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Abstract

Cancer is one of the major causes of death in the United States resulting in over
20% of annual deaths. Over the last decade the interest of natural products derived from
medicinal plants as potential sources of new anti-cancer drugs has increased greatly.
Now, the critical role of medicinal plants through the discovery of their ‘mechanisms of
action’ is being widely recognized in the biomedical and pharmaceutical industry.
Podophyllotoxin has been extensively used as a lead agent in the development of new
anticancer drugs. This study focused on the screening of several podophyllotoxin
analogues to determine their effects on cell viability, the induction of apoptosis and cell
cycle control on A549, MCF7, Jurkat, MDA-MB-231, and SK-Mel-21 cells.

Several of the podophyllotoxin analogues, such as compounds 5.2 were shown to
have a potent effect on cell viability, especially on Jurkat T cell Leukemia cells. When
tested to observe their effects on cell cycle control and on the induction of apoptosis in
Jurkat cells, the podophyllotoxin analogues were shown to be able induce necrosis and
apoptosis as well as arresting cell growth in G2/M in a manner similar to

Podophyllotoxin.
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Chapter 1. Introduction

Cancer is a global health issue which affects not only patients but their families
and loved ones as well (1,2). The current treatment modalities include surgery, radiation,
and chemotherapy, with the latter two often having long term negative impacts on the
patients’ quality of life (3). The toxic side effects of many chemotherapeutic drugs have
led to an increased interest in the practice of traditional and herbal medicine by many
cancer patients. However, many of these traditional remedies derived from natural
products, often lack scientific evidence and may be even more harmful than the existing
therapies. Nevertheless, it should be noted that medicinal plants used in herbal medicine
have proven to be excellent sources for the discovery of novel active or important lead
components (4).

The potential of using natural products is recognized by the National Cancer
Institute (NCI). In 1992 the NCI developed The Natural Products Open Repository
Program to screen natural products as potential anti-cancer agents. Eventually the
success of the program as well as the need to develop new and more effective drugs has
led to the program to cover all human diseases. As such, medicinal plant research offers
not only the identification of new components that allow for further development and
structure optimization into useful pharmaceutics needed for improvement of existing
therapeutic strategies, but may also contribute to our natural products and
natural/traditional medicine knowledge to fulfill the present and future health needs in

alternative and complementary medicine (5). This is true even more so for anticancer



drugs, of which, over the last 60 years, about 70% of the new drugs were developed using

natural products (Fig. 1) (6).
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Figure 1. Natural Products as a New Source of Drugs Over 60 Years. The number of
synthetic (orange bars) and drugs derived from natural products (blue bars) approved per
year by the FDA over the last 60 years.

This study was centered on the screening of several podophyllotoxin analogues
for their anticancer potential (Figure 2). Initially, these analogues were screened to
determine their effect on cell viability, in order to derive an (ICso) value. This value
represents the concentrations of each compound, required for 50% inhibition in vitro or
leaving a minimum of 50% the cells viable (Figure 3A). Analogues which did exhibit an
effect on cell viability, those of which we were able to derive an ICso, were further tested
to determine their effect on apoptosis and cell cycle control (Figure 3BC). Alternately,
analogues which did not have an ICso will later be tested for their effect on metastasis

(figure 3D).
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Figure 2. Podophyllotoxin Analogues. The structure of the podophyllotoxin analogues.

Apoptosis

Figure 3. Research Goals and Objectives. The Podophyllotoxin analogues (grey) were
initially tested to determine their effect on cell viability (A). The compounds which were
shown to have cytotoxin properties were then further tested to determine their effect on
apoptosis (B) and their effects on Cell Growth (C). Compounds which did not have a marked
effect on cell viability will further be tested to determine their effect on metastasis (D).

