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ABSTRACT
This thesis investigates Canadian prairie plants as sources of natural product compounds
capable of inhibiting human cell division. Natural products present an opportunity to
identify novel anti-mitotic compounds to address the lack of known inhibitors for many
mitotic regulatory proteins. By biology-guided fractionation, we purified the natural
products anemonin from Pulsatilla nuttalliana and (+)-6-tuliposide A from Erythronium
grandiflorum, and this is the first report of their anti-mitotic activities. We then conducted
a comparative study between pulchelloid A (from Gaillardia aristata), anemonin and (+)-
6-tuliposide A, and identified unique mitotic arrest profiles, suggesting distinct protein
targets and mechanisms of action consistent with the widespread relationship between
structure and function in biology. The discovery of natural product inhibitors from
Canadian prairie plant species holds tremendous potential for advancing our understanding
of mitotic regulation and contributes to the development of targeted treatments for precision

medicine.
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CHAPTER 1
General Introduction

This thesis investigates natural products from Canadian prairie plants with the
ability to arrest human cancer cells in mitosis. The discovery of anti-mitotic compounds
can help address the lack of known inhibitors for many mitotic regulatory proteins. Our
laboratory launched the Prairie to Pharmacy program aiming to identify plant-derived
chemical compounds that can be used as tools to investigate vital cellular pathways and
potentially become medicines. Recent investigations have focused on the Asteraceae plant
family, renowned for its sesquiterpene lactones, which led to the identification of two anti-
mitotic compounds: pulchelloid A from Gaillardia aristata (Bosco et al., 2021) and
hymenoratin from Hymenoxys richardsonii (Molina et al., 2021). Extending our
exploration beyond the Asteraceae family, we discovered that Pulsatilla nuttalliana
(Ranunculaceae) contained anemonin which exhibited anti-mitotic effects akin to
pulchelloid A and hymenoratin. This prompted us to explore phylogenetic distance as an
opportunity to identify chemically diverse anti-mitotic compounds. We then examined the
most phylogenetically distant species relative to the Asteraceae family within our library of
native Canadian prairie plants, Erythronium grandiflorum (Liliaceae), and identified (+)-6-
tuliposide A which induced similar mitotic arrest phenotypes to the three compounds
mentioned above. Finally, the relationship between structure and function in biology
suggests that each compound targets a different cellular protein and thus may act via a
unique mechanism of action. To investigate this, we conducted a comparative study of
pulchelloid A, anemonin and (+)-6-tuliposide A to identify distinctions between their
mitotic inhibition and the typical progression of mitosis. This is the first report to attribute

anti-mitotic activities to anemonin and (+)-6-tuliposide A, and provide evidence to
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distinguish the mitotic arrests induced by pulchelloid A, anemonin and (+)-6-tuliposide A.
The discovery of natural product inhibitors, particularly those sourced from Canadian
prairie plant species, holds tremendous potential for advancing our understanding of mitotic

regulation and contributes to the development of targeted therapies for precision medicine.

1.1 Natural Products

Natural products encompass a large, structurally diverse class of organic
compounds synthesized by plant, microbial and marine organisms, offering a rich repertoire
of compounds with unique biological activities. These are typically secondary metabolites,
which are not required for survival, but have evolved in organisms to confer a selective
advantage in response to certain abiotic and biotic conditions (Hartmann, 1996; Pavarini et
al., 2012). These compounds often exhibit biological activities, such as defense against
herbivory or pathogens, which can be harnessed for therapeutic purposes beneficial to
humans. An exemplary case is the antibiotic penicillin, produced by the fungus Penicillium
notatum, discovered by Alexander Fleming in 1928 (Lobanovska & Pilla, 2017). In 1945,
Fleming, alongside Sir Howard Florey and Sir Ernst Boris Chain, were awarded the Nobel
Prize in Physiology or Medicine for their ground-breaking work on penicillin,
acknowledging its profound impact in saving countless lives from bacterial infection,
particularly during World War II (Lobanovska & Pilla, 2017). Upon examination of many
natural products throughout history, scientists have identified numerous biological
activities that can benefit human health, including anti-bacterial, anti-malarial, anti-
inflammatory, anti-cancer properties.

These natural product compounds have evolved over time in response to both biotic

and abiotic pressures to provide species with unique adaptations. The optimization of
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chemical structures has led to a remarkable compatibility with various biological processes,
from which significant shifts in secondary metabolite levels can occur in response to
environmental condition (Pavarini et al., 2012). Recently, the polar fungus Eutypella sp.
was selected for investigation specifically due to the harsh environmental conditions in
which it grows, including extremely low temperatures, freeze-thaw cycles, and intense
ultraviolet radiation, recognizing that this can lead to diverse and unique secondary
metabolism (Ning et al., 2024). Fourteen sesquiterpene lactones, ten of which were novel,
were identified from Eutypella sp. and exhibited anti-bacterial activity. This discovery
provided support that natural products are a source of novel chemical compounds and
bioactivities, and that chemical diversity can be driven by environmental pressures.
Compared to tropical regions which have been extensively investigated for natural
products, temperate and polar region investigations have been limited (dos Santos et al.,
2021; Molina et al., 2022).

Whereas ideal environmental conditions allow species to thrive resulting in
secondary metabolism adapted to combat competition, suboptimal environmental
conditions force species to survive by adapting their secondary metabolism to abiotic
stressors. In plants specifically, their sedentary nature requires secondary metabolites to
also act as defense against pathogens and herbivory by producing compounds that affect
bacterial and mammalian physiology. In summary, natural selection acts in response to
various abiotic and biotic factors which, depending on the environmental region, shapes
their secondary metabolism. Moreover, a targeted approach can then be employed to
explore natural products from understudied regions, as these areas are likely to harbour
additional stressors to confer a broader range of secondary metabolites. By identifying

natural products from botanical sources, we shed light on relationships within ecosystems.
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In the realm of medicinal applications, the advantage of evolutionary optimization
becomes even more pronounced. Natural products often exhibit a level of specificity and
selectivity in their interactions with cellular targets, which synthetic compounds may
struggle to replicate and even cause unintended side effects (Swinney & Anthony, 2011).
This evolutionary process has, in a sense, pre-screened these compounds as effective
inhibitors since they were created to be compatible with biological processes. Additionally,
the inherent diversity in natural products offers a vast pool of chemical structures with
unique biological activities that have been shaped by natural selection (Hartmann, 1996).
By studying the interactions between natural products and cellular targets, researchers gain
invaluable insights into the connections of biological systems. Therefore, investigating
natural products not only deepens our understanding of biological connections but also
paves the way for the development of novel and effective therapeutic interventions
(Newman, 2022).

The significance of natural products research is underscored by the realization that
only a fraction of the 384,000 vascular plant species worldwide have been explored for
their bioactive properties, with 60,000 having been screened for specific bioactivities and
only 2000 being fully chemically described (Miller, 2011; Ulloa et al., 2017). Therefore, it
is likely that an abundance of active compounds are still awaiting to be discovered in nature.
In our pursuit of unraveling the potential of natural products, we are turning our attention
to previously overlooked resources—Canadian prairie plants. By investigating the
chemical composition and bioactivity of these plants, we aim to contribute to the expanding
landscape of natural product discovery, recognizing their impact to enhance our

understanding of the intricate connections between nature and human health.



1.2 Canadian Prairie Plants as a Source of Natural Products

The prairies represent one of fifteen ecological zones in Canada, stretching from the
western border of Alberta to the eastern border of Manitoba. Despite harbouring diverse
flora, the Canadian prairies remain underexplored for natural products (Molina et al., 2022;
Thornburg et al., 2018). The United States National Cancer Institute’s (NCI) Natural
Product Repository houses one of the largest natural product extract libraries,
encompassing marine, plant, and microbial species (Thornburg et al., 2018). However, the
repository did not include collection sites in the Canadian prairies (Figure 1.1). These
resilient and adaptable plants are well-suited to the challenging conditions of the prairie
ecosystem, characterized by dry soils, intense solar irradiation, extreme fluctuations in
temperatures and herbivory, by producing secondary metabolites (Erb & Kliebenstein,
2020; Jaakola & Hohtola, 2010; Molina et al., 2022; Yeshi et al., 2022). Exploring natural
products in this geographically- and ecologically-varied region offers an opportunity to
discover compounds with novel bioactivities, with potential applications as scientific tools
or medicines (Newman, 2022). An excellent example of a Canadian natural product is
paclitaxel (Taxol®) which was isolated from the Pacific yew tree, Taxus brevifolia, a
species native to Canada growing in forests of the Pacific Northwest, and is utilized as one
of the top breast cancer chemotherapy treatments (Gallego-Jara et al., 2020). The secondary
metabolite activities of many Canadian plant species are unknown, presenting an avenue
for further study (Kershaw & Allen, 2020).

To address this research gap, we initiated the Prairie to Pharmacy program, aiming
to explore the potential of Canadian prairie plants yielding natural products with diverse
biological activities, some of which may hold therapeutic benefits for human health. Since

the program's inception, we have successfully identified four natural products from

5



Canadian prairie plant species, including luteolin from Thermopsis rhombifolia (Tuescher
et al., 2020), pheophorbide A from Symphoricarpos occidentalis (Tuescher, 2018),
hymenoratin from Hymenoxys richarsonii (Molina et al., 2021), and pulchelloid A from
Gaillardia aristata (Bosco et al., 2021). This thesis contributes two natural products to this
growing list, and more importantly these chemicals provide insight into a chemical

structure and biological response.
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Figure 1.1. Collection sites of the United States NCI Natural Product Repository. The
collection sites of species in the United States National Cancer Institute’s Natural Product
Repository from which a natural product extract library was created (adapted from
Thornburg et al., 2018). The size of hexagon indicates the number of species per location
including marine species (blue), plant species (green), microbial species (red) and more
than one type of collected species (grey).



1.3 Identification of a Critical Chemical Functional Group and its Biological Activity

The natural products hymenoratin (1) and pulchelloid A (2) are both sesquiterpene
lactones that are characterized by an a-methylene-y-butyrolactone (3)—the moiety
responsible for their anti-mitotic activity (Bosco et al., 2021; Cotugno et al., 2012; Molina
et al., 2021; Sturgeon et al., 2005). Sesquiterpene lactones are part of a larger class of
natural products known as terpenes and are produced by various plant species (Huang &
Osbourn, 2019; Seaman, 1982). They are characterized by the repetition of isoprene units
(CsHg), which serve as building blocks for larger terpenes: monoterpenes consist of two
isoprene units, sesquiterpenes have three, diterpenes (including kaurenes) have four, and so
on. The repetition, arrangement and modification of isoprene units contribute to a broad
range of structures with diverse biological activities. Terpenes play a pivotal role in plant
defense mechanisms (Ninkuu et al., 2021), pollinator attraction (Szenteczki et al., 2022),
act as components in the biosynthesis of more complex molecules, such as steroids (Isah et
al., 2018), and even exhibit anti-mitotic activities (Bosco & Golsteyn, 2017).

The shared o,B-unsaturated carbonyl among these compounds suggests a
commonality in their mode of action, inducing mitotic arrest by binding to the reactive
centre of proteins required for mitotic progression. This unveils a structure and function
relationships where the o,,3-unsaturated carbonyl can engage in Michael addition reactions
with cellular cysteines (Berdan et al., 2019; Jackson et al., 2017). Michael addition is a type
of nucleophilic reaction involving the addition of a nucleophile (such as the thiol (-SH)
group in cysteine) to an a,B-unsaturated carbonyl (a carbonyl adjacent to an alkene) to
produce a covalent adduct. Cysteines are commonly found in reactive centers of proteins

due to the thiol group (Bak et al., 2019). Consequently, a compound with an a,-unsaturated



carbonyl can inactivate these proteins by binding to cysteines within reactive centres. These
a,B-unsaturated carbonyl compounds have previously been overlooked in the realm of drug
discovery due to their perceived indiscriminate reactivity. However, there are examples of
natural products that exhibit specific anti-mitotic activity without targeting all cysteine-
containing proteins (Bosco & Golsteyn, 2017), indicating a high degree of specificity for a
protein target to induce mitotic arrest rather than cytotoxicity, again reflecting the precise
engineering of natural product evolution.

Although these compounds share a common reactive group, their phylogenetic
characteristics, or evolutionary distance between each other’s source species, would
suggest diverse chemistry between the overall compounds. Investigating natural products
provides an opportunity to explore the relationship between botanical phylogeny and
chemical diversity (Hoffmann et al., 2018), and the phylogenetic relationships among
plants offer predictive insights into their chemistry (Saslis-Lagoudakis et al., 2012; Wink,
2003). While phylogenetic proximity translates to similarities in metabolic pathways and,
consequently, the biosynthesis of homologous compounds, phylogenetic distance can
increase chemical diversity and help identify potentially novel bioactivities from
unexplored members of taxa. This can lead to strategic bioprospecting to search for diverse
chemical structures with similar bioactivities. For instance, when seeking natural products
with anti-mitotic activity, diverse chemical structures will target different proteins but can
accomplish the common goal of inhibiting mitosis via different mechanisms. This idea fits
seamlessly with precision medicine, acknowledging that each proliferative disease is
unique and demands a specific treatment, despite the commonality of uncontrolled cell

growth.



In contrast, abiotic and biotic stressors within a shared ecological zone may drive
phylogenetically diverse species to converge on similar biochemical pathways. An example
of this convergent evolution is the similarity in appearance between African and American
cacti driven by common abiotic stressors, such as arid environments, and possibly similar
biotic stressors (Arakaki et al., 2011). Despite phylogenetic diversity, these plants have
developed analogous adaptations, such as water-storing tissues and reduced leaves,
highlighting how ecological factors can lead diverse species to converge on similar
biochemical pathways for survival in comparable environments. The chemical diversity
that can arise from plant secondary metabolism underscores the profound impact of natural

products as a source of biologically active compounds.

1.4 Natural Products as Mitotic Inhibitors

Natural products have historically been sources of anti-mitotic compounds
(Newman, 2022). Isolating biologically active natural products allows for the identification
of specific protein targets in mitosis, many of which have no known inhibitors. Successful
identification of precise targets and inhibition of cancer cell proliferation could lead to the
development of medicines enhancing precision treatments for cancer patients. In fact, many
FDA-approved anti-cancer drugs are natural products or natural product analogs (Newman
& Cragg, 2020). Select examples of natural product mitotic inhibitors are discussed below

and are accompanied by their chemical structures depicted in Figure 1.2.

1.4.1 Tubulin inhibitors
One class of anti-mitotic compounds are tubulin inhibitors which target

microtubules and act by either the hyper-polymerization or depolymerization of their
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tubulin subunits. These inhibitors have historically been used for cancer treatment since
microtubules play a critical role in cell division. However, tubulin is also an important
cytoskeletal protein. Therefore, tubulin-targeting compounds also affect interphasic cells
as well as non-cancerous cells, which can result in severe side effects due to cytotoxicity.
Despite this, tubulin inhibitors are highly effective and remain some of the top anti-cancer
drugs.

Isolated from the Pacific yew tree, Taxus brevifolia, paclitaxel (Taxol ®) (4) is a
natural product that stabilizes tubulin polymerization and is used to treat many types of
cancer, including breast, ovarian, and lung cancer (Gallego-Jara et al., 2020). Similarly,
docetaxel (Taxotere ®) (5) was isolated from the English yew, Taxus baccata, and acts in a
similar manner to paclitaxel by stabilizing microtubules and inducing mitotic arrest
(Guénard et al., 1993). Though these compounds are structurally and functionally related
taxanes, they have different pharmacokinetic profiles in cancer patients (Kearns, 1997).
Furthermore, although many effective chemotherapeutic treatments are Taxol-based, their
clinical use is restricted when tumours acquire resistance, as in the case of triple negative
breast cancer (Li et al., 2019). This highlights the importance of the discovery of novel
inhibitors to provide alternative treatment options in precision medicine.

Other tubulin inhibitors include colchicine (6), an alkaloid isolated from Gloriosa
superba (Srivastava et al., 2014) and Colchicum autumnale (Spasevska et al., 2017), which
exhibits anti-inflammatory and anti-mitotic activities. Like the synthetic compound
nocodazole (7) commonly used in cell biology research, colchicine depolymerizes
microtubules to prevent the formation of the mitotic spindle and induce mitotic arrest.
Colchicine has proven as an effective anti-cancer compound (Lin et al., 2013) and many

colchicine derivatives have been created with anti-proliferative activities (Johnson et al.,
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2017). Another microtubule depolymerizing compound is deoxypodophyllotoxin (8),
isolated from Pulsatilla koreana, a tubulin toxin that blocks cells in mitosis (Kim et al.,
2002) of which there are many isomers and derivatives also with anti-proliferative activities
(Lazzarotto et al., 2019; Li et al., 2021; Wu et al., 2023). Lastly, coronopilin (9) is a
sesquiterpene lactone isolated from Ambrosia arborescens that covalently binds to
nucleophilic groups of tubulins, resulting in hyper-polymerization to induce mitotic arrest
in cancerous cell lines (Cotugno et al., 2012; Sotillo et al., 2017). Interestingly, coronopilin
was found to inhibit the proliferation of breast cancer and leukemia cell lines, while having

low cytotoxicity on normal white blood cells (Cotugno et al., 2012; Sotillo et al., 2017).

1.4.2 Mitotic regulatory pathway inhibitors

Distinct from tubulin inhibitors, another group of anti-mitotic compounds target
proteins that have specific roles in the regulation of mitosis. As previously mentioned,
natural products have been optimized through evolution to interact in biological pathways,
of which many are specialized to the highly regulated process of mitosis resulting in anti-
mitotic activities. Many of these compounds, including those discovered in this thesis, fall
under this category of mitotic inhibitors, and can lead to the identification of novel protein
targets in mitosis.

Isolated from the plant Centipeda minima, 6-O-angeloylplenolin (6-OAP) (10) is a
sesquiterpene lactone that induces mitotic arrest by presumably targeting Skpl (S-phase
kinase associated protein 1) to inactivate the ubiquitin ligase Skpl-Cullin-F-box (SCF)
complex preventing the degradation of proteins critical for mitotic exit (Cheng et al., 2016;
Liu et al., 2015). However, this inhibition does not occur via cysteine chemistry. It was also

reported that 6-OAP supressed the proliferation of cell lines that are resistant to other
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chemotherapies, indicating that 6-OAP may be a promising therapeutic option for resistant
tumours (Liu et al., 2011). Two other anti-mitotic sesquiterpene lactones are psilostachyin
A (11) and psilostachyin C (12), both isolated from Ambrosia artemisiifolia (Sturgeon et
al., 2005). Their targets are unknown, but are likely proteins required for proper
chromosome congression as they induce a prometaphase arrest with abnormal microtubule
arrangement and unaligned chromosomes.

