure 16. Top Regulators affected by Cu-TA treatment. MIA PaCa-2 cells were treated
with DMSO (control) or Cu-TA (29 uM) for 48 h. Cell lysates were prepared and then protein
expression of TP53, ErbB2, Sp1, and STAT3 was then determined by Western blot analysis.

B-actin as used as a loading control.
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Figure 17. Selected network for further analysis #7. Network #7 was selected to show the

molecules involved in this particular network. The molecules in green represents a

downregulation while red signifies an up-regulation. The intensity of the color correlates to the

amount of down or up-regulation.
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Name p-value #Molecules

Cell Death and Survival 1.69E-11 - 6.03E-82 261
Cellular Development 3.72E-11 - 3.67E-64 220
Cellular Growth and Proliferation| 3.72E-11-3.67E-11 232
Cellular Movement 2.20E-11-1.77E-44 165

Table 4. Top diseases and bio functions: Molecular and cellular functions. The top 4
biological functions altered by Cu-TA treatment are given. #Molecules indicates how many

molecules in that biological function are affected. The p-value is < 0.001.
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Comparison of TA and Cu-TA

Gene | TA(50 uM) | Cu-TA (29 pM)

CENPF -4.1 -3.0
DDIT3 2.4 23.39
SKP2 -2.1 -2.41

Figure 18. mRNA level fold change of selected genes by TA or Cu-TA treatment. (A) MIA
PaCa-2 cells were treated with DMSO (control) or Cu-TA (29 uM) for 48 h. mRNA expression
levels of CENPF, DDIT3 and SKP2 were then probed for while GAPDH was used as a loading
control. Data shown gives the fold change of genes normalized to the control. All treatments
were done in triplicate, and the bars marked with “*’ are significantly different from
corresponding control (p < 0.05). (B) This data was then compared to our results from a

previous pathway analysis study using TA’s I1Cso value.
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Figure 19. Schematic diagram illustrating Cu-TA’s biological targets in MIA PaCa-2

cells. The schematic diagram showing Cu-TA’s mechanism of action is based on the Ingenuity
Pathway Analysis, Western blot and qPCR results. Targets are outlined in a shape given in the
legend while cellular and biological processes are given in bold. Text in red indicates

upregulation while green indicates downregulation.
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CHAPTER - VI

SUMMARY AND FUTURE PERSPECTIVES

SUMMARY

Despite medical advancements, PaCa unfortunately still remains a lethal malignancy. Patients
are typically diagnosed once the cancer is advanced and metastatic, making them ineligible for
surgery [1, 2]. The cancer is usually aggressive at the time of diagnosis, so chemo and radiation
offer little benefit. Therefore, PaCa urgently requires more effective and sensitizing agents for
treatment. Two targets of interest for PaCa have been transcription factors Sp1 and Sp3. Both
Spl and Sp3 are involved with regulating cell proliferation, differentiation and apoptosis [3].
Their overexpression has been found to contribute to the progression, advancement, and poor
prognosis of many types of cancers, including pancreatic [4-6]. Survivin, an inhibitor of
apoptosis protein is known to be regulated by both of these Sp proteins [7]. Survivin is highly
expressed during fetal development, but in adult cells its expression is marginal [8]. Survivin
has also been found to be overexpressed in various tumor types and adds to the cancer’s
resistance to cytotoxic therapies [9, 10]. For these reasons, Spl, Sp3, and survivin have been
targets of interest for PaCa and researchers have becoming interested in finding drugs that
inhibit their expression. Consequently, the small molecule TA has been gaining popularity for
its anti-cancer properties such as inhibition of cell growth and induction of apoptosis in various
tumor models [11-14]. TA has been shown to work by downregulation of Sp proteins and
survivin [15, 16]. TA has also been demonstrated to sensitize PaCa cells to radiation treatment

[17].
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Although the results seen with TA thus far seem promising, its ICso value is slightly high. Thus,
we began investigating a derivative of TA (Cu-TA) in an effort to enhance its activity in PaCa
cells (MIA PaCa-2 and Pancl). In this dissertation, Cu-TA was found to have an anti-
proliferative effect in PaCa cells and its ICso value was half that of TA’s. Characterization and
activity testing of Cu-TA demonstrated its stability (up to 12 months) and intact biological
(anti-proliferative) activity. Importantly, treatment of Cu-TA on cardiomyocytes did not cause
cytotoxicity. This is significant since NSAIDs can potentially cause cardiotoxicity. Cu-TA also
downregulates expression of Sp proteins and survivin and the molecular markers involved with
PaCa growth and progression. Additionally, Cu-TA induces apoptosis and cell cycle arrest in
PaCa. Finally, RNA sequencing and subsequent pathway analysis of treatment revealed Cu-

TA affects pathways involved with cancer progression and metastasis.