1.1 Cancer

1.1.1 Introduction
Cancer is generally categorized by the uncontrolled and rapid proliferation of

abnormal cells. However, the ultimate underlying cause which leads to the development
of cancer is not fully understood. The somatic theory of cancer proposes that mutations
which lead to the development of oncogenes and inhibit tumor-suppression genes lead to
the development of cancer (10) (Fig. 4). The activated oncogenes result in rapid cell

proliferation while the lack of tumor suppression genes inhibits apoptosis and the arrest
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of growth during the cell cycle (11 ,12). The stem cell theory of cancer takes a slightly
different approach when describing changes in DNA that lead to mutations (Fig 4). This
theory considers changes in DNA which do not consist of mutations in DNA (epigenetic
modifications, physiological, pathological and environmental factors) but still result in a
change in gene expression. As a stem cell undergoes cell division, it accumulates changes

in DNA which result in carcinogenesis (13,14).
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Figure 2. Stem Cell and Somatic Theories of Cancer Development.

Regardless of etiology, the hallmarks of cancer remain generally the same. These
10 hallmarks, proposed by Hanahan et al., in 2010 and then updated in 2011, comprise
the biological traits which describe the processes of carcinogenesis and metastasis (15).
The first six hallmarks describe tumor development and include the (i) stimulation of
growth through sustaining proliferative signaling, (i1) insensitivity to inhibitory signals
that would inhibit growth and (iii) to signals which would induce apoptosis, (iv) the

indefinite proliferation resulting in replicative immortality, (v) the stimulation of growth



of blood vessels to supply nutrients to tumors (angiogenesis), and finally, (vi) the
possible invasion of local tissues and metastasis to other locations.

The acquisition of these hallmarks by aberrant cells is due, in part, to the cells
genetic instability caused by the multiple mutations which initiate and drive
tumorigenesis, as well as by the local chronic inflammation associated with multiple
forms of cancer (16, 17,18). Finally, the last four hallmarks, describe how cancer cells to
evade detection by the immune system and the altered metabolic pathways used by

several forms of cancer (19).

1.1.2 Cell Death
Cell death is a critical and constant process which maintains the homeostatic

balance of tissues, through the removal of aberrant and damaged cells. This irreversible
loss of vital cellular functions and the disruption of cellular integrity and generally
manifests in three distinct forms: Autophagy, Necrosis, and Apoptosis, each of which is
characterized by lethal morphologic and physiological changes (21,22,23). Autophagy is
the result of cytoplasmic vacuolization which results in phagocytic uptake and
subsequent lysosomal degradations. While autophagy is an active catabolic process in
response to stress, it seems to accompany rather than initiate cell death, since the
initiation of the autophagy pathway represents a cells inability to overcome stress, and
may accompany either apoptosis or necrosis, which are mutually exclusive.

Apoptosis is characterized by the condensation of DNA (pyknosis), cellular
shrinking, the fragmentation of the nucleus (karyorrhexis), and the formation of apoptotic
bodies (24,25). There are two pathways in which apoptosis is triggered, The intrinsic

(mitochondrial) pathway and the extrinsic (death receptor) pathway (26,27). Both



pathways culminate in the activation of caspases and the degradation of the apoptotic
cell. Caspases are cysteine proteases, which are responsible for the morphological
change’s characteristic of apoptosis (28). Both pathways activate initiator caspases which
in turn activate executioner caspases which systematically degrade proteins and
ultimately induce apoptosis (29).

In response to damaged DNA, intracellular stress, or errors in cell developments,
The intrinsic pathway is activated through the permeabilization of the mitochondria and
subsequent release of cytochrome c into the cytoplasm (30). Cytochrome c induces the
assembly of apoptosome which initiates activation of the caspase cascade (31). The
extrinsic pathway however is initiated through the binding of extracellular ligands to cell
surface receptors through the binding of the Tumor Necrosis Factors (TNF) or Fas-Fas
ligand mediated binding to the Tumor Necrosis Factor Receptors (TNFR) (32)

Necrosis, however, would best be defined the loss of membrane integrity like
apoptosis, without pyknosis, cellular shrinking, karyorrhexis, as well as phagocytic
uptake, like autophagy, without extensive vacuolization (33). Necrosis is mainly a
consequence of factors external of the cell such as exposure to toxins, infection, or
physical trauma. Although necrosis can occur as a consequence of irreparable damage to
the cell, necrosis can also be actively induced (34, 35). This form of active cell death,
necroptosis, is triggered by through signaling cascades which all converge on the
activation of Receptor Interacting Protein kinase 3 (RIP3).