Compounds that induce mitotic arrests with phenotypes distinct from tubulin
inhibitors should be further investigated, beyond cytotoxicity, for novel anti-mitotic
mechanisms of action. An example is the sesquiterpene lactone pulchelloid A which was
previously isolated from Gaillardia pulchella and described solely as cytotoxic (Inayama
et al., 1982). Recently, extracts from G. aristata reported similar cytotoxicity, however
further investigation revealed that pulchelloid A induced a mitotic arrest (Bosco et al.,
2021), thus attributing an anti-mitotic activity to pulchelloid A after over 30 years. A subset
of approximately a dozen sesquiterpene lactones have been reported to arrest cells in
mitosis, including pulchelloid A and hymenoratin by our laboratory, although their precise
targets or mechanism of action have not been identified (Bosco & Golsteyn, 2017; Bosco
etal., 2021; Molina et al., 2021).

Of the studies detailing novel mitotic regulatory inhibitors, few have elucidated the
precise mechanisms of action for each compound. These inhibitors induce mitotic arrest
phenotypes resembling prometaphase, suggesting these compounds impact spindle
assembly, chromosome congression, and/or centrosome duplication. The compounds
identified in this thesis also exhibit this mitotic arrest phenotype, adding to this group of
inhibitors. Unraveling their mechanisms of action holds promise for utilizing these

compounds as valuable tools to enhance our comprehension of mitotic regulation and to
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develop innovative drugs for precision medicine. To understand their potential mechanisms
of action, we must first gain a comprehensive understanding of the normal progression and

regulation of events during mitosis.
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Figure 1.2. Chemical structure of anti-mitotic compounds. Hymenoratin (1), pulchelloid A
(2), a-methylene-y-butyrolactone (3), paclitaxel (4), docetaxel (5), colchicine (6),
nocodazole (7), deoxypodophyllotoxin (8), coronopilin (9), 6-O-angeloylplenolin (10),
psilostachyin A (11), and psilostachyin C (12).
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1.5 Cell Cycle Regulation

The cell cycle is a fundamental biological process that governs the growth,
replication, and division of eukaryotic cells. This highly regulated process consists of
distinct phases, including interphase (comprising G1, S, and G2 phases) and mitosis
(prophase, prometaphase, metaphase, anaphase, and telophase), each with its own set of
crucial events. One eukaryotic cell division cycle takes approximately 24 hours to
complete, with 11 hours in G1, 8 hours for DNA replication in S phase, 4 hours in G2 and
1 hour to complete mitosis and produce two identical daughter cells. Despite being the
shortest phase in the cell cycle, mitosis is highly regulated by numerous proteins,
checkpoints, and DNA repair mechanisms. The correct functioning of cell cycle regulation
depends on post-translational modifications to regulate the synthesis, activation, inhibition,
and degradation of all proteins. The following sections will provide an overview of the cell
cycle and then delve into the specific mechanisms governing chromosome congression and

centrosome duplication during mitosis (Figure 1.3).

1.5.1 Cell cycle overview

The cell cycle is regulated by three main checkpoints, each serving as a control
mechanism to ensure the accuracy and integrity of cell division. The G1 checkpoint verifies
favorable conditions for division and checks DNA integrity, while the G2 checkpoint
ensures accurate DNA replication after synthesis (S phase) prior to the onset of mitosis.
Finally, the M checkpoint ensures proper chromosome alignment and prevents the
premature separation of sister chromatids during mitosis. These checkpoints are controlled
by cyclin-dependent kinases (CDKs), a series of regulatory enzymes that orchestrate

phosphorylation events to direct the progression of the cell cycle (Malumbres, 2014;
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Vermeulen et al., 2003). These CDKs are activated by binding to cyclically synthesized
proteins, aptly named cyclins, forming cyclin-CDK complexes which trigger the
progression through each phase of the cell cycle. While the expression of CDKs is constant,
the fluctuations of specific cyclins by additional regulatory proteins controls the
progression through each phase of the cell cycle.

The onset of mitosis is marked by the activation of the cyclin B/CDK1 complex,
and the expression of cyclin B can be used as a marker to detect cells in mitosis. The mitotic
phase is further divided into five phases to ensure the precise distribution of replicated
chromosomes. During prophase, chromatin condenses into chromosomes, the nuclear
envelope breaks down, and the centrosomes move to opposite poles of the cell. The process
of chromosome condensation is initiated by the phosphorylation of histone H3 (PH3) at the
serine 10 residue by the kinase Aurora B (Goto et al., 2002; Hendzel et al., 1997). During
prometaphase, the spindle fibers extend from the centrosomes and the kinetochore
microtubules attach to the kinetochores of each chromosome. During metaphase, the
chromosomes are aligned at the equatorial plane of the cell, called the metaphase plate, and
this alignment is facilitated by the tension and balance of forces exerted by the kinetochore
microtubules. The mitotic checkpoint, also known as the spindle assembly checkpoint
(SAC), monitors the attachment of spindle fibers to the kinetochores of chromosomes and
prevents the premature separation of sister chromatids. Once proper chromosome
congression has occurred, the SAC is silenced, and prompts the migration of the sister
chromatids toward opposite poles of the cell as the kinetochore microtubules shorten and
the non-kinetochore microtubules elongate during anaphase. The metaphase to anaphase
transition is critical to ensure the accurate distribution of genetic material from one

generation of cells to the next. Finally, the cell undergoes telophase and cytokinesis where
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the chromatids reach the poles and new nuclear envelopes form around each set of
chromosomes, resulting in the formation of two identical daughter cells.

The progression of the cell cycle is dependent on the degradation of specific
proteins for timely cell cycle transitions. This is orchestrated by the ubiquitin proteasome
pathway where E3 ubiquitin ligases target proteins for degradation by the 26S proteasome.
All cyclins are subjected to ubiquitin-mediated proteolysis to facilitate the transition
between phases of the cell cycle once checkpoints are satisfied. These checkpoints are
pivotal in preventing cell division in the presence of damaged DNA or other abnormalities,
thereby maintain genomic stability. Detection of issues at any checkpoint prompts a
temporary halt in the cell cycle, allowing for necessary repairs before advancing to the next

phase.

1.5.2 Chromosome congression

Chromosome congression, a pivotal process in early mitosis, involves the precise
positioning of chromosomes orchestrated by the dynamic and intricate mitotic spindle
structure composed of centrosomes and microtubules. The SAC is a key regulatory
mechanism that monitors the integrity of the mitotic spindle and the attachment of
chromosomes to microtubules. It acts as a sentinel to ensure the proper alignment of all
chromosomes before the metaphase to anaphase transition. Any error in spindle assembly
or chromosome attachment prevents the silencing of the SAC, delaying progression to
anaphase until all issues are resolved. This protective mechanism safeguards against the
mis-segregation of chromosomes, a critical factor in preserving genomic stability. Targeting

the SAC becomes an effective strategy to inhibit proliferation, particularly as the metaphase
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to anaphase transition represents a point of no return in mitosis. Uncorrected errors at this
stage can have detrimental effects on all subsequent generations of cells.

During prometaphase, the kinetochores located at the centromeres of sister
chromatids establish either end-on or lateral attachments with microtubules to determine
the mechanism of chromosome congression. Bi-orientation (amphitelic attachment) near
the spindle center involves opposite kinetochore-pulling forces, whereas peripheral
chromosomes use the motor proteins dynein and centromere-associated protein E (CENP-
E) for transport towards the metaphase plate (Maiato et al., 2017; Prosser & Pelletier, 2017;
Yu et al., 2019). CENP-E is responsible for stable kinetochore-microtubule attachment and
tension, and its activity is regulated by post-translational modifications, including
farnesylation (Ashar et al., 2000) and SUMOylation (Dasso, 2008). The centromere protein
Aurora kinase B directs CENP-E to correctly associate with the kinetochores (Ditchfield et
al., 2003) and is also responsible for the phosphorylation of histone H3 during early
chromosome condensation (Goto et al., 2002; Hendzel et al., 1997). The kinase multipolar
kinase-1 (Mspl) performs a similar role to Aurora B in the recruitment of SAC proteins to
the kinetochores (Musacchio & Salmon, 2007). Inner centromere protein (INCENP) and
RAN binding protein 2 (RanBP2) are required for the activation and SUMOylation of
Aurora B to function properly in monitoring microtubule attachment to the HEC1 complex
of the kinetochore (Di Cesare et al., 2023; Musacchio & Salmon, 2007; Samejima et al.,
2015). Attachment is complete once the plus ends of kinetochore microtubules are attached
to the Ndc80/HEC1 complex of the outer kinetochore. Attachment errors, including
monotelic, syntelic and merotelic attachment, are quickly corrected by Aurora B. RanBP2
is involved in the proper localization of many kinetochore proteins, including CENP-E,

CENP-F, and RanGAP1 (Ran GTPase activating protein 1) (Joseph et al., 2004). CENP-F
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is a multifaceted protein involved in kinetochore-microtube attachment, chromosomal
stability, dynein activity and centrosome maturation (Holt et al., 2005). Like CENP-E, the
proper localization of CENP-F is regulated by farnesylation (Hussein & Taylor, 2002;
Vergnolle & Taylor, 2007). These are just a few of the kinetochore- and centromere-
associated proteins required for proper chromosome congression (Musacchio & Salmon,
2007).

During chromosome congression, the E3 ubiquitin ligase anaphase-promoting
complex/cyclosome (APC/C) is inhibited by the mitotic checkpoint complex (MCC) until
the SAC is satisfied. The MCC is composed of mitotic-arrest deficient 2 (Mad2), budding
uninhibited by benzimidazole 3 (Bub3), budding uninhibited by benzimidazole related 1
(BubR1), and cell division cycle (Cdc20) proteins. Cdc20 is a co-factor of the APC/C, but
it is inhibited when bound in the MCC. Once the SAC is satisfied, Cdc20 is released to
activate the APC/C to ubiquitylate cyclin B and securin to promote sister chromatid
separation, marking the onset of anaphase. In addition to their role in the MCC, BubR1 and
Mad2 associate with unattached kinetochores and their signal remains strong until proper
kinetochore microtubule attachment has occurred (Joglekar, 2016; Musacchio & Salmon,
2007). BubR1’s activity can also be triggered by CENP-E at the kinetochores until proper
kinetochore-microtubule attachment is achieved, upon which the BubR1 signal is silenced
(Huang et al., 2019; Mao et al., 2005). This holds true for numerous mitotic regulatory
proteins, as they often play multiple roles, contributing to the establishment of a robust
regulatory network governing mitosis.

In parallel, the SAC can be activated upon the phosphorylation of histone H2AX by
the protein kinase ataxia telangiectasia mutated (ATM), a response triggered after detection

of a double-stranded break (Rogakou et al., 1998). DNA damage can occur during a
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prolonged arrest and imbalanced tension at centromeres. This then exacerbates the length
of the arrest since both poor chromosome congression and DNA damage can trigger the
SAC, and both must be resolved for the APC/C inhibition to be released. This implies a
crosstalk occurs between the DNA damage response and the SAC which strengthens the
regulations of the metaphase to anaphase transition, again stressing its importance. This
review highlights a few proteins from the extensive collection involved in regulating
chromosome congression to preserve one of the most critical checkpoints of the cell

division cycle.

1.5.3 Centrosome duplication

The centrosome is a cellular organelle comprised of two centrioles surrounded by
pericentriolar material (PCM) containing various centrosomal-associated proteins.
Centriole duplication is tightly regulated during the cell cycle, where the mother centriole
acts as a template for assembling a new daughter centriole. In a fully mature centrosome,
there is one "mother" centriole and one "daughter" centriole embedded in the pericentriolar
material. This duplication process ensures that each daughter cell inherits the correct
number of centrioles (Wang et al., 2014). During the G1/S transition, the PCM protein polo-
like kinase 1 (PLK-1) initiates centrosome duplication. During S phase the centrioles
undergo a semiconservative replication, and each centriole is now associated with a newly
formed daughter centriole, resulting in the formation of two centrosomes. Centrosomes
undergo maturation during G2 and separate by moving to opposite poles of the cell to
prepare for mitosis, a process facilitated by the PCM proteins Nek2 (never in mitosis-A
related 2) and PLK-1 (Schmucker & Sumara, 2014; van Vugt et al., 2004). Nek2 is involved

in centrosome separation, maturation, and microtubule nucleation by phosphorylating C-
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Napl (centrosomal Nek2-associated protein 1) to weaken centrosome cohesion. Nek2 and
Aurora kinase B contribute to PCM organization during centrosome maturation, enabling
the centrosomes to act as microtubule-organizing centres (MTOCs). These MTOCs,
initiated with the help of the key ring complex protein y-tubulin, nucleate microtubules to
form the mitotic spindle (Prosser & Pelletier, 2017). Mature centrosomes ensure the
formation of a bipolar spindle for accurate chromosome segregation.

To prevent centriole reduplication, the PCM protein PLK-4 (polo-like kinase 4)
auto-phosphorylates, signaling its degradation by the E3 ubiquitin ligase SCF complex
(Holland et al., 2010; Wang et al., 2014). Centrosomal abnormalities resulting from the
overexpression of centrosomal-associated kinases can disrupt spindle assembly regulation,
leading to the formation of multipolar spindles through overduplication or abnormal
centrosome separation (Blihler & Stolz, 2022). The cycling of centrosomes involves
numerous proteins, each regulated by enzymes to ensure accurate functionality and
localization, and the interplay between centrosomes, spindle fibers, and kinetochores is

crucial for achieving proper chromosome congression.

1.5.4 Loss of cell cycle regulation

Outside of embryonic development, growth and repair, eukaryotic cells remain in a
resting state known as GO. The initiation of the cell cycle is meticulously regulated by
external signals, such as growth factors, and within the cell cycle are mechanisms that often
exhibit redundancy to prevent errors in division. A comprehensive understanding of the
molecular mechanisms regulating cell division is imperative for developing targeted
therapeutic strategies for intervention upon loss of cell cycle control. However, many

mitotic regulatory proteins lack inhibitors, posing challenges when there is a breakdown in
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cell cycle regulation. A loss of cell cycle control can result from sustained proliferative
signalling or the evasion of regulatory mechanisms, and lead to the development of
proliferative diseases such as cancer (Hanahan & Weinberg, 2011). The identification of
novel inhibitors targeting specific proteins is crucial for advancing treatment strategies.
Historically, natural products have served as a rich source of anti-mitotic
compounds (Newman & Cragg, 2020). Earlier, we reviewed previously identified natural
product inhibitors that induce mitotic arrest, and this thesis adds two novel anti-mitotic
compounds to expand this repertoire. Structure-activity relationships in biology underscore
that different compounds target distinct proteins, highlighting the need for innovative
compounds to address mitotic regulators lacking known inhibitors. Identifying such anti-
mitotic compounds can enhance our understanding of mitosis and contribute to the

development of novel therapies for precision medicine.

1.6 Methods to identify anti-mitotic natural products

There are several mitotic markers that can be utilized to identify anti-mitotic
activities from complex plant extracts which can then lead to the purification of the active
compound. Our approach involves cell-based assays to screen for a round cell morphology
after exposure to a plant extract. This rounded phenotype is a characteristic of mitosis to
ensure the equal division of cellular contents during the cell cycle. This assay allows an
entire biochemical pathway, mitosis, to be investigated at once to screen plant extracts for
inhibitory activity (Swinney & Anthony, 2011; Williams & Andersen, 2020). In addition to
cell rounding, we consider the expression of cyclin Bl and PH3 as two other key mitotic

markers to screen for anti-mitotic activity since both are highly expressed during mitosis.
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Upon identification of anti-mitotic activity, we employ the technique of biology-
guided fractionation to purify the active compound which involves a series of chemical
fractionation steps alternated with phenotypic assays. This process continues until an active
pure compound is isolated. Following the isolation of the pure compound, precise assays
can be utilized to determine the mechanism of action and cellular target. This method was
used to identify the anti-mitotic natural product paclitaxel, initially discovered from T.
brevifolia extracts based on the observations of a rounded cell phenotype (Wani et al.,
1971). The anti-mitotic activity of paclitaxel was confirmed by high levels of cyclin B1 and
PH3 expression and it was found to bind tubulin as its cellular target. This method is
employed in this thesis to identify two novel anti-mitotic compounds from Canadian prairie

plants outlined in the following section.
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1.7 Canadian Prairie Plant Species Under Investigation

This thesis focuses on the analysis of three natural products from species native to
the Canadian prairies: Gaillardia aristata (Blanket Flower), Pulsatilla nuttalliana (Prairie
Crocus), and Erythronium grandiflorum (Glacier Lily). G. aristata, a native perennial
herbaceous plant, is the source of pulchelloid A (Bosco et al., 2021) and belongs to the
Asteraceae family, which also includes sunflowers, daisies, and Hymenoxys richarsonii,
the source of hymenoratin (Molina et al., 2021). The Asteraceae family is known for
biologically active sesquiterpene lactone natural products (Molina et al., 2022). P
nuttalliana (Ranunculaceae) is a prominent spring prairie plant featuring striking purple
flowers (Beaubien & Hamann, 2011), and E. grandiflorum (Liliaceae) is one of the first
plants to emerge in the montane regions of the prairies (Kuijt, 1982). Figure 1.4 highlights
the phylogenetic distance between the three species under investigation, where G. aristata
and P. nuttalliana are separated by 147 £ 6 million years, and E. grandiflorum by 161 + 7
million years (Wikstrom et al., 2001). In a phenotypic screen of extracts prepared from
these plants, each exhibited anti-mitotic activities. Given the phylogenetic proximity
between the source plants of pulchelloid A and hymenoratin, G. aristata and H. richarsonii
respectively, it is unsurprising that the chemical structures of these two anti-mitotic
compounds are similar. By contrast, it is reasonable to propose that an increase in the
phylogenetic distance between species with anti-mitotic extracts, such as P. nuttalliana and
E. grandiflorum, will result in increasingly diverse chemical structures of the active

compounds.
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Figure 1.4. Phylogenetic relationship between Gaillardia aristata, Pulsatilla nuttalliana,
and Erythronium grandiflorum. Phylogenetic chronogram of angiosperms, ages estimated
using maximum parsimony by accelerated transformation optimization (adapted from
Wikstrom et al., 2001). Species under investigation are the Blanket Flower, Gaillardia
aristata (Asteraceae); the Prairie Crocus, Pulsatilla nuttalliana (Ranunculaceae); and the
Glacier Lily, Erythronium grandiflorum (Liliaceae). Nodes of last common ancestor are
highlighted in yellow, where node 4: 161 = 7 Myr; and node 6: 147 = 6 Myr.
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1.8 Hypothesis and Objectives

The overarching goal of our research is to investigate Canadian prairie plants for
natural products and identify their biological activities. Several of these compounds exhibit
anti-mitotic activities that can advance our understanding of mitosis. Our approach is to
investigate Canadian prairie plants, which are understudied, but have been proven as an
abundant source of anti-mitotic compounds. We hypothesize that an increase in
phylogenetic distance between plant species will lead to greater chemical diversity amongst
anti-mitotic compounds with similar mitotic phenotypes. To test this hypothesis, we

propose the following objectives:

= To characterize the biological activities of extracts from Pulsatilla nuttalliana and
Erythronium grandiflorum.