After the completion of the specific aims in this study and conducting a through literature
review, it seems that multiple additional mechanisms could be associated with the anti-tumoral
response seen with Cu-TA (Figure 19). Cu possesses pro-oxidant activity and induces reactive
oxygen species, which leads to cytotoxicity [18]. Cu (II) ions are known to cause cytotoxicity
in cancer cells by interfering with iron-sulfur clusters in proteins and conformational changes
in metallo-proteins by displacing metals such as Zinc [19-21]. Copper(Il) complexes with the
ligands such as bis(thiosemicarbazone) were tested in several cancer models [22-24], while
Cull(gtsm) [glyoxalbis(N4methylthiosemicarbazonato)Cull] was very effective at reducing
cancer burden and lesion grade in an animal model (TRAMP) for prostate cancer [18]. Zhang
et al. demonstrated that Cu (II) complexes (3-indolecarboxylic acid) target the 20S proteasome
at the B5 subunit and cause the deactivation of the proteasome in cancer cells as well as anti-
cancer activity [25]. Cu(Il)-containing species are believed to act as anti-inflammatory agents

[23, 26-28] by modulating the synthesis of prostaglandins [29-31]. TA is known to inhibit Sp1,
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Sp3 and survivin, and these properties may be either retained or even improved when
complexed with Cu (Cu-TA). These proteins participate in multiple vital functions including
the activities that can impact apoptosis and/or cell cycle arrest. Cu(Il)-containing products can
also exhibit immunomodulatory responses that affect the expression of cytokines (e.g.,
interleukin IL-2) [32]. Thus, the addition of Cu enhances the cytotoxic activity of TA against

cancer cells.

FUTURE DIRECTIONS

The ultimate goal of investigating Cu-TA would be to use this alongside standard treatment
care to perhaps sensitize the cancer cells. Therefore, allowing the patients to receive less chemo
and radiation for less side effects without compromising therapeutic activity. Future studies
would include combination experiments; Cu-TA with chemotherapy or radiation. If Cu-TA is
a successful sensitizing agent, then it would have a synergistic or additive effect with standard
treatment. The Cu-TA’s pathway analysis results could potentially be used to help identify the
best suited chemotherapy agent to use in the combination experiments. The next steps to
strengthen these studies would then be to repeat these experiments using patient-derived (PDx)
cells and xenograft model. Many studies seem to be successful in preclinical studies, but once
they reach translational testing they are often ineffective [33]. Using a PDx model can help
address this issue as it provides a more reliable tumor model [34, 35]. Previously, we have
shown that TA is effective in inducing apoptosis in PaCa cells as well as diminishing tumor
size and growth in a mouse model [36]. We also measured the mice body weights, examined
vital organs, performed a histopathology and found that there was no apparent toxicity [36].
Conducting similar studies with this new compound will enable us to further evaluate Cu-TA’s
effectiveness as an anti-cancer agent and any potential toxicity. The long-term goal of these

studies would be to shift into clinical testing.
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Figure 20. Additional potential mechanisms that may cause the anti-cancer activity of
Cu-TA: Exploring the published work on Cu(II)-containing products in cancer, it is postulated
that multiple mechanisms could be associated with the anti-cancer activity of Cu-TA. For
example, induction of Reactive Oxygen Species (ROS), chelating effect disrupting the DNA-
binding, immunomodulation (eg., cytokines) can induce apoptosis. Inhibition of Sp1, Sp3 and
survivin can cause both induction of apoptosis and cell cycle arrest, while the direct/in-direct
effect on cyclins and/or cyclin-dependent kinases can lead to cell cycle arrest ultimately leading

to cell death or growth inhibition.
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ALL 18 NETWORKS ASSOCIATED WITH CU-TA’S ANTI-CANCER ACTIVITY
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Network 9. Cell Cycle, Cancer, Organismal Injury and Abnormalities.
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Network 15. Cancer, Hematological Disease, Immunological Disease.
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Network 16. Cell Death and Survival, Inflammatory Disease, Inflammatory Response.
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