In contrast, apoptosis is a naturally occurring programmed and targeted cause of
cellular death. While apoptosis often provides beneficial effects to the organism, necrosis

is almost always detrimental and can be fatal. Cellular death due to necrosis does not



follow the apoptotic signal transduction pathway, but rather various receptors are
activated, and result in the loss of cell membrane integrity and an uncontrolled release of
products of cell death into the extracellular space.

However, unlike in apoptosis, necrosis and necroptosis do not involve the
activation of caspases. Also, unlike apoptosis in which the apoptotic cell forms
membrane blebs and fragments into apoptotic bodies where cellular contents are stored
for phagocytosis, necrotic cell death result in the loss of membrane integrity and the

release of a cells contents into the extracellular space.

1.1.3 Cell Cycle Control
The cell cycle is a series of events through which a cell is able to replicate its

genome, grow and divide (36). The cell cycle is divided into four distinct phases, with
each phase occurring sequentially and in a single direction (Fig 5). Briefly cells first
undergo an initial period of growth (G1) where several macromolecules needed for
growth and division are synthesized (37). This initial growth phase is then followed by a
period of DNA synthesis (S) (38). Following another period of growth (G2), cells are
able to undergo mitosis (M) (39). The M phase is characterized by two coupled
processes: mitosis itself, in which the nucleus is divided, and cytokinesis, where the
cytoplasm is divided to form two daughter cells. The first three phases, G1, S, and, G2
are collectively known as interphase, while M phase itself is the process where cell
growth stops, and division occurs. However, nondividing cells exit the cell cycle at

G1 and enter a “resting phase” or a state of quiescence (GO).
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Figure 3. Hallmarks of Cancer.
Adopted from Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of Cancer: The Next Generation. Cell, 144(5), 646—674.
https://doi.org/10.1016/j.cell.2011.02.013

In order to prevent uncontrolled cell division of aberrant or damaged cells, the cell
cycle is tightly controlled through key checkpoints whose requirements must be met in
order to proceed through the cell cycle (40). The main mechanism through which these
checkpoints are regulated are through the actions of cyclin-dependent kinases (CDKs)
which bind to another class of regulatory proteins known as cyclins (41). It is through the
binding and activation of specific cyclin-CDK complexes that allow passage through

checkpoints and the continuation of the cell cycle.



The three main checkpoints of the cell cycle are G1/S, G2/M and the Metaphase
checkpoint. It is during the G1/S checkpoint that the cell becomes committed to entering
the cell cycle (42). It is through this rate limiting step that the cell either continues onto S
phase or enters a quiescent state and stays in GO. If the cell has damaged DNA or lacks
the cellular machinery needed to continue with growth or DNA synthesis, it is arrested at
G1. However, if the cell is normal and there is proper cyclin-CDK activation, the cell
continues through S phase. Following DNA replication during S phase, the cell
undergoes another round of growth. It is here that the G2/M checkpoint ensures that there
is not damage to the cell’s DNA, as well as ensuring that all mitotic proteins are present.
Like the G1/S checkpoint, there needs to be appropriate cyclin-CDK binding and
activation in order to proceed to metaphase (43). Then, once the cell has entered M phase,
it has become committed to mitosis. While the metaphase checkpoint may be considered
a minor checkpoint, the cell needs to ensure that the mitotic spindle has formed properly,
the chromosomes are aligned, and that there is bipolar tension in order to continue to
anaphase. If at any point during the cell cycle that the requirements are not met in order
to enter into the next phase, the cell becomes arrested in its current state. It is the
disruption or evasion of these checkpoints, as well as the evasion of apoptosis and

necrosis which leads to tumor formation and eventually metastasis.

1.1.4 Metastasis
While the development and uncontrolled growth of cancer is difficult to manage, it is

not the most lethal aspect of cancer. There seems to be less consensus in the stages in
which cancer metastasizes with most of the disagreement centered around whether a

cancerous cell may disseminate before forming a primary tumor (44, 45).



However, for this study, the metastatic cascade will be characterized into three
general phases (Fig. 6). Generally, a tumor can be described as malignant or benign. A
benign tumor is generally smaller, slow growing, well differentiated, and localized,
whereas a malignant tumor is larger poorly differentiated, fast growing and able to invade
local tissues and metastasize to other areas of the body.