» To identify the compounds responsible for the anti-mitotic activities by biology-
guided fractionation.

= To distinguish the mitotic arrests of these novel anti-mitotic compounds through

precise cell biology assays.

This is the first report to attribute anti-mitotic activities to the natural products anemonin,
isolated from P, nuttalliana, and (+)-6-tuliposide A, isolated from E. grandiflorum. We also
present evidence distinguishing the mitotic arrests induced by pulchelloid A, anemonin and

(+)-6-tuliposide A, suggesting they inhibit mitosis by different mechanisms.
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CHAPTER 2
Two anti-mitotic activities are present in extracts from the Canadian Prairie Crocus,

Pulsatilla nuttalliana
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2.1 Abstract

We are investigating plants from the prairie ecological zone of Canada to identify natural
products that inhibit mitosis in cancer cells. Extracts prepared from the Canadian prairie
plant species Pulsatilla nuttalliana (Ranunculaceae) exhibited anti-mitotic activity on
human cancer cell lines. P. nuttalliana treated cells acquired a rounded morphology and
were positive for phospho-histone H3, a mitotic protein. Further investigation revealed that
some arrested cells displayed mitotic spindles, while others did not. Fractionation of the
extract prepared from plant stems revealed two distinct anti-mitotic activities, each of
which exhibited different effects on spindle organization. Using biology-guided
fractionation, we isolated one of the anti-mitotic compounds as the natural product
anemonin and are the first to report its anti-mitotic activity. This is the first report of two
distinct anti-mitotic activities in one prairie plant and contributes to a growing body of

evidence that select Canadian prairie plants have a range of anti-mitotic activities.
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2.2 Introduction

The exploration of natural products helps us understand biological connections and
advance the development of new treatments for diseases such as cancer. One approach is
to discover natural products that interfere with the cell division cycle in human cells. A
classic example is paclitaxel, a taxane compound isolated from Zaxus brevifolia, which
binds to tubulin resulting in the arrest of cells in mitosis (Schiff et al., 1979; Wani et al.,
1971). The study of paclitaxel, also known as Taxol®, has provided detailed information
about tubulin function and it has become one of the most widely used chemotherapeutic
drugs to treat cancer (Cragg, 1998; Gallego-Jara et al., 2020; Kingston, 2021). Despite such
discoveries, the potential of natural products from botanicals in Canadian ecological zones
as scientific tools or medicines remains under explored (Molina et al., 2022; Thornburg et
al., 2018).

We have undertaken a project to identify natural products from which to gather
information about how human cells function and to identify chemical compounds with
medicinal properties. A critical element in the discovery of inhibitors is the selection of
sources from which to find such compounds (Wilson et al., 2020). We focus on
investigating plant species from the prairie ecological zone in Canada because these plants
grow under conditions that promote the production of special metabolites (Hartmann, 1996;
Molina et al., 2022; Pavarini et al., 2012). The combination of biotic conditions, such as
herbivory, and abiotic conditions, such as extreme temperature ranges, may contribute to
the production of either abundant or novel special metabolites. In the province of Alberta,
which harbours part of the prairie and montane ecological zones, 1636 vascular plant

species from 123 botanical families have been catalogued (Kershaw & Allen, 2020). The
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special metabolite activities of many of these plant species are unknown, presenting an
avenue for further exploration.

The second component of identifying natural product inhibitors is the bio-assay. We
utilized phenotypic assays, which is favourable in the discovery of novel inhibitory
activities because an entire biochemical pathway can be tested at once (Swinney &
Anthony, 2011; Williams & Andersen, 2020). This complements assays using purified
systems, such as protein kinases, for which the precise target is known (Moffat et al., 2017;
Perron-Sierra et al., 2012). We developed a cell-based assay for the detection of mitosis in
HT-29 cells, which are particularly sensitive to mitotic arrest (Gascoigne & Taylor, 2008),
in which the phenotype is the acquisition of a rounded morphology that is characteristic of
mitosis (Kubara et al., 2012; Swift & Golsteyn, 2018). Identification of the molecular target
requires additional study; however, the phenotypic approach is a critical first step that has
successfully led to the purification and identification of inhibitory compounds (Bosco &
Golsteyn, 2017; Bosco et al., 2021; Molina et al., 2021).

We created an extract library prepared from Canadian plant species and screened it
using phenotypic assays for extracts that induced a mitotic arrest (Molina et al., 2022).
Here, we report the characterization of an anti-mitotic activity of extracts prepared from
the Prairie Crocus, Pulsatilla nuttalliana (Ranunculaceae), a prominent spring prairie plant
(Beaubien & Hamann, 2011). The Pulsatilla genus, previously included in the Anemone
genus (Mosyakin, 2016), is known by Traditional Knowledge in several First Nation
communities in Canada (Moerman, 2009) and Chinese Traditional medicine (Wu et al.,
2023). A species related to P nuttalliana, P. koreana, is known to Korean Traditional
knowledge (Park et al., 2013) and is a source of deoxypodophyllotoxin, a tubulin toxin that

arrests cells in mitosis (Kim et al., 2002). We are the first to investigate P. nuttalliana,
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whose distribution is limited to North America. By combining phenotypic assays with
specific tests for mitotic function, we found that there were not one, but two distinct anti-
mitotic activities present in this species. This is the first report of two anti-mitotic activities

in extracts from one prairie plant species.
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2.3 Materials and Methods

2.3.1 Plant Collection

Aerial plant parts of P. nuttalliana (Ranunculaceae) were collected by sustainable practice
in southern Alberta, Canada at North 49°1 latitude and West -113°0 longitude, at
approximately 850 to 1400 metres elevation during 2015 and 2019. Permits from provincial
and local governments were acquired for collection. Plant taxonomy was confirmed to
species (Kershaw & Allen, 2020; Moss & Packer, 1983) and verified by the University of
Lethbridge Herbarium. A voucher specimen was provided to the herbarium as
#Golsteyn080. Following harvest, the plants were dried at room temperature and stored in

the dark in a dry environment at room temperature until extraction.

2.3.2 Preparation of Plant Extracts

Plant parts (whole aerial plant parts, leaves, stems, and flowers) were separated and ground
into fine powders. Extracts were prepared by suspending powdered material in either 75%
(v/v) ethanol in water (A extracts) or in 100% dichloromethane (B extracts) and stirring
overnight at room temperature. The suspensions were filtered, dried, and stored in the dark
at room temperature. The extracts were dissolved in dimethyl sulfoxide (DMSO) (Sigma-

Aldrich, D2438) to a concentration of 50 mg/mL for use in biological assays.

2.3.3 Cell Culture

The human cell lines HT-29 (ATCC HTB-38) and U20S (ATCC HTB-96) were obtained
from the American Type Culture Collection (ATCC) and cultivated as previously described
(Kubara et al., 2012; Lewis & Golsteyn, 2016). HT-29 cells were selected for further studies

because of their capacity for prolonged mitotic arrest (Gascoigne & Taylor, 2008). HT-29
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cells were plated at a density of 3.0 x 10° cells/25 cm? flask and cultured for 48 hours (h)
prior to treatment. U20S cells were plated at a density of 3.0 x 10° cells/25 cm? flask and
cultured for 24 h prior to treatment. The compounds nocodazole (660 uM, Sigma-Aldrich,
M1404), paclitaxel (1 mM, Sigma, T7402), 4-deoxypodophyllotoxin (125 uM, Cedarlane,
D249500), hymenoratin (3.8 mM) and anemonin (10 mM, Millipore Sigma, PHL80346)
were dissolved in DMSO and stored at -20°C. For not-treated cells, DMSO was added at a
final concentration of 0.4% (v/v) as a solvent vehicle control. Light microscopy imaging
was performed with an Infinity 1 camera operated by Infinity Capture imaging software
(Lumenera Corporation, CA) on an Olympus CKX41 inverted microscope. Cells were
manually scored for rounded or flat morphology. At least 200 cells were counted per

treatment group.

2.3.4 Cell Viability (MTT) Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay (Sigma-Aldrich,
M2128-1G) was used to measure plant extract cytotoxicity (Kubara et al., 2012). HT-29
cells were seeded at 5,000 cells per well in a 96-well culture plate and incubated at 37°C
for 48 h prior to treatment. All experiments were carried out in triplicate, and the treatments
were repeated at least three times. After 72 h of treatment, 20 uL of MTT solution (5 mg/mL
MTT in phosphate-buffered saline (PBS:137 mM NaCl, 3 mM KCl, 100 mM Na,HPOg4, 18
mM KH>POj4)) was added to the media in each well, and the plates were incubated at 37°C
for 3.5 h. The medium was then aspirated and replaced with 150 uL of MTT solvent (4 mM
HCI, 0.1% (v/v) octylphenoxypolyethoxyethanol, in isopropanol) in each well. The plates
were left in the dark for 15 minutes with shaking, and a CytationTM 5 Cell Imaging Multi-

Mode Reader (BioTek Instruments, USA) equipped with Gen5 software was used to
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measure the absorbance at 590 nm. ICso concentrations were calculated as the concentration
of the compound or plant extract that reduced the absorbance of MTT by 50% compared to
0.1% (v/v) DMSO-treated cells. The normalized percent absorbance was calculated as
follows:
Normalized percent absorbance = (absorbance/DMSO absorbance) x 100
The log concentrations of the compounds were plotted against the normalized absorbance
percentage using Microsoft Excel. Analysis was performed with GraphPad Prism 5
software, using non-linear regression (log(inhibitor) versus normalized response) to
estimate ICso concentrations. Standard curves were plotted using the following equation:
Y = maximum + (maximum — minimum) / (1+10(X-LogICso))

Where Y is the percentage of viable cells, maximum is the percentage of viable cells after
treatment with 0.1% DMSO, minimum is the percentage of viable cells after treatment with
the highest concentration of the cytotoxic compound, and X is the logio value of the

treatment concentration.

2.3.5 Immunofluorescence Microscopy

HT-29 cells were seeded in 6 well culture plates on glass coverslips and incubated at 37°C
for 48 h prior to treatment. After 24 h of treatment, the cells were fixed for 20 min at room
temperature with 3% (v/v) paraformaldehyde (Fisher Scientific, 30525-89-4) in PBS.
Fixation was halted with 50 mM NH4Cl in PBS for 10 min, and then cells were
permeabilized for 5 min with 0.2% (v/v) Triton X-100 in PBS and blocked with 3% (w/v)
bovine serum albumin (BSA) in PBS-T (0.1% (v/v) Tween 20 diluted in PBS) for 30 min.
Cells were then incubated overnight at 4°C with primary antibodies anti-phospho-Ser10

histone H3 (Millipore, 06-570(CH); 1:1000) and anti-a-tubulin (Santa Cruz Biotechnology,
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sc-53030; 1:400). After incubation, cells were washed with PBS-T and incubated with
secondary antibodies Alexa Fluor 594 AffiniPure goat anti-rabbit IgG (Jackson
ImmunoResearch, 111-585-003; 1:300) and Alexa Fluor 488 rabbit anti-rat IgG
(ThermoFisher, A11006; 1:200) for 45 min at room temperature. Nuclei were stained with
300 nM 4',6-diamidino-2-phenylindole (DAPI) (Fisher, LSD1306) in PBS for 15 min. After
staining, the coverslips were mounted onto microscope slides with ProLong Gold Antifade
Mountant (Thermo Fisher; P36934). Cells were then observed and imaged with a
CytationTM 5 Cell Imaging Multi-Mode Reader using the Gen5 software (BioTek
Instruments, USA) and a Zeiss Axio Observer Z1 Motorized Inverted Fluorescence
Microscope using AxioVision software (ZEISS, USA). A minimum of 200 cells were
counted for each treatment, and the mean percentage and standard error of the mean of
PH3-positive cells in at least three independent experiments were calculated. DMSO-

treated mitotic cells were used as a reference for baseline mitotic spindle morphology.

2.3.6 Spectrophotometry

The extracts and fractions were diluted to 1 mg/mL in 100% methanol, and 75 pL of each
sample was transferred to separate wells of a 96 well plate. The absorbance of each well
was read on an Epoch microplate spectrophotometer (BioTek Instruments, USA) from 300
to 700 nm, with steps of 2 nm between reads. Absorbance data were blanked to a methanol
negative control and normalized using the following equation:

Normalized absorbance = (absorbance - minimum) / (maximum - minimum)
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2.3.7 Cell Cycle Analysis

HT-29 cells were plated at 3.0 x 10° cells/25 cm? flask and incubated at 37°C for 48 h prior
to treatment. Cells were collected by trypsinization, washed with cold PBS (0.8% FBS
(fetal bovine serum), 1 mM EDTA (ethylenediaminetetraacetic acid)), and fixed in ice-cold
70% ethanol for 24 h. The fixed samples were stored at -20°C until use. For analysis, the
samples were centrifuged at 300 x g for 5 min at 4°C, washed with PBS at room
temperature, and resuspended in Muse Cell Cycle staining reagent. The cells were
incubated for 30 min and analyzed using a Muse® Cell Analyzer (Luminex). Gating was

set using a non-treated sample and experiments were performed three times.

2.3.8 LH-20 Column Chromatography

The extract PP-1631A was subjected to Sephadex LH-20 column chromatography in
collaboration with Tanner Lockwood (University of Lethbridge). Two hundred microliters
of a 100 mg/mL solution of PP-1631A in 100% methanol were loaded onto a Sephadex
LH-20 column (225 mm length X 15 mm internal diameter) pre-equilibrated with 100%
methanol. The column was then eluted with 100% methanol, yielding twelve 2 mL fractions
(including a void volume fraction). The fractions were evaporated under vacuum and

resuspended in 100% methanol to a concentration of 10 pg/mL.

2.3.9 Beta-mercaptoethanol Reduction Assay
HT-29 cells were either treated with nocodazole, 4-deoxypodophyllotoxin, hymenoratin,
fraction 2, fraction 5, or anemonin alone, or treated in combination with beta-

mercaptoethanol (B-ME) (MP BioMedical, 02194705-CF). Each compound was
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preincubated with 0.1 mM B-ME for 1 h at 37°C prior to addition to media for cell culture

treatment. After 24 h of treatment, light microscopy images were taken as described above.

2.3.10 Biology-Guided Fractionation and Isolation of Anemonin.

The biology-guided fractionation was completed in collaboration with Tanner Lockwood
(University of Lethbridge), Benjamin Yeremy (University of British Columbia), Dr. David
Williams (University of British Columbia) and Dr. Raymond Andersen (University of

British Colombia).

2.3.10.1 General Experimental Procedures

The 'H and '*C NMR spectra were recorded on a Bruker AV-500 spectrometer with a 5 mm
CPTCI cryoprobe. 'H chemical shifts are referenced to the residual DMSO-ds (8 2.49 (as
used in Saidi et al., 2018) ppm) and '*C chemical shifts are referenced to the DMSO-d
solvent peak to reference 1b (& 39.5 ppm Merck Type 5554 silica gel plates were used for
analytical thin layer chromatography. Reversed-phase HPLC purifications were performed
on a Waters 1525 Binary HPLC pump attached to a Waters 2998 Photodiode Array

Detector. All solvents used for HPLC were Fisher HPLC grade.

2.3.10.2 Isolation of Anemonin

Approximately 43 g of dried plant material was extracted twice with 200 mL methanol
overnight at room temperature. The combined extracts were concentrated in vacuo and then
taken up into 2:1 methanol:water and extracted 4 times with 100 mL of dichloromethane.

The combined dichloromethane extracts were concentrated in vacuo to give 380 mg of
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extract. Approximately 1/4 of the active dichloromethane soluble material was
chromatographed on Sephadex LH20 using a 71 x 2.5 cm column with methanol as eluent.
The fractions obtained were labelled RA205-241 and analyzed with the cell rounding assay.
The bioactive fraction obtained was then purified by Cis reversed-phase HPLC using an
InertSustain, Sum, 25 x 1.0 cm column with a gradient transitioning over 60 minutes from
95% HzO/acetonitrile to 5% HxO/acetonitrile as eluent with a flow rate of 2 mL/min to give
0.4 mg of anemonin (RA223). The structure of anemonin was confirmed by analysis of
standard 1D and 2D Nuclear Magnetic Resonance (NMR) spectra and comparison with the

literature values (Saidi et al., 2018).

2.3.11 Statistical Analysis

Data were analyzed using Microsoft Excel 2016 and GraphPad Prism 5. Data are plotted
as the mean of three independent experiments + standard error of the mean. One-way
analysis of variance (ANOVA) with Tukey’s post hoc test was used to analyze the results
from the light microscopy and immunofluorescence microscopy assays. Differences were

considered statistically significant at p < 0.05.
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2.4. Results
2.4.1 Extracts prepared from Pulsatilla nuttalliana induced a mitotic arrest in cancer cells

Pulsatilla nuttalliana (Ranunculaceae), commonly known as the Prairie Crocus, is
a prominent herbaceous plant in the prairie ecological system. It is one of the first to emerge
after winter, producing striking flowers before developing prominent leaves and stems
approximately one month later (Figure 2.1A). We extracted the aerial parts of P. nuttalliana
from post-flowering plants with either 75% ethanol (v/v) in water or 100%
dichloromethane and analyzed their absorbance by spectrophotometry over a range of
wavelengths. The ethanolic extract absorbance was highest at 410 nm, whereas the DCM
extract absorbance was highest at 330 nm, indicating a different chemical mixture for each
extraction (Figure 2.1B). We examined the properties of these extracts by adding them to
the culture media of two cell lines (HT-29, Figure 2.1C; U20S, Figure 2.1D). Cells were
either not-treated, treated with nocodazole as a positive control for mitotic cell rounding,
or treated with extracts at a concentration of 50 ug/mL for 24 h and observed by light
microscopy. Few rounded cells were observed in the not-treated sample, whereas treatment
with nocodazole induced cell rounding, indicative of mitosis. The ethanolic and DCM
extracts of P. nuttalliana induced cell rounding in both HT-29 and U20S cells. Additionally,
we tested extracts prepared from P. nuttalliana collected at two different sites in southern
Alberta and from plants collected in different years and found that all induced the rounded
morphology (data not shown). We selected P. nuttalliana extracts for further investigation
to determine whether the cell rounding activity was caused by a mitotic arrest.

We explored extracts prepared from plant parts of P. nuttalliana to characterize the

cell rounding activity. Extracts were prepared from the leaves, stems, or flowers using either
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75% (v/v) ethanol (labelled as A) or 100% DCM (labelled as B). HT-29 cells were either
not-treated, treated with nocodazole, or treated with concentrations of each extract ranging
from 15 to 500 pg/mL for 24 h and observed by light microscopy (Figure 2.2A). As
expected, the not-treated cells had few rounded cells, whereas nocodazole induced nearly
100% cell rounding. Imaging (Figure 2.2A) and counting (Figure 2.2B) revealed that all
extracts induced cell rounding at different concentrations. The stem fractions induced cell
rounding at the lowest concentrations of any plant part: there were 50 + 1% rounded cells
at 150 pg/mL by ethanolic extraction and 81 + 4% cell rounding at 50 pg/mL by DCM
extraction.

We investigated P. nuttalliana stem extracts in more detail because they exhibited
cell-rounding activity at the lowest concentration of all the extracts tested. Analysis by
spectrophotometric absorbance readily distinguished the two extracts (Figure 2.3A), with
stems A absorbing more strongly below 400 nm and less strongly at 670 nm than stems B.
The two extracts were tested for toxicity in HT-29 cells using the MTT assay (Figure 2.3B).
Stems A had an ICso of 47.0 £+ 15.5 pg/mL and stems B had an ICso of 14.8 + 4.6 pg/mL,
which demonstrated that both extracts were moderately cytotoxic in addition to the cell-
rounding activity. We noted that the values of cell viability for stems A were not easily fitted
to a curve, which may reflect the activity described in later experiments. We next examined
HT-29 cells by flow cytometry after treatment with stems A and B extracts to determine
whether they underwent a cell cycle arrest, which would be consistent with the cell
rounding effect. In a representative experiment, the number of cells with 4N DNA at 24 h
was 26 = 1% in not-treated cells and 94 + 2% in nocodazole-treated cells, as expected

(Figure 2.3C). Stems A- and stems B-treated cells showed similar 4N DNA profiles of 67
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+ 2% and 71 + 1%, respectively. These data demonstrated that the two stem extracts were
cytotoxic and caused cell cycle arrest.

To determine whether the cell rounding induced by P. nuttalliana extracts was
caused by an arrest in mitosis, we used immunofluorescence microscopy to detect nuclei
and the mitotic protein phospho-histone H3 (PH3) (Figure 2.4A). Cells were either not-
treated or treated with nocodazole, paclitaxel, stems A or stems B extracts. The not-treated
cells had relatively few nuclei stained positive for PH3, whereas the nuclei in cells treated
with either nocodazole or paclitaxel were nearly all positive for PH3, as expected.
Importantly, both extract treatments induced a PH3 signal whereas stems A induced 47 +
2% of cells with a PH3 signal and stem B induced 83 + 3% of cells with a PH3 signal,

supporting the evidence that cell rounding was linked to an arrest in mitosis.
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Figure 2.1. HT-29 and U20S cells treated with Pulsatilla nuttalliana ethanolic and
dichloromethane whole plant extracts acquire a rounded morphology. A. Pulsatilla
nuttalliana (Ranunculaceae) in prairie habitat. Flowers (left); leaves and stems (right). B.
UV/visible absorbance spectra of P nuttalliana ethanolic (EtOH, solid line) and
dichloromethane (DCM, dotted line) whole plant extracts. C. HT-29 cells and D. U20S
cells were either not-treated, treated with nocodazole, or treated with EtOH or DCM extract
for 24 h. Images were taken by light microscopy and representative images are shown.
Scale bar represents 50 pm.
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Figure 2.2. HT-29 cells treated with ethanolic or dichloromethane extracts of P. nuttalliana
leaves, stems, or flowers acquire a rounded morphology. A. HT-29 cells were either not-
treated or treated with nocodazole, P. nuttalliana ethanolic extracts (labelled as A) or
dichloromethane extracts (labelled as B) of leaves, stems, or flowers for 24 h. Images were
taken by light microscopy and representative images are shown. Scale bar represents 100
pum. B. The mean percentages of cells exhibiting a rounded morphology after treatment.
Error bars represent the SEM of at least three independent experiments. Statistical
significance was determined using one-way ANOVA followed by Tukey’s post hoc test (p
< 0.0001). Means that are significantly different from the mean of the not-treated control
are represented with a different letter (a, b).
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Figure 2.3. Plant extracts stems A and stems B are both moderately cytotoxic and cause a
cell cycle arrest associated with the G2/M phase. A. UV/visible absorbance spectra of stems
A (solid line) and stems B (dotted line). B. Percent cell viability of HT-29 cells was plotted
as a function of the extract treatment concentration. C. HT-29 cells were either not-treated
or treated with nocodazole, stems A or stems B and prepared for cell cycle analysis by flow
cytometry. Histograms of representative experiments are shown with DNA content along
the x-axis and cell count along the y-axis.
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Figure 2.4. HT-29 cells treated with stems extracts exhibit a phospho-histone H3 signal
with and without mitotic spindles. A. HT-29 cells were either not-treated or treated with
nocodazole, paclitaxel, stems A or stems B extracts for 18 h. Cells were analyzed by
immunofluorescence microscopy where DNA was detected with DAPI (blue),
phosphorylated histone H3 with anti-phospho-histone H3 antibodies (red), and tubulin with
anti-o-tubulin antibodies (green). The merge column is the combination of phospho-histone
H3 and a-tubulin staining. Scale bar represents 50 um. B. The mean percentages of cells
exhibiting a phospho-histone H3 signal (mitotic cells, dark grey) and mitotic cells with a
mitotic spindle (light grey) after treatment. Error bars represent the SEM of at least three
independent experiments. Statistical significance was determined using one-way ANOVA
followed by Tukey’s post hoc test (»p < 0.0001). Means that are significantly different from
the mean of the not-treated control are represented with a different letter (a, b; A, B).

2.4.2 Pulsatilla nuttalliana extracts induced two distinct mitotic arrest phenotypes

We then observed the organization of tubulin in mitotic cells treated with each
extract using immunofluorescence microscopy (Figure 2.4A). The few mitotic cells in the
not-treated population showed bipolar spindles and these cells were co-stained with PH3
signals. Nocodazole prevents the formation of the mitotic spindle, leaving little or punctate
staining, whereas paclitaxel stabilizes tubulin in spindle fibers, which increases signal
intensity and co-localizes with PH3 signals. In cells treated with stems A, we made a
striking observation of PH3 positive cells in which some contained tubulin spindle
structures, whereas others did not. In contrast, stems B-treated mitotic cells did not contain
spindles. We then calculated the percentage of cells in mitosis relative to the total
population, and of those in mitosis, the percentage of cells that had a mitotic spindle (Figure
2.4B). The non-treated sample had 5 + 1% of the cells in mitosis of which 53 + 2%
contained a bipolar spindle, which is consistent with the mitotic phases (prophase to
telophase). None of the nocodazole-treated cells contained a spindle structure, whereas all
of the paclitaxel-treated cells had a spindle structure, as expected. The stems A-treated

mitotic cells showed 46 + 4% with a spindle structure, and the remainder had no organized
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tubulin structures. In contrast, only 1% of the stems B mitotic cells contained a spindle
structure. We concluded that the P. nuttalliana extracts contained compounds with anti-
mitotic activity; however, it appeared that there might be more than one type of activity
present.

We then explored the possibility that the stems A extract might contain two distinct
anti-mitotic activities by separating its complex chemical composition by column
chromatography. The stems A extract was fractionated by LH-20 column chromatography,
yielding 12 fractions (including a void volume fraction). Cells were then either not-treated
or treated with nocodazole, stems A, or a fraction. After 24 h, the cells were observed by
microscopy for cell rounding (Figure 2.5A). Not-treated cells had relatively few rounded
cells, whereas treatment with nocodazole or stems A extract induced many rounded cells,
as expected. Prominent cell rounding effects were observed in fractions 1 through 5
inclusive, and not in the void volume or fractions 6 through 11. We compared stems A,
fraction 2 and fraction 5 using spectrophotometry and observed distinct spectra, suggesting
that different compounds were eluted in each fraction (Figure 2.5B). We then tested whether
fraction 2 or fraction 5 induced either of the two types of spindle profiles (spindle or no
spindle) that were observed in the stems A whole extract again utilizing
immunofluorescence microscopy (Figure 2.5C). Both fraction 2 and 5 treated cells had
large numbers of PH3 positive cells, supporting the evidence that cell rounding was an
arrest in mitosis. Close observation of fraction 2 treated cells revealed that 87 + 1% of the
cells positive for PH3 had a spindle structure. In contrast, fraction 5 treated cells were PH3
positive but did not display spindles (2 = 1%) (Figures 2.5C, D). We concluded that P
nuttalliana contains two distinct anti-mitotic activities: one that arrests cells with mitotic

spindles and another that arrests cells without spindles.
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The two different biological responses (mitotic arrest with spindles and mitotic
arrest without spindles) and the elution of these activities into separate fractions by
chromatography suggest that this is the result of two distinct compounds. To assess this, we
performed a chemical test by mixing fraction 2 or fraction 5 with the reducing agent beta-
mercaptoethanol (B-ME) prior to treatment of cell cultures. In addition, cells were either
not-treated or treated with nocodazole in the presence or absence of B-ME. Furthermore,
we included two other mitotic-arresting compounds, 4-deoxypodophyllotoxin, which
depolymerizes tubulin and is insensitive to B-ME, and hymenoratin, a natural product that
induces mitotic arrest with spindles and is sensitive to reduction by -ME. After 18 h of
treatment, the cells were observed using light microscopy (Figure 2.6). B-ME did not induce
mitosis in not-treated cells, nor did it reduce the cell rounding in nocodazole- or 4-
deoxypodophyllotoxin-treated cells. In contrast, B-ME reduced the cell rounding activity
of hymenoratin, demonstrating that different types of anti-mitotic compounds can be
distinguished in this assay. Importantly, B-ME reduced the mitotic arrest activity of fraction
2 (mitotic arrest with spindles) but not the mitotic arrest activity of fraction 5 (mitotic arrest
without spindles). These data support the conclusion that P. nuttalliana harbours two anti-

mitotic activities that are both biologically and chemically distinct.
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Figure 2.5. Fractionation distinguished mitotic spindle profiles of stems A extract between
fraction 2 and fraction 5. A. HT-29 cells were either not-treated or treated with nocodazole,
stems A, fractions 1 through 11, or void fraction for 24 h. Images were taken by light
microscopy and representative images are shown. Scale bar represents 100 pm. B.
UV/visible absorbance spectra of stems A whole extract (solid line), fraction 2 (dashed line)
and fraction 5 (dotted line). C. HT-29 cells were either not-treated or treated with
nocodazole, paclitaxel, stems A, fraction 2 or fraction 5 for 18 h. Cells were analyzed by
immunofluorescence microscopy where DNA was detected with DAPI (blue),
phosphorylated histone H3 with anti-phospho-histone H3 antibodies (red), and tubulin with
anti-o-tubulin antibodies (green). The merge column is the combination of phospho-histone
H3 and o-tubulin staining. Scale bar represents 50 um. D. The mean percentages of cells
exhibiting a phospho-histone H3 signal (mitotic cells, dark grey) and mitotic cells with a
spindle structure (light grey) after treatment. Error bars represent the SEM of at least three
independent experiments. Statistical significance was determined using one-way ANOVA
followed by Tukey’s post hoc test (p < 0.005). Means that are significantly different from
the mean of the not-treated control are represented with a different letter (a, b; A, B).
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Figure 2.6. Cell rounding activity of fraction 2 was eliminated after reduction by beta-
mercaptoethanol, whereas the cell rounding activity of fraction 5 was maintained. HT-29
cells were either not-treated or treated with nocodazole, 4-deoxypodophyllotoxin (DPT),
hymenoratin, stems A fraction 2 or stems A fraction 5 for 24 h. Treatments were
administered either alone or after preincubation with beta-mercaptoethanol (B-ME). Images
were taken by light microscopy and representative images are shown. Scale bar represents
100 pm.
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2.4.3 Isolation of anemonin from Pulsatilla nuttalliana and characterization of mitotic
arrest

We used biology guided fractionation to isolate the compound that induced the
mitotic arrest with spindles from P. nuttalliana stems. Through successive rounds of
fractionation, we isolated a bicyclic butenolide known as anemonin (CioHgO4) from P,
nuttalliana (Figure 2.7A). The structure of anemonin was elucidated by analysis of 1D and
2D NMR data. The proton and carbon NMR data recorded for the sample in DMSO-ds
exactly matched the literature values (Saidi et al., 2018).

We confirmed in cell rounding assays that anemonin induced 44 + 4% cell rounding
at 15 pM in HT-29 cells which, was similar to the effect of fraction 2 at 45 + 3% cell
rounding. An increase in the concentration of anemonin to 50 uM did not increase the
percentage of cell rounding (Figures 2.7B, C). An independent source of anemonin was
purchased and tested in a separate experiment and induced cell rounding, confirming its
activity (data not shown). We then tested whether the cell rounding activity of anemonin
could be reduced after incubation with B-ME, as observed in experiments using extract
fraction 2. Cells were either not-treated, or treated with B-ME, anemonin, or anemonin that
was preincubated with B-ME (Figure 2.7D). As we observed with various plant fractions,
the cell rounding activity of anemonin was reduced by B-ME. Finally, we confirmed that
anemonin was the compound responsible for the mitotic arrest with spindle structures by
immunofluorescence microscopy (Figure 2.7E). These data provided evidence that P.
nuttalliana harbours two distinct anti-mitotic compounds: one that arrests cells in mitosis
without mitotic spindles, and another that arrests cells in mitosis with spindle structures

which we identified as the natural product anemonin.
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Figure 2.7. Anemonin, isolated by biology-guided fractionation of P. nuttalliana, induced
cell rounding in HT-29 cells and its activity can be eliminated by beta-mercaptoethanol
reduction. A. The chemical structure of anemonin. B. HT-29 cells were either not-treated
or treated with fraction 2 or varying concentrations of anemonin for 24 h. C. The mean
percentages of cells exhibiting a rounded morphology after treatment. Error bars represent
the SEM of at least three independent experiments. Statistical significance was determined
using one-way ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means that are
significantly different from the mean of the not-treated control are represented with a
different letter (a, b). D. HT-29 cells were either not-treated or treated with anemonin for
24 h, where treatments were either administered alone or after preincubation with beta-
mercaptoethanol (B-ME). Images were taken by light microscopy and representative
images are shown. Scale bar represents 100 um. E. HT-29 cells were either not-treated or
treated with 15 pM anemonin for 18 h. Cells were analyzed by immunofluorescence
microscopy where DNA was detected with DAPI (blue), phosphorylated histone H3 with
anti-phospho-histone H3 antibodies (red), and tubulin with anti-a-tubulin antibodies
(green). The merge column is the combination of phospho-histone H3 and a-tubulin
staining. Scale bar represents 50 pm.
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2.5 Discussion

This study is the first to investigate the biological activities of Pulsatilla nuttalliana
and identify the anti-mitotic activity of the natural product anemonin. P. nuttalliana,
commonly known as the Prairie Crocus or American pasqueflower, is native to North
America, whereas P. patens (the Eastern pasqueflower) is native to Europe and Asia
(Mosyakin, 2016). The Pulsatilla genus harbours numerous biological activities (Laska et
al., 2019), including inhibition of cancer-related signalling pathways by P. patens extracts
(Laska et al., 2021), increased cancer cell death by P. decoction extracts (Jie et al., 2022),
inhibition of cell proliferation by pulsatilla saponin D (Son et al., 2013) and inhibition of
mitosis by deoxypodophyllotoxin (Kim et al., 2002) both isolated from P. koreana. Neither
of the two North American species, P. nuttalliana and P. occidentalis, a have been
investigated previously for biological activity.

After identifying two distinct anti-mitotic phenotypes from P. nuttalliana extracts,
one with mitotic spindles and one without, we explored the possibility that the stems
contained two different anti-mitotic compounds. By column chromatography, we reduced
the chemical complexity of the extract as demonstrated by absorbance spectra and
identified separate fractions that arrested cells in mitosis either with mitotic spindles or
without spindles. The combination of two distinct anti-mitotic compounds, which may have
different inhibitory concentrations, would explain the complex results of the cell viability
assay from the whole stems A extract. An assay with B-ME distinguished the two anti-
mitotic activities chemically, as the activity of fraction 2 was reduced after incubation with
B-ME, whereas the activity of fraction 5 did not change after incubation with B-ME. This

suggests that the two fractions contain different chemical compounds in support of their
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distinct biological and chemical properties. Finally, we identified the natural product
anemonin as the active compound within fraction 2.

Anemonin is a bicyclic symmetrical butenolide first isolated in 1792 (Moriarty et
al., 1965) and is a natural product found in various species of the Ranunculaceae family,
including P. chinensis (Duan et al., 2006), P. wallichiana (Ali et al., 2019), and Clematis
chinensis (Y. H. Huang et al., 2008). It is recognised for its anti-inflammatory activity
(Jiang et al., 2022; Wang et al., 2017) and has been reported to exhibit cytotoxicity against
certain cancer cell lines (Ali et al., 2019; Y. H. Huang et al., 2008). Anemonin, however,
has not been previously reported to arrest cells in mitosis. We have identified several
features of anemonin that are similar to those found in previously identified sesquiterpene
lactones isolated from the Asteraceae botanical family, including hymenoratin (Molina et
al., 2021), pulchelloid A (Bosco et al., 2021), 6-O-angeloylplenolin (Liu et al., 2011) and
psilostachyins A and C (Sturgeon et al., 2005). The anti-mitotic activity of anemonin was
similar to that of hymenoratin, where both induced mitotic arrests with distorted mitotic
spindle structures (Molina et al., 2021), and their activities were reduced after incubation
with B-ME. The similarity in the biological and chemical responses between anemonin and
select sesquiterpene lactones may be due to the shared a,p-unsaturated carbonyl functional
group, as demonstrated in studies with coronopilin (Cotugno et al., 2012) and psilostachyin
A (Sturgeon et al., 2005).