This metastatic process begins with the detachment of a cancer cell from the primary
tumor site, invasion of the surrounding tissues and vasculature, and ending with the
formation of a secondary tumor at the metastatic site. Following angiogenesis and tumor
formation, a cancer cell develops an invasive phenotype which allows it to detach from
the primary tumor. Following its detachment, the cell invades the surrounding tissues.
Then as it interacts with the surrounding extracellular matrix the renegade cell migrates
towards a blood or lymph vessel to be transported to other unaffected areas. As it
circulates, the cell escapes circulation and invades the nearby tissue. Finally, it migrates
through the extracellular matrix where it eventually becomes arrested at the metastatic
site. Here the cell begins to proliferate, stimulate angiogenesis, and exhibit the same

hallmarks as the primary tumor.
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Figure 4. The Metastatic Cascade

1.2 Podophyllotoxin

1.2.1 Introduction
Natural products have been used throughout human history to treat a multitude of

ailments. According to the World Health Organization (WHO) the use of traditional and
folk medicine, which is are largely based around natural products and medicinal plants, is
estimated to be used by 65% of the world’s population as their primary form of health
care (1). This is due to the fact that natural products can be thought of as having been
evolutionarily formed into privileged structures (46). That is, compounds which have
been selected and developed to exhibit a wide range of biological activities. It is due to
this intrinsic value of natural products which has helped them become a major source of

new leads for the development of novel drugs, especially for anticancer treatments.
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One such natural product is podophyllotoxin, a natural product derived from the
rhizomes of the Podophyllum genus of plants. Several drugs, especially antitumor drugs,
have been derived from podophyllotoxin (47). Podophyllotoxin itself inhibits tubulin
polymerization and therefore prevent cytokinesis (48,49). Furthermore, podophyllotoxin
and several of its more well-known derivatives, such as etoposide, have also been shown
to bind and destabilize DNA, inhibit the activation of topoisomerase II, and induce
apoptosis.

1.2.2 Podophyllotoxin: Phytochemistry & Toxicology
Podophyllotoxin is a lignan isolated from the rhizomes of the Podophyllum genus

of plants. Lignans, a family of natural products formed as a secondary metabolite in
plants, have and been shown to have a multitude of biological properties (50). For over a
millennium, lignan containing plants have been used as folk remedies in the East to treat
a variety of ailments. More recently however, Podophyllotoxin has been shown to be
competent antiviral agent, in the treatment of rubeola and type I herpes (51). In fact, as a
topical ointment podophyllotoxin has been shown to be effective in the treatment of
genital warts, as well as having fewer side effects than other treatment modalities (52).
Several fields of research have been established around studying and developing
new drugs from lignans, such as podophyllotoxin, due to their efficacy as cytotoxic and
antimitotic agents. However, it is Podophyllotoxins anticancer properties which are of
interest to this study. Our collaborators have shown that Podophyllotoxin and several
analogues has anti-neoplastic properties as well as being able to induce apoptosis (49).
Indeed, they have shown that Podophyllotoxin itself disrupts microtubule polymerization

and induces cell cycle arrest during mitosis (Fig. 7).
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E. Shuster; Snezna Rogelj; Willem A. L. van Otterlo; Alemander Komienko; J Med Chem 2011, 54,
4234-4245

Figure 5. Microtubule organization in interphase and mitotic HeLa cells treated with
Podophylotoxin

Microtubule organization in interphase and mitotic HeLa cells treated with

indicated agents at 5 nM: microtubules (green), the kinetochore marker
Hecl (red) and Hoechst 33342 (blue). Scalebars, 10 um.

Chapter 2. Materials and Methods

2.1 Podophyllotoxin Analogues
Podophyllotoxin analogues were provided in collaboration by Willem van Otterlo

(Stellenbosch University Stellenbosch, Western Cape, South Africa) and Alexander

Kornienko (Texas State University, San Marcos, TX).

2.2 Cell culture
MCF7 (ATCC® HTB-22TM), A549 (ATCC® CCL-185), SK-MEL-28 (ATCC®

HTB-68), and MDA-MB-231 (ATCC® HTB-26) (ATCC, Manassas, VA ) cells were
grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS), 100 IU/ml penicillin, 100 pg/ml streptomycin and 1.0 mM

13



sodium pyruvate. Jurkat (ATCC® TIB-152, E6-1 clone) cells were cultured in full RPMI-
1640 supplemented with 10% (v/v) FBS, 100 IU/ml penicillin, 100 pg/ml streptomycin
and 0.01 mg/ml bovine insulin (Thermo Fisher Scientific, Waltham, MA). All cell lines
were maintained on tissue culture plastic substrate and kept at 37°C in a humidified

atmosphere containing 5-10% CO..

2.3 Assay for cell viability
Cell viability was tested in accordance with Romijn et al. Briefly, mitochondrial

dehydrogenase activities were measured by an MTT reagent. Cells were seeded in 96-
well plates at an initial density of 1.5x10* cells in 100 ul culture medium. After overnight
incubation, cells were treated with the analogues with a range of concentrations to
determine IC 50 values. After 48 hr, 100 pl of medium was removed prior to the addition
of 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide reagent (MTT) (Sigma
Aldrich, St. Louis, MO). The formed formazan crystals were then dissolved in 200 ul
dimethyl sulfoxide (DMSO) (Thermo Fischer Scientific). At least three independent
experiments were completed to determine the mean absorbance referring to cell viability,
using a Cytation™ 3 Cell Imaging Multi-mode reader with GenS5 software (BioTek
Instruments, Inc., Winooski, VT, USA) and were expressed in percentage as compared to

DMSO-treated control cells. In each experiment, eight wells were used per condition.

2.4 Cell Counting
Jurkat cells were seeded in 25-cm? culture flasks at an initial density of

~1.5x10° cells in 5 ml culture medium and were treated with the analogues with
concentrations at their respective ICso values. The cells were allowed to grow for 48 hr,
then harvested using trypsin/EDTA (Invitrogen, Carlsbad, CA) and counted with a

TC20™ automated cell counter (Bio-Rad Laboratories, Hercules, CA) using Trypan Blue
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dye solution (Thermo Fischer Scientific). Three independent experiments were performed
to determine the mean value, which is presented as a percentage compared to the DMSO-

treated controls.

2.5 Flow cytometric analysis.
Due to their sensitivity to the podophyllotoxin analogues as well as their ease of

use and analysis due to their nonadherent phenotype, Jurkat cells were used as the model
for the induction of apoptosis and cell cycle control. The cells were treated for 48 hr with
the analogues at their respective ICso values and were then washed with cold PBS. For
the detection of apoptosis, cells were stained with an Annexin V/7-AAD kit (Beckman
Coulter, Miami, FL, USA) using the manufacturer's protocol.

In brief, cells were incubated with Annexin V and 7-AAD in ice-cold binding
buffer in the dark. After 15 min the samples were resuspended in binding buffer and
analyzed within 30 min. As a positive control for the induction of apoptosis, Jurkat cells
were treated with 5 uM of camptothecin for 48 hr. Since the analogues were derived from
podophyllotoxin, jurkat cells were also treated with 10 uM of podophyllotoxin as a
positive control in order to compare the effects of the analogues to their native structure.
Cell cycle analysis was also performed on Jurkat cells, following a 48 hr treatment with
the analogues at their respective ICso values. Vybrant® DyeCycle™ Green Stain (Thermo
Fisher Scientific) was then added to a 1 ml cell suspension at a final concentration of 250
nM. After 30-min incubation at 37°C, the samples were analyzed by flow cytometry and
compared against DMSO-treated and podophyllotoxin controls. All these experiments
were performed on a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA) using

CytExpert 2.0 software.
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2.6 Statistics
Treatments were matched and performed at least in triplicate. Data were analyzed

using Excel, for determination of mean, standard deviation (SD) and Student's t-test

(95%).