The Asteraceae family is phylogenetically distant from the Ranunculaceae family,
however, diverging over 140 million years ago (Wikstrom et al., 2001). This may indicate
that inhibitors with these similar mitotic arrest phenotypes are not solely localised to the
Asteraceae family. Therefore, similarities between the anti-mitotic activities of

sesquiterpene lactones and non-sesquiterpene lactones, such as anemonin, should be
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considered. The natural product ent-15-oxokaurenoic acid (EKA) is another example of a
compound that induces a 20-30% mitotic arrest with an abnormal spindle structure (Rundle
et al., 2006). While not a sesquiterpene lactone, it contains an a,B-unsaturated carbonyl
group. The discovery of anemonin may help bridge this gap in the literature for non-tubulin-
binding anti-mitotic compounds and guide our research in identifying the molecular targets
of these compounds.

The results of the bio-assays and chemical tests for fraction 5 were consistent with
those of a 4-deoxypodophyllotoxin-like activity. 4-deoxypodophyllotoxin (DPT) is an anti-
mitotic compound that inhibits microtubule polymerization (Desbéne & Giorgi-Renault,
2002) and has been previously identified in P. koreana (Kim et al., 2002). B-peltatin, a
podophyllotoxin isomer, was recently isolated from P. decoction and was found to induce
a G2/M cell cycle arrest in PAC cell lines (Wu et al., 2023). Further investigation of fraction
5 may reveal that its chemical composition contains podophyllotoxin, B-peltatin, or a
related compound characterized to depolymerize tubulin.

A growing number of natural products have been found to cause mitotic arrests
similar to those of anemonin and hymenoratin, as opposed to those of tubulin-targeting
compounds such as paclitaxel and podophyllotoxins. The results presented in this paper
and others provide evidence that compounds which induce unique mitotic phenotypes
should be further investigated, beyond cytotoxicity, for novel anti-mitotic mechanisms of
action, as many mitotic pathways still have no known inhibitors. Identifying novel mitotic
inhibitors will contribute to a deeper understanding of the complexities of mitosis and may
lead to the development of new anti-cancer treatments. This is the first report of two
biologically distinct and chemically distinct anti-mitotic activities identified from a single

prairie plant species. Further investigations will include identifying the compound inducing
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the podophyllotoxin-like activity, followed by the identification of the precise cellular
targets for both compounds. The multifaceted biological activity of P. nuttalliana should
continue to be explored, and anemonin may prove valuable as a natural product for

pharmaceutical and scientific application.
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CHAPTER 3
An anti-mitotic compound, (+)-6-tuliposide A, isolated from the Canadian Glacier

Lily, Erythronium grandiflorum

Shannon M. Healy Knibb, Benjamin Yeremy, David E. Williams, Raymond J. Andersen

and Roy M. Golsteyn

This chapter has been submitted for publication by the journal “Fitoterapia.”
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3.1 Abstract

The Canadian prairie ecosystem is subjected to a range of abiotic and biotic conditions that
induce plants to produce secondary metabolites that affect mammalian physiology. Extracts
prepared from certain plant species native to Canadian prairie and montane cordillera
ecosystems have previously been shown to have anti-mitotic activity on human cancer cell
lines. In this study, we investigated the Glacier Lily, Erythronium grandiflorum (Liliaceae),
which was the most phylogenetically distant botanical extracts with anti-mitotic activity in
our library. When added to cell lines, we found E. grandiflorum extracts induced a rounded
cell morphology and arrested cells in the G2/M phase of the cell cycle. Of the cells that
displayed a rounded phenotype, all were positive for phospho-histone H3 and contained a
distorted mitotic spindle. This anti-mitotic activity was distinct from that of the compound
colchicine, which had been previously isolated from the Liliaceae family. By biology-
guided fractionation, we isolated the natural product (+)-6-tuliposide A and are the first to
report its anti-mitotic activity. These results reveal a chemical motif in secondary
metabolites and expand the range of Canadian prairie plants with anti-mitotic activity that

can become new scientific tools or used in the development of anti-proliferative medicines.
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3.2 Introduction

We are investigating natural products from Canadian botanical species to
understand better the chemical relationships and potential medicinal compounds present in
Canadian ecosystems (Kernéis et al., 2015; Tuescher et al., 2021; Tuescher et al., 2020).
The 15 ecological zones within Canadian borders are vast and diverse regions that offer a
comprehensive platform for exploring botanical natural products. Of these, the prairie and
montane cordillera ecozones are largely understudied for natural products (Thornburg et
al., 2018), yet they likely hold diverse biosynthetic potential, given the extremes of
environmental stressors, including climate, solar irradiation, and herbivory (Erb &
Kliebenstein, 2020; Jaakola & Hohtola, 2010; Molina et al., 2022; Yeshi et al., 2022). The
exploration of natural products in this geographically and ecologically varied region
presents an opportunity to uncover compounds with novel bioactivities that are produced
by plants as ecological adaptations and may serve as guides for future pharmaceutical
chemicals (Newman, 2022).

The botanical species in Canadian ecosystems also provide opportunities to explore
the relationship between botanical phylogenetics and chemical diversity (Hoffmann et al.,
2018). Notably, phylogenetic relationships among plants offer predictive insights into their
chemistry (Saslis-Lagoudakis et al., 2012; Wink, 2003). This phylogenetic proximity
translates to similarities in metabolic pathways and, consequently, the biosynthesis of
homologous compounds. Thus, taxa-specific secondary metabolite biosynthesis may
justify strategic bioprospecting within specific botanical families, extrapolating the
chemical diversity and potential bioactivities from known entities to unexplored members
of taxa. For example, the investigation of Taxus baccata and the consequent discovery of
docetaxel was prompted only after the isolation of paclitaxel from Taxus brevifolia
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(Guénard et al., 1993). Phylogenetic-guided bioprospecting is an important tool for drug
discovery and has successfully led to the identification of natural products with antimalarial
activity (Liana & Rungsihirunrat, 2021; Pellicer et al., 2018), potential cardiovascular drugs
(Guzman & Molina, 2018), acetylcholinesterase inhibitors (Bay-Smidt et al., 2011; Larsen
et al., 2010), and antibiotics (Culp et al., 2020). Furthermore, abiotic and biotic stressors in
an ecological zone may drive phylogenetically diverse species to converge on similar
biochemical pathways.

Prior research from our laboratory has identified a subclass of sesquiterpene
lactones that induce mitotic arrest in human cancer cell lines (Bosco et al., 2021; Molina et
al., 2021). These natural products were isolated from Canadian species in the Asteraceae
taxonomic family, and these data were consistent with other reports of anti-mitotic activity
of sesquiterpenes present in tropical Asteraceae species (Bosco & Golsteyn, 2017,
Chadwick et al., 2013; Costantino et al., 2016; Cotugno et al., 2012; Fonrose et al., 2007;
Ren et al., 2016; Rundle et al., 2006). We developed a robust and facile method for
identifying botanical extracts with mitotic arrest activity (Kubara et al., 2012). From this
screen, a species from the Liliaceae botanical family was identified. Liliaceae, a plant
family with a rich history of ethnobotanical use and chemical exploration, is an important
source of natural products. For instance, colchicine isolated from Gloriosa superba
(Srivastava et al., 2014) exhibits anti-inflammatory and anti-proliferative (mitotic)
activities. Another example pertains to steroidal saponins, such as diosgenin, isolated from
various species within the Liliaceae family (Mimaki et al., 2001), which not only holds
pharmacological interest but has been a precursor in the industrial synthesis of steroidal

drugs.
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We report the investigation of a natural product from Erythronium grandiflorum, a
member of the Liliaceae family. E. grandiflorum, commonly known as the Glacier Lily, is
a perennial herbaceous plant native to western North America with its range extending from
Alberta and British Columbia in Canada to California in the United States (Moss & Packer,
1983). They are among the first flowers to bloom in spring, and their emergence is
associated with the melting of snow which gives rise to their common name and reflects
their ecological hardiness (Kuijt, 1982). We isolated the (+)-6-tuliposide A from E.
grandiflorum and are the first to report that it has mitotic arrest activity. Our findings
expand the catalogue of biologically active natural products isolated from Canadian

botanical species.
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3.3 Materials and Methods

3.3.1 Plant Collection and Preparation of Plant Extracts

Erythronium grandiflorum (Liliaceae) aerial plant parts were collected in southern Alberta,
Canada at North 49°4 latitude and West -112°5 longitude, at an elevation of approximately
1400 metres during 2018 and 2022. Permits from provincial and local governments were
acquired for collection, and plants were harvested by sustainable practice. Plant taxonomy
was confirmed to species (Bain et al., 2014; Kershaw & Allen, 2020; Moss & Packer, 1983),
and a voucher specimen was provided to the University Herbarium as #Golsteyn1850. The
plants were dried in a dehydrator at 40°C for 72 hours (h) and then stored in a dark dry
environment at room temperature until use. Extracts were prepared from either whole aerial
plant parts, leaves, stems, or flowers by grinding the dried material into a fine powder. The
powdered material was then suspended in either 75% (v/v) ethanol in water (A extracts) or
in 100% dichloromethane (B extracts) and stirred overnight at room temperature on a
shaking platform. The suspensions were filtered, dried, and stored in the dark at room
temperature. Crude extracts were dissolved in dimethyl sulfoxide (DMSO) (Sigma-

Aldrich, D2438) to a concentration of 50 mg/mL for use in biological assays.

3.3.2 Spectrophotometry

The extracts were diluted in 100% methanol to 1 mg/mL, and the absorbance was read from
300 to 700 nm with a step of 2 nm between reads on an Epoch microplate
spectrophotometer and Gen5 software (BioTek Instruments, USA). Absorbance data were
blanked to a methanol negative control and normalized using Microsoft Excel and the

following equation:
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Normalized absorbance = (absorbance - minimum) / (maximum - minimum)

3.3.3 Cell Culture

The human cell lines HT-29 (ATCC HTB-38), U20S (ATCC HTB-96), and WI-38 (ATCC
CCL-75) were obtained from the American Type Culture Collection (ATCC) and cultured
as previously described (Kubara et al., 2012; Lewis & Golsteyn, 2016). HT-29 cells were
plated at a density of 3.0 x 10° cells/25 cm? flask and cultured for 48 h prior to treatment.
U20S cells were plated at a density of 3.0 x 10° cells/25 ¢cm? flask and cultured for 24 h
prior to treatment. WI-38 cells were plated at a density of 1.5 x 10° cells/25 cm? flask and
cultured for 24 h prior to treatment. HT-29 cells were selected for further study because of
their capacity to sustain a mitotic arrest (Gascoigne & Taylor, 2008). The compounds
nocodazole (660 uM, Sigma-Aldrich, M1404), paclitaxel (1 mM, Sigma-Aldrich, T7402),
colchicine (100 mM, Sigma-Aldrich, C9754), and pulchelloid A (10 mM) were dissolved
in DMSO and stored at -20°C. For not-treated cells, DMSO was added as a solvent vehicle
control at a final concentration of 0.4% (v/v). Light microscopy images were captured using
an Olympus CKX41 inverted microscope with an Infinity 1 camera operated by Infinity
Capture imaging software (Lumenera Corporation, CA). Cells were manually scored for

rounded or flat morphology and at least 200 cells were counted per treatment group.

3.3.4 Cell Viability Assay

The cytotoxicity of the extracts was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium (MTT) assay (Sigma-Aldrich, M2128) (Kubara et al., 2012). HT-29
cells were seeded in a 96 well plate at 5,000 cells/well and incubated at 37°C for 48 h prior

to treatment. After 72 h of treatment, 20 pL of MTT solution (5 mg/mL MTT in phosphate-
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buffered saline (PBS:137 mM NaCl, 3 mM KCI, 100 mM Na;HPOj4, and 18 mM KH>PO4))
was added to the media in each well, followed by a 3.5 h incubation at 37°C. The medium
was then aspirated and replaced with 150 pL of MTT solvent (4 mM HCI, 0.1% (v/v)
octylphenoxypolyethoxyethanol, in isopropanol) in each well. The plates were left in the
dark for 15 min with shaking, and a CytationTM 5 Cell Imaging Multi-Mode Reader
(BioTek Instruments, USA) equipped with Gen5 software was used to measure the
absorbance of each well at 590 nm. ICso values were calculated and represent the
concentration of the compound or plant extract that reduced the absorbance of MTT by
50% compared with 0.1% (v/v) DMSO-treated cells. The normalized absorbance
percentage was calculated as follows:
Normalized percent absorbance = (absorbance / DMSO absorbance) x 100
The log concentrations of the extracts were plotted against the normalized absorbance
percentages using Microsoft Excel. Analysis was performed with GraphPad Prism 5
software using non-linear regression (log(inhibitor) versus normalized response) to
estimate ICso concentrations. The standard curves were plotted using the following
equation:
Y = maximum + (maximum — minimum) / (1+10(X-LogICso))

Where Y is the percentage of viable cells, maximum is the percentage of viable cells after
treatment with 0.1% DMSO, minimum is the percentage of viable cells after treatment with
the highest concentration of cytotoxic compounds, and X is the logio value of treatment
concentration. All experiments were performed in triplicate and repeated at least three

times.
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3.3.5 Flow Cytometry

HT-29 cells were plated at 3.0 x 10° cells/25 cm? flask and incubated for 48 h at 37°C prior
to treatment. After treatment for 18 h, cells were collected by trypsinization, washed with
cold PBS (0.8% FBS (fetal bovine serum), 1 mM EDTA (ethylenediaminetetraacetic acid)),
fixed in ice-cold 70% ethanol for 24 h, and stored at -20°C until use. The samples were
centrifuged at 300 x g for 5 min at 4°C, washed with PBS, and resuspended in Muse Cell
Cycle staining reagent for 30 min. The samples were analyzed using a Muse® Cell
Analyzer (Luminex), and gating was set using a non-treated sample. All experiments were

performed in triplicate.

3.3.6 Cell Extraction and Western Blotting

HT-29 cells were plated at 3.0 x 10° cells/25 cm? flask and incubated for 48 h at 37°C prior
to treatment. After treatment for 18 h, total cell populations were collected by
trypsinization. Rounded mitotic cells, which are weakly adherent, were collected by
mechanical shake-off to separate them from interphasic cells that are strongly adherent
(Swift & Golsteyn, 2016). Interphasic cells were collected by trypsinization. Cells were
resuspended in ice cold lysis buffer (50 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), pH 7.4, 50 mM NaF, 10 mM EGTA (ethylene glycol bis-
(2-aminoethylether)-N,N,N’,N’-tetraacetic acid), 50 mM B-glycerophosphate, 1 mM ATP,
1 mM DTT (dithiothreitol), 1% Triton X-100 (v/v), 10 pg/mL RNase A (Sigma-Aldrich,
R6513-250MG), 0.4 U/mL DNase I (Invitrogen, [354Ba), and protease inhibitor cocktail
(Roche, 11836170001)) at a concentration of 20,000 cells/uL, passed through a 26-gauge
needle five times to lyse the cells, and incubated on ice for 30 min. The suspension was

centrifuged at 10,000 x g for ten minutes at 4°C and stored at -80°C until use. Extracts were
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prepared for electrophoresis after being heated for ten minutes at 95°C in the presence of
2x SDS (sodium dodecyl sulfate) sample buffer (20% (v/v) glycerol, 10% (v/v) DTT, 6%
(w/v) SDS, 500 mM Tris, pH 6.8). Western blots were performed as previously described
(Swift & Golsteyn, 2016) using anti-cyclin B1 (Santa Cruz Biotechnology, sc-245; 1:200)
and anti-actin (Santa Cruz Biotechnology, sc-58673; 1:200) primary antibodies, and
alkaline phosphatase coupled anti-mouse IgG (Promega, PRS3721; 1:2500) secondary

antibody. Western blot analyses were performed three times.

3.3.7 Immunofluorescence Microscopy

HT-29 cells were seeded on glass coverslips in 6-well culture plates and incubated for 48 h
at 37°C, prior to treatment for 18 h. After treatment, the cells were fixed at room
temperature with 3% (v/v) paraformaldehyde (Fisher Scientific, 30525-89-4) in PBS for 20
min. Fixation was quenched with 50 mM NH4Cl in PBS for 10 min, followed by
permeabilization for 5 min with 0.2% (v/v) Triton X-100 in PBS, and blocked with 3%
(w/v) bovine serum albumin (BSA) in PBS-T (0.1% (v/v) Tween 20 diluted in PBS) for 30
min. The cells were incubated with primary antibodies anti-phospho-Ser10 histone H3
(Millipore, 06-570(CH); 1:1000) and anti-a-tubulin (Santa Cruz Biotechnology, sc-53030;
1:400) at 4°C overnight. After incubation, the cells were washed with PBS-T and incubated
for 45 min at room temperature with secondary antibodies Alexa Fluor 594 AffiniPure goat
anti-rabbit IgG (Jackson ImmunoResearch, 111-585-003; 1:300) and Alexa Fluor 488
rabbit anti-rat IgG (ThermoFisher, A11006; 1:200). Nuclei were stained with 300 nM 4',6-
diamidino-2-phenylindole (DAPI) (Fisher, LSD1306) in PBS for 15 min. Finally, the

coverslips were mounted onto microscope slides with ProLong Gold Antifade Mountant
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(Thermo Fisher, P36934) and imaged with a CytationTM 5 Cell Imaging Multi-Mode
Reader using Gen5 software (BioTek Instruments, USA) and a Zeiss Axio Observer Z1
Motorized Inverted Fluorescence Microscope using AxioVision software (ZEISS, USA).
DMSO-treated mitotic cells were used as a reference for baseline mitotic spindle
morphology. At least three independent experiments were performed and at least 200 cells

were counted for each treatment.

3.3.8 Beta-mercaptoethanol Reduction Assay

HT-29 cells were either treated with colchicine, pulchelloid A, PP1850A or (+)-6-tuliposide
A alone, or treated with the compound in combination with beta-mercaptoethanol (3-ME)
(MP BioMedical, 02194705-CF). Compounds of interest were preincubated with 0.1 mM
B-ME for 1 h at 37°C prior to addition to media for cell culture treatment. After 18 h of
treatment, light microscopy images were taken as described above. The cells were manually

scored for rounded or flat morphology, and at least 200 cells were counted per treatment

group.

3.3.9 Biology-Guided Fractionation and Isolation of (+)-6-Tuliposide A

3.3.9.1 General Experimental Procedures

Optical rotations were measured using a Jasco P-1010 Polarimeter with sodium light (589
nm). The 'H and 3C NMR spectra were recorded on a Bruker AV-600 spectrometer with a
5 mm CPTCI cryoprobe. 'H chemical shifts are referenced to the residual DMSO-ds and
D20 (8 2.49 and 4.70 (as used in Santucci et al., 1985) ppm, respectively) and '*C chemical

shifts are referenced to the DMSO-ds solvent peak and in D>O to the C-4’ resonance
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according to reference 1b (8 39.5 and 35.0 ppm, respectively). Low and high resolution
ESI-QIT-MS were recorded on a Bruker-Hewlett Packard 1100 Esquire—-LC system mass
spectrometer. Merck Type 5554 silica gel plates were used for analytical thin layer
chromatography. Reversed-phase HPLC purifications were performed on a Waters 1525
Binary HPLC pump attached to a Waters 2998 Photodiode Array Detector. All solvents

used for HPLC were Fisher HPLC grade.

3.3.9.2 Isolation of (+)-6-Tuliposide A

Approximately 40 g of dried plant material was extracted twice with 200 mL methanol
overnight at room temperature. The combined methanol extracts were concentrated in
vacuo to give 4.2 g of crude extract that was partitioned between water and ethyl acetate.
These extracts were combined and dried. The active water fraction (2.1 g) was partitioned
between 1-butanol and water. These extracts were also combined and dried. Approximately
1/4 of the 1-butanol soluble material was chromatographed on Sephadex LH20 using a 71
X 2.5 cm column with methanol as eluent. The fractions obtained were labelled RA242-
RA281 and analyzed with the cell rounding assay. The bioactive fraction obtained was then
purified by Cis reversed-phase HPLC using an InertSustain, Spm, 25 x 1.0 cm column with
a gradient transitioning over 60 minutes from 95% HzO/acetonitrile to 55%
H>O/acetonitrile as eluent with a flow rate of 2 mL/min to give 7.6 mg of (+)-6-tuliposide
A (RA278). The structure of (+)-6-tuliposide A was confirmed by analysis of standard 1D
and 2D Nuclear Magnetic Resonance (NMR) spectra and High-Resolution Electrospray
Ionization Mass Spectrometry (HRESIMS) and comparison with the literature values

(Christensen, 1995; Ibrahim et al., 2017; Santucci et al., 1985).
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3.3.10 Statistical Analysis

Microsoft Excel 2016 and GraphPad Prism 5 were used to analyze all data which were
plotted as the mean of three independent experiments + standard error of the mean. The
results from light microscopy and immunofluorescence microscopy were analyzed by one-
way analysis of variance (ANOVA) with Tukey’s post hoc test. Differences were

considered statistically significant at p < 0.05.
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3.4 Results
3.4.1 Extracts prepared from Erythronium grandiflorum induced a mitotic arrest in cancer
cells

Aerial parts of E. grandiflorum (Figure 3.1A) were collected by sustainable
methods with permission on private and public lands in the prairie and montane cordillera
ecological zone in southern Alberta, Canada. We prepared extracts in either 75% ethanol in
water or 100% dichloromethane to extract polar and non-polar compounds, respectively,
and they were given the code names PPI850A and PP1850B. Analysis by light
spectrophotometry revealed that PP1850A had prominent absorbance peaks just above 400
nm, whereas PP1850B absorbed most strongly at 375 nm (Figure 3.1B), suggesting that the
two extracts likely had different chemical compositions.

We assessed the cytotoxicity of each extract by measuring cell viability by the MTT
assay. HT-29 cells were treated with either a solvent control of DMSO, a positive control
(camptothecin, CPT) or with extracts at concentrations ranging from 0.1 to 300 pg/mL for
72 h. The half-maximal inhibitory concentration (ICso) of each treatment was calculated.
CPT exhibited an ICsp of 63 £ 1 nM, as expected (not shown). PP1850A had an ICso of 150

+ 3 pg/mL whereas PP1850B had only 40% viable cells at the highest concentration tested

of 300 pg/mL (Figure 3.1C). These values were used to guide subsequent experiments to
identify pathways that reduced cell viability.

We tested whether E. grandiflorum extracts affected cell morphology by treating
three human cell lines for 18 h: HT-29 (human colorectal adenocarcinoma), U20S (human
osteosarcoma), and WI-38 (human non-cancerous lung fibroblast). In addition to a solvent

control (DMSO, not-treated), cells were treated with nocodazole, a positive control that
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induces cell rounding by mitotic arrest. As expected, nocodazole treated cultures had 97 +
1% cell rounding in HT-29 cells, whereas the not-treated control had only 5 £ 1% cell
rounding, which is typical of a growing cell culture population. At a concentration of 150
pg/mL, PP1850A induced 31 + 2% cell rounding in HT29 cells and was toxic at a
concentration of 500 pg/mL with little change in morphology at 15 or 50 pg/mL (Figures
3.2A and B). In U20S cell cultures, PP1850A induced 35 £ 4% cell rounding at a
concentration of 150 pg/mL, with little cell rounding at lower concentrations (Figures 3.2C
and D). By contrast, no cell rounding was observed after any extract treatment in the WI-
38 cell line (Figures 3.2E and F). Treatment with PP1850B did not induce cell rounding in
any of the cell lines tested (Figures 3.2); therefore, this extract was not selected for further
investigation. We confirmed that E. grandiflorum extracts could be reliably investigated by
preparing extracts (PP1850A) from plants collected in two different years at two different
collection sites. HT-29 cells were treated with either solvent only (not-treated), nocodazole,
or with 150 ng/mL of year 1 or year 2 extracts for 18 h. The number of rounded cells (38%)
were similar under both conditions (Figure 3.3).

To determine whether the compound inducing cell rounding was localized to a
specific plant organ, we prepared 75% ethanolic extracts from leaves, stems and flowers
and tested them in HT-29 cells. Cells were either not-treated, treated with nocodazole, or
treated with whole or plant organ extracts. Each extract induced cell rounding similar to
that of the whole extract: PP1850A at 31 + 2%, leaves at 34 + 1%, stems at 38 + 1%, and
flowers at 31 + 1% (Figure 3.4). This indicated that the compound inducing cell rounding

is likely distributed throughout the entire aerial parts of E. grandiflorum.
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A rounded cell morphology can be induced by mitotic arrest; therefore, we analyzed
whether PP1850A treatment induced a cell cycle arrest by the technique of flow cytometry.
HT-29 cells were either not-treated, treated with nocodazole, or treated with 150 pg/mL
PP1850 then fixed at 18 h and analyzed by flow cytometry. The not-treated population of
cells separated into 46 = 2% in GO/G1, 24 + 1% in S, and 30 £ 1% in G2/M phases, whereas
99 + 1% of cells treated with nocodazole were in G2/M phase of the cell cycle (Figure
3.5A). Cells treated with PP1850A had a phase distribution of 42 + 1% in G0/G1, 16 £ 1%
in S, and 43 + 1% in G2/M, which was different from that of not-treated or nocodazole
treated cell populations. These data revealed that PP1850A treated cultures were arrested
in the G2/M-phase of the cell cycle and there was a reduction in the number of cells arrested
in S-phase.

To distinguish if the arrested cells were in the G2 or M-phase, we examined the
levels of the mitotic protein cyclin B1 by western blotting. HT-29 cells were treated as
described for analysis by flow cytometry. At 18 h, samples were prepared from total cell
cultures of not-treated, nocodazole and PP1850A treated cells, and the PP1850A treated
cells (total, Tot) were further processed by mechanical shake-off to isolate rounded cells
(Mit) from adherent interphasic cells (Int). The samples were separated by SDS-PAGE and
probed with anti-cyclin B1 and anti-actin antibodies. Cyclin B1 levels were significantly
higher in nocodazole samples and in PP1850A rounded cells collected by mechanical
shake-off as compared to adherent interphase cells or the not-treated cells (Figures 3.5B
and C). These data revealed that the rounded cells induced by PP1850A treatment, which

had accumulated in the G2/M-phase signal by flow cytometry, were arrested in mitosis.
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Having demonstrated that PP1850A arrests cells in mitosis, we examined the
organization of the mitotic spindle by immunofluorescence microscopy. Mitotic cells were
identified using anti-phospho-histone H3 antibodies, and the organization of tubulin was
probed with anti-tubulin antibodies. To understand better the type of mitotic arrest, we
included cells that were treated with three tubulin toxins: nocodazole, which depolymerizes
microtubules; paclitaxel, which stabilizes microtubules; and colchicine, a compound
present in the Liliaceae family that depolymerizes microtubules. Cells were either not-
treated, treated with one of the three toxins, or treated with PP1850A extract (Figure 3.6A).
Immunofluorescence microscopy revealed that the not-treated cell population displayed a
small number of cells that were positive for phospho-histone H3 with bipolar mitotic
spindles, as expected (Figure 3.6B). Nocodazole treated cells were nearly all positive for
phospho-histone H3 and did not contain mitotic spindles in contrast to paclitaxel treated
cells, which displayed hyper polymerized spindle structures. Colchicine treated cells were
similar to those treated with nocodazole and did not contain mitotic spindles. The rounded
cells induced by PP1850A were positive for phospho-histone H3, which is consistent with
the data demonstrating that they were in mitosis. Interestingly, these cells contained mitotic
spindle structures, however they were distorted in shape, and readily distinct from those of

either not-treated cells or cells treated with any of the three tubulin toxins tested.
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Figure 3.1. Extracts prepared from Erythronium grandiflorum are moderately cytotoxic to
HT-29 cells. A. Erythronium grandiflorum (Liliaceae) in cordillera montane habitat. B.
UV/visible absorbance spectra of E. grandiflorum ethanolic (PP1850A, solid line) and
dichloromethane (PP1850B, dashed line) whole plant extracts. C. The percent cell viability
of HT-29 cells plotted as a function of the logio value of extract treatment concentration.

79



PP1850A

PP1850B

Percent rounded cells (%)

100 +

Concentration (ug/mL)

& f 2883 2883
>
ooo PP1850A PP1850B
e

80




PP1850A

PP1850B

3 o’

Nocodazole

Concentration (ug/mL)

150

o

Percent rounded cells (%)

100

80 1

60 1

40 1

20 1

b
a
a a a a o @
© 388 23 8 8
~ [Ys] ~— [Ye]
PP1850A PP1850B

Concentration (ug/mL)

81




Nocodazole

Concentration (ug/mL)
50 150 500

PP1850A P

PP1850B

F
100
9
2 80'
[0}
O b
O 60 1
0}
g}
5
9 40 A
g
3] 20 -
[0}
o 0 a a
%) nw O 9 o w O O o
$ & —e°eg -°e23y
>
oo° PP1850A PP1850B

Concentration (ug/mL)

82




Figure 3.2. HT-29 and U20S cells treated with ethanolic extracts of E. grandiflorum
acquire a rounded morphology, whereas WI-38 cells do not acquire a rounded morphology.
A. HT-29 cells were either not-treated or treated with nocodazole, E. grandiflorum whole
plant ethanolic extracts (PP1850A) or dichloromethane extracts (PP1850B) for 18 h.
Images were taken by light microscopy and representative images are shown. Scale bar
represents 100 um. B. The mean percentages of cells exhibiting a rounded morphology
after treatment. C. U20S cells were either not-treated or treated with nocodazole, E.
grandiflorum whole plant ethanolic extracts (PP1850A) or dichloromethane extracts
(PP1850B) for 18 h. Images were taken by light microscopy and representative images are
shown. Scale bar represents 100 pm. D. The mean percentages of cells exhibiting a rounded
morphology after treatment. E. WI-38 cells were either not-treated or treated with
nocodazole, E. grandiflorum whole plant ethanolic extracts (PP1850A) or dichloromethane
extracts (PP1850B) for 18 h. Images were taken by light microscopy and representative
images are shown. Scale bar represents 100 um. F. The mean percentages of cells exhibiting
a rounded morphology after treatment. Error bars represent the SEM of at least three
independent experiments. Statistical significance was determined using one-way ANOVA
followed by Tukey’s post hoc test (p < 0.0001). Means that are significantly different from
the mean of the not-treated control are represented with a different letter (a, b).
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Figure 3.3. HT-29 cells treated with ethanolic extracts prepared from E. grandiflorum
collected in different years and different sites acquire a rounded cell morphology. A. HT-
29 cells were either not-treated or treated with nocodazole, E. grandiflorum ethanolic
extract (PP1850A) year 1 or year 2 for 18 h. Images were taken by light microscopy and
representative images are shown. Scale bar represents 100 um. B. The mean percentages
of cells exhibiting a rounded morphology after treatment. Error bars represent the SEM of
at least three independent experiments. Statistical significance was determined using one-
way ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means that are significantly

different from the mean of the not-treated control are represented with a different letter (a,
b).
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Figure 3.4. HT-29 cells treated with E. grandiflorum extracts from leaves, stems and
flowers acquire a rounded cell morphology. A. HT-29 cells were either not-treated or treated
with nocodazole, E. grandiflorum ethanolic whole extract (PP1850A) or ethanolic extracts
of leaves, stems or flowers for 18 h. Images were taken by light microscopy and
representative images are shown. Scale bar represents 100 um. B. The mean percentages
of cells exhibiting a rounded morphology after treatment. Error bars represent the SEM of
at least three independent experiments. Statistical significance was determined using one-
way ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means that are significantly
different from the mean of the not-treated control are represented with a different letter (a,
b).
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Figure 3.5. Rounded HT-29 cells treated with PP1850A exhibit a cell cycle shift and
elevated levels of cyclin B1. A. HT-29 cells were either not-treated or treated with 500 nM
nocodazole, or 150 pg/mL PP1850A and prepared for cell cycle analysis by flow cytometry.
Statistical significance was determined using one-way ANOVA followed by Tukey’s post
hoc test (p <0.001). Treatments that are significantly different from the not-treated control
are represented with a different letter (a, b) and were determined for each cell cycle phase.
B. After 18 h of treatment, cell extracts were prepared from a not-treated negative control,
a nocodazole-treated positive control, and a total cell (Tot) population treated with
PP1850A. Mitotic cells (Mit) were separated by mechanical shake-off from interphasic
cells (Int) in a separate cellular protein extraction of HT-29 cells treated with PP1850A.
Cell extracts were separated by SDS-PAGE and analyzed by western blotting for cyclin B1.
For comparison of protein levels, the level of actin by western blotting is shown. C.
Normalized band intensities (arbitrary units) for cyclin B1 western blots are shown. Error
bars represent the SEM of at least three independent experiments. Statistical significance
was determined using one-way ANOVA followed by Tukey’s post hoc test (p < 0.001).
Means that are significantly different from the mean of the not-treated control are
represented with a different letter (a, b).
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Figure 3.6. HT-29 cells treated with PP1850A exhibit a phospho-histone H3 signal and
have a distorted mitotic spindle. A. HT-29 cells were either not-treated or treated with 500
nM nocodazole, 100 nM paclitaxel, 50 nM colchicine or 150 pg/mL PP1850A for 18 h.
Cells were analyzed by immunofluorescence microscopy where DNA was detected with
DAPI (blue), phosphorylated histone H3 with anti-phospho-histone H3 antibodies (red),
and tubulin with anti-a-tubulin antibodies (green). The merge column is the combination
of phospho-histone H3 and a-tubulin staining. Scale bar represents 50 um. B. The mean
percentages of cells exhibiting a phospho-histone H3 signal (dark grey) and mitotic cells
with a spindle structure (light grey) after treatment. Error bars represent the SEM of at least
three independent experiments. Statistical significance was determined using one-way
ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means that are significantly
different from the mean of the not-treated control are represented with a different letter (a,
b; A, B).

3.4.2 Isolation of (+)-6-tuliposide A from Erythronium grandiflorum and confirmation of
mitotic arrest activity

Through a series of biology-guided fractionation steps, using chemical fractionation
and cell rounding phenotypic assays, we isolated (+)-6-tuliposide A (C11HisOg) (Figure
3.7A) from E. grandiflorum as the compound that arrests cells in mitosis. The structure of
(+)-6-tuliposide A was elucidated by analysis of high resolution mass spectrometry and 1D
and 2D NMR data (supplemental data). The HRMS data for the sample of (+)-6-tuliposide
A isolated from the E. grandiflorum extracts confirmed its molecular formula and the
proton and carbon NMR data recorded for the sample in D>0O exactly matched the literature
values (supplemental data) (Christensen, 1995; Ibrahim et al., 2017; Santucci et al., 1985).

We tested (+)-6-tuliposide A for its capacity to induce cell rounding. HT-29 cells
were either not-treated, treated with a partially purified fraction RA262, or with increasing
concentrations of (+)-6-tuliposide A (RA278), and examined by light microscopy. Not-
treated populations had few rounded cells as did populations treated with either 10 or 50

uM of (+)-6-tuliposide A. However, 100 uM treatment induced 41 £ 2% cell rounding and
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150 uM induced 38 = 3% cell rounding (Figures 3.7B and C), which were numbers
statistically similar to those of the initial extract PP1850A. We examined the organization
of the mitotic spindle in cells treated with (+)-6-tuliposide A by immunofluorescence
microscopy. The rounded cells induced by (+)-6-tuliposide A were positive for phospho-
histone H3 and contained a distorted mitotic spindle (Figure 3.7D) which was consistent
with the results for cells treated with PP1850A (Figure 3.6A).

The structure of (+)-6-tuliposide A revealed a methylene ester linkage, which was
reminiscent of the methylene lactone structures that we and others have reported in natural
products with similar mitotic arrest activity. The methylene functional group can be
inactivated by reduction with beta-mercaptoethanol (3-ME), therefore we tested whether
the activity of (+)-6-tuliposide A would be inactivated by incubation with B-ME. HT-29
cells were either not-treated or treated with colchicine (a mitotic arresting compound that
does not have a methylene ester), pulchelloid A (a mitotic arresting compound with a
methylene lactone), PP1850A, or (+)-6-tuliposide A. In parallel, cells were treated with -
ME alone, or treated with compounds preincubated with B-ME prior to addition to cells.
After 18 h, the cells were analyzed by light microscopy and rounded cells were counted
(Figures 3.7E and F). As expected, few rounded cells were present in not-treated cells,
whereas many rounded cells were present in cultures treated with colchicine, pulchelloid
A, PP1850A, or (+)-6-tuliposide A. The addition of B-ME did not change the number of
rounded cells in the not-treated or colchicine treated cells. In contrast, the cell rounding
activities of pulchelloid A, PP1850A and (+)-6-tuliposide A were greatly reduced after
preincubation with B-ME (Figure 3.7E). These data led us to conclude that E. grandiflorum

harbours (+)-6-tuliposide A, which arrests cancer cell lines in mitosis.

91



601

404 b

20
(+)-6-Tuliposide A (+)-6-Tuliposide A
50 uM 100 uM 150 uM

Percent rounded cells (%)

&9 2888

QY (+)-6-Tuliposide A
(HM)

DAPI a-tubulin Merge Zoom

- .