Chapter 3. Results

3.1 The Effect of Podophyllotoxin on cell viability.
Each cell line was treated for 48 hr with each analogue at concentrations of 10, 25

and 50 uM with the effect on cytotoxicity determined by MTT assays. The effects of the
podophyllotoxin analogues on cytotoxicity are expressed as means of the derived I1Csq
values in Table 2. Overall, the analogues had a more potent effect on the T cell
lymphoma Jurkat cells. Of the 23 analogues tested, 10 compounds were found to
decrease cell viability by at least 50% in Jurkat cells. Analogues 1.2, 2.1, 6.2, and, 7.1
had the most notable cytotoxic effect with ICso values lower than 20 uM. Analogues 6.2
and 7.1 had the most pronounced effect on cell viability with ICs values of about 4 uM
and 7 uM respectively. While the cytotoxic effect of the podophyllotoxin analogues was
not as pronounced when compared to Jurkat cells, there was a marked effect on A549,
and, MCF7 cells. 10 of the compounds were able to decrease cell viability in A549 lung
cancer cells. Specifically, 1.3, 2.1, 2.2, and 4.4, and 9.2 had the most robust effect on cell
viability with ICso values of about of about 18, 15, 17, 16 and 3 uM respectively. While
the analogues did not have such a marked effect on MCF7 breast cancer cells when
compared to A549 and Jurkat cells, 8 of the podophyllotoxin analogues displayed
cytotoxic activity. Analogues 2.1, 2.2 and 4.4 had comparatively low I1Cso values of about

15,17, and, 18 3 uM respectively. Interestingly, SK-MEL-28 skin cancer cells only had

16



3 analogues which were able to decrease cell viability by at least 50%, with the lowest

being 6.2 at around 24 uM. Finally, no ICso values were able to be derived for MDA -

MB-231Triple Negative Breast Cancer cells (TNBC). It should be noted however, only

analogue 5.2 was able to provide a discernable ICso across all cell lines, except MDA -

MB-23 (Fig 8). Intriguingly, when A549 cells were treated with compound 9.2, it

provided the lowest ICsg value, about 3 uM, when compared to all other cell lines.

Jurkat AS549 SK-MEL-28 MCF-7 MDA-MB-231
Podophyllotoxin | 0.0001+0.00002 0.001+0.00031 >50 >50 >50
1.1 29.1+11.87 >350 >50 >50 >50
1.2 >350 >30 >30 >50 >50
1.3 17.8+1.02 17.8+3.0 >30 33.3+13 >50
2.1 16.1+3.8 152423 >50 15.2+2.67 >30
2.2 23.84+1.04 16.9+3.9 >50 17.7+1.8 =50
2.3 >30 21.5+4.9 >350 21+4.4 >50
3.1 >30 24.5+0.71 >50 19.5+2.29 >50
3.2 >50 >50 =50 >50 >50
3.3 >50 26.167+7.75 >50 20.7+3.4 =50
4.1 >50 =350 >30 >50 >50
4.2 >350 >30 =50 >50 =50
4.3 >30 =50 >50 >50 >50
4.4 >350 16.3+2.4 34.3+3.62 17.75+1.1 >30
5.1 >50 >350 =50 >50 >50
5.2 23376 42.5+3.54 43.5+3.57 26.17+7.84 >50
53 >50 >50 >350 >50 =50
54 =50 20.5+1.41 >50 >50 =350
6.1 >350 >30 =50 >50 >50
6.2 4.23+0.67 >50 >50 >50 >50
7.1 6.75+1.02 >50 24.45+5.7 >50 >50
8.1 34.25+1.06 >50 >50 >50 >50
9.1 48.24+2.06 >50 =50 >50 =50
9.2 36.05+4.63 3.1+0.57 >50 34.25+1.06 >50

Table 1. The Effect of Podophyllotoxin analogues on cell viability. The concentration at which
each compound decreased cell viability by 50% in uM relative to DMSO controls +% SD from at
least three independent experiments as determined by MTT assays.
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Figure 6. The Effect of Podophyllotoxin analogue 5.2 on cell viability. Cells were exposed to
various concentrations of compound 5.3 for 48 hr to derive an ICso value. The dash red line
indicates the concentration at which the compounds decreased cell viability by about 50%. The
percentage of cell viability was determined by MTT assay. Each data point represents the mean
and standard deviations of results from at least three independent experiments.