(+)-6-Tuliposide A

92




Treatment + B-ME

Treatment

Colchicine :

Pulchelloid A

(+)-6-Tuliposide A |

= Treatment

= Treatment + B-ME

100

(

%) S||80 pepunol Jusdiad

L

93



Figure 3.7. (+)-6-tuliposide A, isolated by biology-guided fractionation of E. grandiflorum,
induced cell rounding in HT-29 cells which exhibited a distorted mitotic spindle, and its
activity can be eliminated by reduction with beta-mercaptoethanol. A. The chemical
structure of (+)-6-tuliposide A. B. HT-29 cells were either not-treated or treated with
varying concentrations of (+)-6-tuliposide A for 18 h. Images were taken by light
microscopy and representative images are shown. Scale bar represents 100 pm. C. The
mean percentages of cells exhibiting a rounded morphology after treatment. Error bars
represent the SEM of at least three independent experiments. Statistical significance was
determined using one-way ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means
that are significantly different from the mean of the not-treated control are represented with
a different letter (a, b). D. HT-29 cells were either not-treated or treated with 100 uM (+)-
6-tuliposide A for 18 h. Cells were analyzed by immunofluorescence microscopy where
DNA was detected with DAPI (blue), phosphorylated histone H3 with anti-phospho-
histone H3 antibodies (red), and tubulin with anti-a-tubulin antibodies (green). The merge
column is the combination of phospho-histone H3 and o-tubulin staining. Scale bar
represents 50 um. E. HT-29 cells were either not-treated or treated with 50 nM colchicine,
5 uM pulchelloid A, 150 pg/mL PP1850A extract or 100 uM (+)-6-tuliposide A for 18 h.
Treatments were administered either alone or after a preincubation with beta-
mercaptoethanol (B-ME). F. The mean percentages of cells exhibiting a rounded
morphology after treatment. Error bars represent the SEM of at least three independent
experiments. Statistical significance was determined using one-way ANOVA followed by
Tukey’s post hoc test (p < 0.0001). Means that are significantly different from the mean of
the not-treated control are represented with a different letter (a, b).
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3.5 Discussion

This is the first report describing the mitotic arrest activity of the natural product
(+)-6-tuliposide A. We isolated (+)-6-tuliposide A from the Canadian plant species
Erythronium grandiflorum (Liliaceae), commonly known as the Glacier Lily, which is a
perennial herbaceous plant native to western North America. E. grandiflorum was
identified in a phenotypic cell morphology screen as one of several botanical extracts in
our library that induced cell rounding in cancerous cell lines. We selected E. grandiflorum
for investigation because it was the most phylogenetically distant from other species
identified by this assay in our laboratory. We previously characterized pulchelloid A from
Gaillardia aristata (Asteraceae) (Bosco et al., 2021) and hymenoratin from Hymenoxys
richardsonii (Asteraceae) (Molina et al., 2021), of which both compounds are members of
the sesquiterpene lactone chemical class and arrest cells in mitosis (Bosco & Golsteyn,
2017). E. grandiflorum diverged from the Asteraceae family over 150 million years ago
(Wikstrom et al., 2001). We hypothesized that increased phylogenetic distance might lead
to chemical diversity in botanical natural products with mitotic arrest activity (Hoffmann
et al., 2018).

Tuliposides are present in tulip plants which, like the Glacier Lily, are members of
the Liliaceae family. (+)-6-tuliposide A is a relatively simple natural product composed of
a five-carbon methylene carbonyl alcohol linked by an ester to a 6-carbon sugar derivative.
We detected its activity in the 75% ethanolic extract of E. grandiflorum but not in the
dichloromethane extract, which is consistent with the highly polar sugar component of the
compound. It shares a biological activity with several other natural products, including
pulchelloid A (Bosco et al., 2021), hymenoratin (Molina et al., 2021), psilostachyin A

(Sturgeon et al., 2005), and ent-15-oxokaurenoic acid (Rundle et al., 2006). Like these
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compounds, (+)-6-tuliposide A arrests cells in M-phase with phospho-histone H3 signals,
and high levels of cyclin B1, a component of the Cdkl complex. A select group of
sesquiterpene lactones share a distinct type of mitotic arrest with (+)-6-tuliposide A, in
which the frequency of arrest is 30-40% of the cell population (when applied to
asynchronous cultures), and arrested cells exhibit a distorted mitotic spindle that is different
from those observed in cells treated with tubulin binding compounds, including
nocodazole, paclitaxel (Taxol®), and colchicine. Like pulchelloid A and hymenoratin, a
cell cycle arrest was not detected when the non-transformed diploid human cell line WI-38
was treated with (+)-6-tuliposide A.

Despite that (+)-6-tuliposide A, a priori, appears to be different from sesquiterpene
lactones, it harbours a methylene carbonyl group, which is common to some sesquiterpene
lactones with anti-mitotic activity. We confirmed that the mitotic arrest activity of (+)-6-
tuliposide A was sensitive to incubation with B-ME, which was predicted to reduce the
methylene functional group of (+)-6-tuliposide A, thus eliminating its mitotic arrest
activity. This result is consistent with the B-ME sensitivity of other sesquiterpene lactones
such as psilostachyin A (Sturgeon et al., 2005). Methylenes adjacent to carbonyls can form
adducts with cysteines via Michael-type addition reactions (Berdan et al., 2019). The
distinction between (+)-6-tuliposide A and colchicine, shown herein by the type of mitotic
spindle morphology and B-ME reactivity, is important because colchicine has previously
been isolated from a member of the lily taxonomical family, the Flame Lily (Gloriosa
superba) (Srivastava et al., 2014). There have been studies on the reactivity of various
compounds containing o,B-unsaturated carbonyls and their potential in drug discovery
(Jackson et al., 2017); however, their mitotic arrest activity has not been widely described.

Although this is the first report of its mitotic arrest activity, (+)-6-tuliposide A is a precursor
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of the biologically active compound tulipalin A, an allergen that can cause contact
dermatitis in individuals who handle tulips (Christensen, 1995; Zwicker et al., 2016).

The discovery of (+)-6-tuliposide A and its mitotic arrest activity highlights several
important features of the investigation of natural products from botanical sources. (+)-6-
tuliposide A presents a previously unknown relationship between a simple chemical
structure and a mitotic arrest phenotype, which can serve as a potential tool for drug
development and mitotic regulators. The discovery of the bioactivity of (+)-6-tuliposide A
also supports the continued investigation of botanical species in the ecological zones of
Canada, a region distinguished by its exclusive and largely unexplored plant species. These
flora, known to local agricultural sectors as being toxic to both human and livestock
populations (Tannas, 2004), serve as a focal point of our research (Molina et al., 2022).
Notably, our studies highlight the value of investigating plants with understudied natural
products and limited global distribution. Continued research on flora from understudied
ecological zones, such as those in Canada, highlights the significance of biologically rich
ecosystems and thus the importance of their sustainable management (Tietje et al., 2022;
Tietje et al., 2023). Through this approach, we identified the Glacier Lily, Erythronium
grandiflorum, as a source of (+)-6-tuliposide A which increases the diversity of compounds
with which to probe mitotic regulation. Additionally, understanding the structure-activity
relationships of these compounds may help identify key mitotic regulatory proteins that
previously have no known inhibitors. Future studies will include identifying the cellular
targets of these compounds, which will open new avenues for drug development for the

treatment of various proliferative diseases, such as cancer.
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CHAPTER 4
Investigation of the structure and function relationship of three methylene carbonyl

anti-mitotic natural products
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4.1 Abstract

Mitotic regulation is governed by a network of molecular events to ensure the accurate
segregation of chromosomes. Dysregulation of cell cycle control mechanisms can lead to
uncontrolled cell growth—a hallmark of cancer. Botanically-derived natural products have
emerged as promising candidates in the field of anti-cancer drug development. In this study,
we conducted a comparative analysis of the anti-mitotic activities of the natural products
pulchelloid A, anemonin, and (+)-6-tuliposide A, and identified distinct mitotic arrest
profiles for each compound. A detailed analysis revealed these compounds induce
prometaphase arrests characterized by disorganized spindle structures, damaged DNA, and
activation of the spindle assembly checkpoint. Furthermore, the compounds differed in
their effects on kinetochore proteins (CENP-E, BubR1) and centrosome organization
(PLK-1, y-tubulin), indicating that each compound acts via a unique mechanism despite
sharing a methylene carbonyl moiety. Natural product inhibitors offer tremendous potential
for advancing our understanding of mitotic regulation and provide insight in the

development of targeted treatments for precision medicine.
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4.2 Introduction

Mitosis—the fundamental process of cell division—is regulated by a system of
molecular events to ensure the precise segregation of chromosomes from one parent cell
into two identical daughter cells. Dysregulation of cell division mechanisms can lead to
uncontrolled cell growth, which is a hallmark of proliferative diseases, notably cancer
(Hanahan & Weinberg, 2011). Targeting the molecular events orchestrating cell division
has been a cornerstone in drug development, and natural products derived from botanical
sources have emerged as promising candidates with anti-cancer activity. The pursuit of
natural products with anti-mitotic activity has led to the identification of a range of distinct
chemical structures (Guo et al., 2022; Scaria et al., 2020). By analyzing data from several
projects within the Natural Product Laboratory, we observed that compounds with different
structures induced similar mitotic arrests. This observation appeared inconsistent with a
foundational principle that asserts a strict relationship between structure and function, and
raised the question of how diverse chemical structures could cause identical mitotic arrests.

Our collection of natural products with anti-mitotic activity uniquely positioned us
to compare the biological effects of the compounds pulchelloid A, anemonin, and (+)-6-
tuliposide A. All three induced mitotic arrests that have several features in common (Bosco
et al.,, 2021; Chapter 2; Chapter 3) and prompted us to search for underlying cellular
phenotypes that could differentiate their mechanisms of action. These compounds were
selected for their positioning of unsaturated carbonyls: pulchelloid A contains an -
methylene-y-butyrolactone which, as with many sesquiterpene lactones, is responsible for
their activity (Sturgeon et al., 2005); anemonin contains endocyclic unsaturated carbonyls

known as butenolides; and (+)-6-tuliposide A contains a linear a,B-unsaturated ester. The
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methylene carbonyl moiety, known for its reactivity in Michael addition reactions (Jackson
et al., 2017), is implicated in the anti-mitotic activity of these compounds and suggests a
commonality in their mode of action. However, the diversity of the rest of the compound,
outside of the methylene carbonyl function, would suggest more nuanced interactions with
cellular components or signaling pathways. In this study, we asked whether one could
distinguish the anti-mitotic activities of pulchelloid A, anemonin and (+)-6-tuliposide A.
Our experiments revealed distinct characteristics by which each compound triggered an
arrest during mitosis and provided support for different mechanisms of action.
Furthermore, this investigation revealed the breadth of mitotic inhibitors sourced
from prairie botanicals and perhaps more expansively in nature. Whereas the structure-
function relationship remains robust at the cellular biology level, it requires a refined
perspective when diverse compounds culminate in similar cellular outcomes. This
investigation not only identified tools to advance the understanding of mitotic regulation
but also provided insights for the rational design of targeted anti-cancer strategies based on

the unique features of these diverse compounds.
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4.3 Materials and Methods

4.3.1 Cell Culture

The human cell line HT-29 (HTB-38, American Type Culture Collection) was cultivated as
previously described (Kubara et al., 2012) and was selected because of their capacity to
sustain a rounded phenotype during mitotic arrest (Gascoigne & Taylor, 2008). Cells were
plated at a density of 3.0 x 10° cells/25 cm? flask and cultured for 48 hours (h) prior to
treatment. The compounds nocodazole (660 uM, Sigma-Aldrich, M1404), paclitaxel (1
mM, Sigma-Aldrich, T7402), pulchelloid A (10 mM), anemonin (10 mM) and (+)-6-
tuliposide A (10 mM) were dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich,
D2438) and stored at -20°C until use. Pulchelloid A was isolated from Gaillardia aristata
(Bosco et al., 2021), anemonin was isolated from Pulsatilla nuttalliana (Chapter 2) and
(+)-6-tuliposide A was isolated from Erythronium grandiflorum (Chapter 3) by biology-
guided fractionation in collaboration with Dr. Raymond Andersen (University of British
Columbia). For not-treated cell groups, DMSO was added as a solvent vehicle control at a
final concentration of 0.4% (v/v). An Olympus CKX41 inverted microscope with an
Infinity 1 camera operated by Infinity Capture imaging software (Lumenera Corporation,
CA) was used for light microscopy. Cells were manually scored for a flat or rounded

morphology, and at least 200 cells were counted per treatment group.

4.3.2 Cell Viability Assay

The cytotoxicity of pulchelloid A, anemonin and (+)-6-tuliposide A was measured using
the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium (MTT) assay (Sigma-Aldrich,
M2128) and carried out as previously described (Kubara et al., 2012; Molina et al., 2021).

Absorbance was measured at 590 nm using a CytationTM 5 Cell Imaging Multi-Mode
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Reader (BioTek Instruments, USA) with Gen5 software. An ICso value was calculated for
each compound and represent the concentration of the compound that reduced the
absorbance of MTT by 50% compared to 0.1% (v/v) DMSO-treated cells. The normalized
percent absorbance was calculated as follows:
Normalized percent absorbance = (absorbance / DMSO absorbance) x 100
The log concentrations were plotted against the normalized percent absorbance using
Microsoft Excel and non-linear regression (log(inhibitor) versus normalized response)
analysis was performed with GraphPad Prism 5 software to estimate ICso concentrations.
The standard curves were plotted using the following equation:
Y = maximum + (maximum — minimum) / (1+10(X-LogICso))

Where Y is the percentage of viable cells, maximum is the percentage of viable cells after
treatment with 0.1% DMSO, minimum is the percentage of viable cells after treatment with
the highest concentration of the compound, and X is the logio value of treatment
concentration. All experiments were performed in triplicate and repeated at least three

times.

4.3.3 Beta-mercaptoethanol Reduction Assay

HT-29 cells were either not-treated or treated with nocodazole, pulchelloid A, anemonin or
(+)-6-tuliposide A. In parallel, HT-29 cells were treated with each compound in
combination with beta-mercaptoethanol (B-ME) (MP BioMedical, 02194705-CF). The
compounds were preincubated with 0.1 mM B-ME for 1 h at 37°C prior to addition to media
for cell culture treatment. After 18 h of treatment, light microscopy images were taken as
described above. The cells were manually scored for rounded or flat morphology, and at

least 200 cells were counted per treatment group. The mean percentage of rounded cells
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and standard deviation of the mean were calculated from at least three independent

experiments.

4.3.4 Timelapse Video Microscopy

HT-29 cells were plated at 1.0 x 10* cells/well in 12 well plates and culture for 48 h.
Immediately after treatment, the 12-well plate was loaded into a CytationTM 5 Cell
Imaging Multi-Mode Reader using Gen5 software (BioTek Instruments, USA) where the
temperature and humidity were maintained at 37°C and 5% CO; throughout the experiment.
In each well, three X,Y positions were selected for phase contrast imaging (with a 300-
millisecond delay after plate movement) every hour for 24 h. Cells were manually scored
for a flat or rounded morphology, and at least 200 cells were counted per treatment group

and timepoint.

4.3.5 Cell Synchronization by Double Thymidine Block

HT-29 cells were synchronized by double thymidine block adapted from a previously
described protocol (Chen & Deng, 2018). HT-29 cells were plated at 1.0 x 10* cells/well in
12 well plates and culture for 48 h. The cells were then subjected to the first 2 mM
thymidine (Sigma, T1895-1G) treatment for 18 h followed by a warm 1x phosphate
buffered saline (PBS) wash and release into fresh media for 9 h. A second 2 mM thymidine
treatment was administered for 18 h to synchronize the cell population at the G1/S
boundary. Cells were released from thymidine block by washing with warm 1x PBS
followed by either not-treated media, or treatment with nocodazole, pulchelloid A,

anemonin or (+)-6-tuliposide A.
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4.3.6 Immunofluorescence Microscopy

4.3.6.1 PH3, a-tubulin, and y-histone H2AX Immunofluorescence Microscopy

HT-29 cells were seeded at 2.0 x 10° cells/well on glass coverslips in 6-well culture plates
and incubated for 48 h at 37°C, prior to treatment for 18 h. After treatment, the cells were
fixed for 20 min at room temperature with 3% (v/v) paraformaldehyde (Fisher Scientific,
30525-89-4). Fixation was quenched with 50 mM NH4Cl in PBS for 10 min, followed by
permeabilization for 5 min with 0.2% (v/v) Triton X-100 in PBS, and blocked for 30 min
with 3% (w/v) bovine serum albumin (BSA) in PBS-T (0.1% (v/v) Tween 20 diluted in
PBS). The cells were incubated with primary antibodies anti-phospho-Ser10 histone H3
(Millipore, 06-570(CH); 1:1000), anti-a-tubulin (Santa Cruz Biotechnology, sc-53030;
1:400) or anti-y-histone H2AX (Sigma, 05-636; 1:400) at 4°C overnight. The cells were
then washed with PBS-T and incubated at room temperature for 45 min with secondary
antibodies Alexa Fluor 594 AffiniPure goat anti-rabbit IgG (Jackson ImmunoResearch,
111-585-003; 1:300), Alexa Fluor 488 rabbit anti-rat IgG (ThermoFisher, A11006; 1:200)
or Alexa Fluor 488 rabbit anti-mouse (ThermoFisher, A11059; 1:400). Nuclei were stained
with 300 nM 4',6-diamidino-2-phenylindole (DAPI) (Fisher, LSD1306) in PBS-T for 15
min. Finally, the coverslips were mounted onto microscope slides with ProLong Gold
Antifade Mountant (Thermo Fisher, P36934). Cells were imaged with either a CytationTM
5 Cell Imaging Multi-Mode Reader using Gen5 software (BioTek Instruments, USA) or a
Zeiss Axio Observer Z1 Motorized Inverted Fluorescence Microscope using AxioVision
software (ZEISS, USA). Images were captured between treatment groups while

maintaining identical intensity and wavelengths specified for each secondary antibody. At
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least three independent experiments were performed and at least 200 cells were counted for

each treatment.

4.3.6.2 ytubulin Immunofluorescence Microscopy

HT-29 cells were seeded at 2.0 x 10° cells/well on glass coverslips in 6-well culture plates
and incubated for 48 h at 37°C, prior to treatment for 18 h. After treatment, the cells were
washed for 90 seconds with IMF buffer (0.05% (v/v) Triton X-100, 0.5 mM MgCl,, 1 mM
EGTA (ethylene glycol bis-(2-aminoethylether)-N,N,N’,N’-tetraacetic acid) in PBS) and
then fixed for 20 min at -20°C with 100% ice-cold methanol. Fixation was quenched with
50 mM NH4Cl in IMF for 10 min, followed by permeabilization for 5 min with 0.2% (v/v)
Triton X-100 in IMF, and blocked for 30 min with 3% (w/v) BSA in IMF-T (0.1% (v/v)
Tween 20 diluted in IMF buffer). The cells were incubated with the primary antibody anti-
y-tubulin (Sigma, T5326; 1:1000) at 4°C overnight. The cells were then washed with IMF-
T and incubated at room temperature for 45 min with the secondary antibody Alexa Fluor
488 rabbit anti-mouse (ThermoFisher, A11059; 1:400). Nuclei were stained with 300 nM

DAPI (Fisher, LSD1306) in IMF-T for 15 min. Cells were imaged as described in 4.2.6.1.