3.2 The Effect of Podophyllotoxin on cell growth on Jurkat cells.
Due to their sensitivity to the podophyllotoxin analogues as well as being the

main model used for cytometric analysis, Jurkat cells were used to determine the growth
inhibitory effects of Podophyllotoxin analogues via cell counting. Following a 48 hr
treatment at their respective ICso values, several of the analogues exhibited a limited
effect on the number of cells grown when compared to DMSO controls (Fig 9). Of the
podophyllotoxin analogues tested, only analogues 3.1 and 3.2 were somewhat
comparable to the data obtained from the MTT-assays, with only about a 40% and 45%
reduction in the number of cells respectively. Alternately, analogues 1.1 and 1.3 only had

a slight reduction in the number of cells with about 15% and12% respectively.
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Interestingly, analogues 2.1 and 5.2 significantly reduced the number of live cells by 60%
and 80% when compared to DMSO controls. Jurkat cells were also treated with 5 uM of
camptothecin and 10 uM of podophyllotoxin. Camptothecin reduced the number of

Jurkat cells by about 40%, whereas podophyllotoxin had about a 55% reduction.

100 4 —

m —_—

Number of Cells (%)

DMSO Camptothecin Podophyllotoxin 1.1 13 21 31

Figure 7. The effects of Podophyllotoxin analogues on cell growth as determined by cell counts.
Jurkat cells treated with podophyllotoxin analogues at their respective ICso values. The number of
cells was determined by counting and is expressed as a percentage of control DMSO treated cells.
White bars indicate mean values of at least three independent experiments with error bars
expressing standard deviations.

3.3 The Effect of Podophyllotoxin Analogues on apoptosis on Jurkat cells.
The Annexin V-FITC/7-AAD double staining was used to examine the effects of

podophyllotoxin analogues on the induction of cellular apoptosis on Jurkat cells. The
Annexin V-FITC/7-AAD double staining technique allows for the easy discrimination of
apoptotic, necrotic and live cells. Cells entering apoptosis express phosphatidylserine

(PS) on the outer leaflet of the plasma membrane which can be stained using annexin V.
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However, necrotic cells do not express PS but do lose their membrane integrity which is
permeable to the vital dye 7-AAD.

Following a 48 hr treatment, analogues 1.1, 1.3, 2.1 and 3.3 had the most
prominent effect on the induction of apoptosis as shown in (Fig 10). Generally, when
compared to DMSO controls, the podophyllotoxin analogues were able to increase the
induction of apoptosis by an average of 20%. The largest increase in the induction of
apoptosis was seen with analogue 1.3 at about 29% and the lowest with analogue 1.1 at
around 17%. However, treatment with the analogues only lead to a slight increase of
about 3% in the induction of necrosis. Jurkat cells were also treated with 5 pM of
camptothecin as a positive control for the induction of apoptosis as well as 10 uM of
podophyllotoxin in order to compare the effects of the analogues to their native
compound. While the concentration of podophyllotoxin used was significantly higher
than the derived ICso, when compared to the DMSO controls, there was about a 27%
increase in the induction of necrosis an about a 6% increase in necrosis. Similar to

podophyllotoxin, camptothecin had an increase of about 30% of cells in apoptosis, yet,
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also increased the number of necrotic cells by about 22%.
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Figure 8. The Effect of Podophyllotoxin Analogues on apoptosis on Jurkat cells. Effects of
Podophyllotoxin analogues as well as 5 uM camptothecin and 5 uM DMSO as controls (top
panel). Percentage of live cells (white bars), early apoptotic (grey bars), late apoptotic
(light grey bars) and necrotic (light grey bars) cells, expressed as mean % + SD of three
independent experiments. Representative dot plots describing the effect of
podophyllotoxin analogues on jurkat cells following double staining with Annexin V-
FITC and 7-AAD (bottom panel).

3.4 The Effect of Podophyllotoxin Analogues on cell cycle control on Jurkat cells.
The effects of podophyllotoxin analogues on the cell cycle were evaluated by

performing a Vybrant® DyeCycle™ green staining. Comparison with DMSO-treated
cells indicated that that the analogues did not have a marked effect on cell cycle control
following a 48hr treatment at their respective IC50 values (Fig 11). Only analogue 1.2
was able to cause a significant difference in any cell cycle population. There was about a
22% increase in sub GO as well as a 17% decrease in the number of cells in S phase.

While the analogues may not have had a statistically significant effect on cell cycle
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control, it is worth mentioning that some of the compounds did indeed show remarkable
effects on the cell cycle. In particular, analogue 1.3 saw twice the number of cells
arrested in G2/M when compared to DMSO-controls, as well as about a 100% decrease
in all other phases in the cell cycle. Jurkat cells were also treated with 10 uM
Podophyllotoxin. There was a marked increase in the population of cells in sub GO0, as
well as a dramatic decrease of cells in GO/G1, as well as a slight decrease of cells in S
phase. While this concentration is significantly higher than the ICso values, it provided

insight as to how the analogous behaved compared to their native compound.
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Figure 9. The Effect of Podophyllotoxin Analogues on Cell Cycle Control on Jurkat cells.
Percentage of population in sub GO (dark grey bars), GO/G1 (light grey bars), S (grey bars) and
G2/M (black bars) cells, expressed as mean % = SD of three independent experiments (top
panel). Representative histograms of the number of jurkat cells stained with

Vybrant® DyeCycle™ Green in sub GO (red), GO/G1 (azul), S (green) and G2/M (black)
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Chapter 4: Discussion
Podophyllotoxin has been used as a lead agent in the development of several

anticancer drugs. Two of its semisynthetic derivatives are currently used in the treatment
of several forms of cancer. The present study reports for the first time on the anticancer
properties of novel Podophyllotoxin analogues, which were developed through mimetic
scaffolding constructed using one-step multicomponent reactions. Previous studies have
shown that the simplified structures of these analogues were able to inhibit in vitro
tubulin polymerization and disrupt the formation of mitotic spindles in dividing as well as

having cytotoxic and apoptosis-inducing properties similar to podophyllotoxin.

In order to determine the possible anticancer effects of the podophyllotoxin
analogues, the study followed an experimental outline as shown in figure 5. The
compounds were initially screened across several cell lines to determine their effects on
cell viability. Following a 24 hour treatment our results indicated that generally, when
compared to DMSO controls, the compounds greatly reduced cell viability on Jurkat cells
while there was practically no reduction in cell viability for MDA-MB-231 cells when
treated with any of the podophyllotoxin analogues. This seems to be due to Jurkat cells
being susceptible to the induction of apoptosis when treated with different
chemotherapeutic agents, while MDA-MB-231 cells, a triple negative cell line, is
normally more robust and less sensitive to many forms of treatment. Interestingly, there
did not seem to be much conformity between how each of the analogues affected the
different cell lines. Only compound 5.2 was able to reduce cell viability by 50% across

all cell lines, except in MDA-MB-231 which had no discernable ICso values.
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Compounds which were shown to decrease viability by 50% were classed as
being cytotoxic and further tested to determine their effect on cell cycle control and on
the induction of apoptosis. Due to their sensitivity to the podophyllotoxin analogues as
well as their ease of use and analysis due to their nonadherent phenotype, Jurkat cells

were used as the model for the induction of apoptosis and cell cycle control.

Cytometric analyses revealed that when compared to DMSO and campothecin
controls several of the analogues were able to induce apoptosis in Jurkat cells. The
compounds also had relatively low populations of necrotic cells, indicating that analogues
are more of an apoptosis inducing agent as seen in figure 10. Yet, when the analogues are
compared to Jurkat cells treated with 5 uM of Podophyllotoxin, the population of
apoptotic cells seem to be lower. However, the concentration of podophyllotoxin is
drastically higher than previously derived ICso values. Still, when treated with the
podophyllotoxin analogues, proportionally, there were still significantly less necrotic
cells when compared to those treated with podophyllotoxin, again suggesting that the

analogues are more potent inducers of apoptosis than necrosis.

Further cytometric analyses revealed that several of the podophyllotoxin
analogues had a marked affect on cell cycle control. Podophyllotoxin is a known
antimitotic agent leading to the arrest of cells in the G2/M phase. Following a 24 hour
treatment with podophyllotoxin almost 45% of Jurkat cells were shown to be arrested in
G2/M. Again, these cells were treated with concentrations above their previously derived
IC50 values in order to show a more distinct difference between the different phases of
the cell cycle. Interestingly, compounds 1.3 and 5.2 were shown to have the largest

population of cells arrest in G2/M. 5.2 was also the only analogue which was able to
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decrease cell viability by 50% across all cell lines, making it an ideal candidate for

further testing on other cell lines.
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