4.3.6.3 CENP-E, BubR1, and PLK-1 Immunofluorescence Microscopy

Immunofluorescence was carried out as in 2.6.1 with the following additional step. Prior to
fixation, the cells were permeabilized with 0.1% (v/v) cold Triton X-100 in PBS for 5 min.
Primary antibodies are anti-CENP-E (Sigma, SAB3701429; 1:150), anti-BubR1
(ThermoFisher, 720297; 1:250) or anti-PLK-1 (ThermoFisher, PA528023: 1:1000).

Secondary antibody is Alexa Fluor 488 goat anti-rabbit IgG (ThermoFisher, A11008;
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1:300) or Alexa Fluor 488 rabbit anti-mouse (ThermoFisher, A11059; 1:400). Nuclei were

stained with 300 nM DAPI (Fisher, LSD1306). Cells were imaged as described in 4.2.6.1.

4.3.7 Plot Profile Analysis

Analysis of y-tubulin fluorescent imaging was performed to generate plot profiles as
follows. Each image was rotated until at least two y-tubulin foci we aligned on the x-axis
of the image and an area of 200 x 200 pixels was specified for gray value intensity analysis
using ImagelJ software. The gray values were normalized to cytoplasmic intensity and
highest intensity across all treatments. GraphPad Prism 5 software was used to create plot
profiles and the data represent a total of 15 cells from each treatment condition from at least

three independent experiments.

4.3.8 Cell Extraction and Western Blotting

HT-29 cells were plated at 3.0 x 10° cells/25 cm? flask and incubated for 48 h at 37°C prior
to treatment. After treatment for 18 h, total cell populations were collected by
trypsinization. Rounded mitotic cells, which are weakly adherent, were collected by
mechanical shake-off to isolate them from interphasic cells that are strongly adherent (Swift
& Golsteyn, 2016), after which interphasic cells were collected by trypsinization. The
samples were then resuspended in ice cold lysis buffer (50 mM HEPES, pH 7.4, 50 mM
NaF, 10 mM EGTA, 50 mM B-glycerophosphate, 1 mM ATP, 1 mM DTT (dithiothreitol),
1% Triton X-100 (v/v), 10 pg/mL RNase A (Sigma-Aldrich, R6513-250MG), 0.4 U/mL
DNase I (Invitrogen, 1354Ba), and protease inhibitor cocktail (Roche, 11836170001)) to a

concentration of 20,000 cells/uL, passed through a 26-gauge needle five times to lyse the
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cells, and incubated on ice for 30 min. The suspension was centrifuged at 10,000 x g for
ten minutes at 4°C and stored at -80°C until use. The samples were prepared for

electrophoresis after being heated for ten minutes at 95°C in the presence of 2x SDS
(sodium dodecyl sulfate) sample buffer (20% (v/v) glycerol, 10% (v/v) DTT, 6% (w/v)
SDS, 500 mM Tris, pH 6.8). Western blots were performed as previously described (Swift
& Golsteyn, 2016) using anti-CENP-E (Sigma, C7488-200UL; 1:200) and anti-actin (Santa
Cruz Biotechnology, sc-58673; 1:200) primary antibodies, and alkaline phosphatase
coupled anti-rabbit IgG (Promega, PRS3731; 1:2500) and alkaline phosphatase coupled
anti-mouse IgG (Promega, PRS3721; 1:2500) secondary antibodies. Band intensity was

analysed using ImagelJ software. Western blot analyses were performed three times.

4.3.9 Statistical Analysis

Microsoft Excel 2016 and GraphPad Prism 5 software were used to analyze all data which
were plotted as the mean of three independent experiments + standard error of the mean
(SEM). The results were analyzed by one-way analysis of variance (ANOVA) with Tukey’s

post hoc test. Differences were considered statistically significant at p < 0.05.
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4.4 Results
4.4.1 Pulchelloid A, anemonin and (+)-6-tuliposide A induced similar mitotic arrest
phenotypes in preliminary investigation

Pulchelloid A, anemonin and (+)-6-tuliposide A are distinct botanical natural
products that share a methylene carbonyl functional group (Figure 4.1A) and arrest human
cancer cells in mitosis. We assessed the cytotoxicity of each compound using the MTT
assay and HT-29 cells. The ICso for pulchelloid A was 12 £ 2 uM, 9 + 2 uM for anemonin,
and 73 £ 1 uM for (+)-6-tuliposide A after a 72-h treatment (Figure 4.1B). Pulchelloid A
and anemonin displayed similar cytotoxicity and were both more cytotoxic than (+)-6-
tuliposide A. Strikingly, all induced a maximum of about 40% cell rounding when applied
to asynchronous populations of cells (Figure 4.1C). Pulchelloid A induced 39 + 2% cell
rounding at 5 pM, anemonin induced 41 £+ 3% cell rounding at 15 uM, and (+)-6-tuliposide
A induced 41 + 2% cell rounding at 100 uM (Figure 4.1D). The three compounds induced
cell rounding by 18 h, which was before the time that toxicity was detected at these
concentrations.

We confirmed that the three compounds share a common reactive Michael addition
centre that can be reduced by [-mercaptoethanol (B-ME) (Figure 4.2A). Cells were either
not-treated (NT) or treated with nocodazole, pulchelloid A, anemonin or (+)-6-tuliposide
A. In parallel, the compounds were each preincubated with B-ME prior to addition to HT-
29 cells. In not-treated cells, the addition of B-ME did not change the percentage of rounded
cells (Figure 4.2B). Nocodazole induced nearly 100% cell rounding independently of
incubation with B-ME, as expected. By contrast, the percentage of rounded cells induced

by pulchelloid A decreased from 45 £ 1% to 7 £ 1%, the percentage of rounded cells
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induced by anemonin decreased from 43 £ 1% to 8%, and the percentage of rounded cells
induced by (+)-6-tuliposide A decreased from 43 + 1% to 6 + 1%, values that were similar
to those of the not-treated cells (6 = 1%) (Figures 4.2A, 2B).

These data revealed that the three compounds harbour a common functional group
that is required for their anti-mitotic (cell rounding) activity. It seemed surprising, however,
that the non-methylene carbonyl functions would have little impact on the biological
response of these compounds because they differ in their mass and chemical properties. We
reasoned that if the compounds have the same target that interacts through a Michael
addition reaction, they should generate the same results in experiments that examine mitotic
machinery. We then designed a series of assays to determine whether the mitotic arrests

induced by each of the three compounds were identical or not.
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Figure 4.1. The compounds pulchelloid A, anemonin and (+)-6-tuliposide A were
moderately cytotoxic and induced cell rounding in HT-29 cells. A. The chemical structures
of pulchelloid A, anemonin and (+)-6-tuliposide A. B. The percent cell viability of HT-29
cells plotted as a function of the logio value of compound treatment concentration. C. HT-
29 cells were either not-treated or treated with pulchelloid A at 5 uM, anemonin at 15 uM
or (+)-6-tuliposide A at 100 uM for 18 h. Images were taken by light microscopy and
representative images are shown. Scale bar represents 100 um. D. The mean percentages
of cells exhibiting a rounded morphology after treatment. Error bars represent the SEM of
at least three independent experiments. Statistical significance was determined using one-
way ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means that are significantly
different from the mean of the not-treated control are represented with a different letter (a,
b).
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Figure 4.2. The cell rounding activities of pulchelloid A, anemonin and (+)-6-tuliposide A
were eliminated after reduction by beta-mercaptoethanol. A. HT-29 cells were either not-
treated or treated with nocodazole, pulchelloid A, anemonin or (+)-6-tuliposide A for 18 h.
Treatments were administered either alone or after the compounds were preincubated with
beta-mercaptoethanol (B-ME). Images were taken by light microscopy and representative
images are shown. Scale bar represents 100 pm. B. The mean percentages of cells
exhibiting a rounded morphology after treatment. Error bars represent the SEM of at least
three independent experiments. Statistical significance was determined using one-way
ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means that are significantly
different from the mean of the not-treated control are represented with a different letter (a,
b).

4.4.2 Pulchelloid A, anemonin and (+)-6-tuliposide A induced different effects on cell cycle
progression

One of the mitotic arrest features common to the three compounds is their capacity
to arrest approximately 40% of an asynchronous cell population whereas other compounds
that target tubulin, such nocodazole, induce nearly 100% cell cycle arrest (Figure 4.3A).
We then asked whether the compounds would have similar or different effects if applied to
cultures that were synchronized in the G1/S-boundary of the cell cycle. Cells were
synchronized by double-thymidine block and then released into media without further
treatment, or released into media treated with nocodazole, pulchelloid A, anemonin or (+)-
6-tuliposide A and analyzed by timelapse video microscopy for 24 h. Not-treated cells
entered mitosis synchronously resulting in a peak of rounded cells at 10 h post-thymidine
release. In the case of nocodazole, treated synchronized cells became 100% rounded by 10
h and remained so for the rest of the analysis. Pulchelloid A induced 91 * 2% rounded cells
for a duration of approximately 9 h, anemonin induced 81 £ 1% cell rounding for 8 h,
whereas (+)-6-tuliposide A induced 90 = 2% cell rounding for 11 h (Figure 4.3A). The

duration of the arrest by (+)-6-tuliposide A was 20-30% longer than those of pulchelloid A
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and of anemonin. These data revealed that the three compounds induced a mitotic arrest in
the majority of cells when applied to synchronous cultures; however, the duration of each
arrest was different between not-treated cells, or cells treated with nocodazole, pulchelloid
A, anemonin or (+)-6-tuliposide A.

We continued the exploration of the relationship between the mitotic arrest and the
chemical structure of the three compounds. Michael addition reactions in compounds that
have methylene carbonyls are proposed to form covalent bonds with targets that contain
thiols, such as cysteines in polypeptides. If these compounds form covalent bonds with
their targets, then removing the compound after treatment should produce the same result
as continuous exposure to the compound. Synchronized populations of cells were released
from the double thymidine block into either media without further treatment, or media
treated with nocodazole, pulchelloid A, anemonin, or (+)-6-tuliposide A for 6 h followed
by release into media without these compounds. The percentage of rounded cells was
determined by timelapse video microscopy over 24 h. Cells in the not-treated population
achieved a peak of about 50 + 4% cell rounding by 10 h (Figure 4.3B). Nocodazole, which
does not covalently bind to its tubulin target, had little effect upon cells once removed from
the culture at 6 h. Pulchelloid A arrested cells to a similar level whether continuously treated
or removed from the culture. The removal of anemonin permitted the cells to exit mitosis
rather than maintain the arrest and the time of mitotic onset peaked at 13 h instead of 10 h.
After the removal of (+)-6-tuliposide A, the time of mitotic onset and exit was like that of
a not-treated synchronized population, and readily distinguishable from that of the

continuous treatment of (+)-6-tuliposide A.
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Figure 4.3. The compounds pulchelloid A, anemonin and (+)-6-tuliposide A induced 40%
cell rounding in asynchronous populations of HT-29 cells, but induced mitotic delays in
nearly all cells of synchronized populations of HT-29 cells. Synchronized cells maintained
a mitotic arrest after removal of pulchelloid A from treatment. A. The mean percentages of
cells exhibiting a rounded cell morphology after treatment with nocodazole, pulchelloid A,
anemonin, (+)-6-tuliposide A or not-treated in asynchronous and synchronous cell
populations. HT-29 cells were synchronized by double thymidine block before being
released into treatment. Images were taken by timelapse video microscopy for 24 h. Error
bars represent the SEM of at least three independent experiments. B. The mean percentages
of cells exhibiting a rounded cell morphology after treatment with nocodazole, pulchelloid
A, anemonin, (+)-6-tuliposide A or not-treated in synchronous cell populations. HT-29 cells
were synchronized by double thymidine block before either being released into treatment
continuously or being released into treatment for 6 h followed by removal of treatment into
not-treated media. Images were taken by timelapse video microscopy for 24 h. Error bars
represent the SEM of at least three independent experiments.

4.4.3 Pulchelloid A, anemonin and (+)-6-tuliposide A induced different effects on spindle
distortion and centrosome protein organization

We then examined whether the three compounds affected the organization of the
mitotic spindles in a similar or different manner. Asynchronous populations of cells were
either not-treated or treated with each compound for 18 h. Cells were then fixed for
immunofluorescence microscopy and observed for phosphorylated histone H3 (anti-
phospho-histone H3 antibodies), the organization of tubulin (anti-a-tubulin antibodies),
and DAPI staining. In not-treated cells, bipolar mitotic spindles were readily observed
(Figure 4.4A). Of the total number of cells that were in mitosis (4 = 1%, PH3 staining), 50
+ 5% contained a bipolar spindle (Figure 4.4B). Each of the three compounds under
investigation induced PH3 staining consistent with cell rounding observations with
pulchelloid A at 38 £ 2% mitotic cells, anemonin at 41 + 4% mitotic cells and (+)-6-
tuliposide A at 38 + 3% mitotic cells. Of these mitotic cells, pulchelloid A treated cells had
90 + 1% containing a spindle structure, anemonin treated cells had 87 £ 2%, and (+)-6-

118



tuliposide A treated cells had 80 £ 3%, values that were statistically similar (Figure 4.4B).
We then asked whether the cells with spindles had either a bipolar spindle or non-bipolar
(distorted) spindle. In the mitotic cells induced by pulchelloid A, 84 + 2% of the spindles
were distorted, anemonin induced 40 + 1% cells with a distorted spindle, and (+)-6-
tuliposide A induced a distorted spindle in 74% of cells, values that were statistically
dissimilar (Figure 4.4C).

We next tested whether the distorted spindle was assembled in an unorganized
manner, or if it first arose from a prior bipolar spindle structure. To assess this, cells were
synchronized by a double thymidine block and then released into media treated with
pulchelloid A, anemonin, or (+)-6-tuliposide A. At times from 10 to 20 h post release, cells
were fixed and analyzed by immunofluorescence microscopy to assess the organization of
tubulin in the mitotic spindle over the course of the arrest (Figure 4.5A). Not-treated cells
formed a bipolar spindle that aligned the chromosomes in a time of about 2 h as
demonstrated by PH3 staining (representative images from asynchronous cells).
Pulchelloid A treated cells appeared to form an organized spindle structure by 10 h,
followed by an increase in the numbers of cells with distorted spindles by 14 h. The
frequency of distorted spindles increased until nearly 98% of cells contained a distorted
spindle by 20 h. The number of cells with a distorted spindle during anemonin treatment
increased from 13 + 3% to 58 * 4%; whereas cells with spindle distortion after (+)-6-
tuliposide A treatment increased from 15 + 2% to 95 £ 1%. These results revealed that the
mitotic arrests of these three compounds affected spindle organization, including the

placement of phospho-histone H3 signals.
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Having observed that the mitotic spindle was organized differently in cell treated
by either of the three compounds, we then examined whether centrosome organization was
altered or not under these treatments. We used immunofluorescence microscopy and anti-
v-tubulin antibodies to evaluate cells that were either not-treated, or treated with paclitaxel,
pulchelloid A, anemonin, or (+)-6-tuliposide A for 18 h. Individual cells were photographed
(Figure 4.5A) and subjected to plot profile analysis to obtain a graphical representation of
the intensity, proximity, and number of y-tubulin structures, typically centrosomes (Figure
4.5B). Not-treated cells displayed centrosomes that were organized on either side of the
metaphase chromosomes, which were graphically shown as two distinct and spaced peaks
of similar intensity on the plot profile. Plot profile analysis of paclitaxel treated cells
revealed that centrosomes remain organized while being slightly closer than those in not-
treated cells. Analysis of pulchelloid A treated cells revealed four peaks of different
intensities of y-tubulin. Whereas anemonin treated cells display two peaks that were less
organized as represented by the breadth of the peaks. This measure was representative of
the images in which the y-tubulin signals were rarely found as distinct foci (Figure 4.5A).
(+)-6-tuliposide A treated cells were different from those of other treatments, in which three
peaks were detected. These data support the observation of distorted spindles and further

distinguish the mitotic arrests induced by each of the three compounds.
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Figure 4.4. HT-29 cells treated with pulchelloid A, anemonin and (+)-6-tuliposide A each
exhibited a phospho-histone H3 signal and a distorted mitotic spindle structure. A. HT-29
cells were either not-treated or treated with pulchelloid A, anemonin or (+)-6-tuliposide A
for 18 h. Cells were analyzed by immunofluorescence microscopy where DNA was
detected with DAPI (blue), phosphorylated histone H3 with anti-phospho-histone H3
antibodies (red) and tubulin with anti-a-tubulin antibodies (green). The merge column is
the combination of phospho-histone H3 and a-tubulin staining. Scale bar represents 50 pm.
B. The mean percentages of cells exhibiting a phospho-histone H3 signal (mitotic cells,
dark grey) and mitotic cells with a spindle structure (light grey) after treatment. Error bars
represent the SEM of at least three independent experiments. Statistical significance was
determined using one-way ANOVA followed by Tukey’s post hoc test (p < 0.001). Means
that are significantly different from the mean of the not-treated control are represented with
a different letter (a, b; A, B). C. The mean percentages of cells with a distorted (non-bipolar)
spindle structure after treatment. Error bars represent the SEM of at least three independent
experiments. Statistical significance was determined using one-way ANOVA followed by
Tukey’s post hoc test (p < 0.005). Means that are significantly different from each other are
represented with a different letter (a, b, c, d).

122



Pulchelloid A NT

Anemonin

(+)-6-Tuliposide A

a-tubulin + phosphorylated-histone H3

; -
foy &
wy
10 12 14 16 18 20 2

.
»
.t . ]

123




B == Pulchelloid A
100= == Anemonin
(+)-6-Tuliposide A b

Ho
Ho

-~ 80

Ho

60+

b

Percent of cells with a
distorted spindle (%
)
1
o

N
o
L

o
L

b b
L
Ea:a[ a a a
10 12 14 1

Time (h)

6 18 20

Figure 4.5. The percentage of cells with a distorted mitotic spindle structure increase over
time after treatment with pulchelloid A, anemonin and (+)-6-tuliposide A. A. HT-29 cells
were either not-treated and fixed at 18 h (asynchronous culture), or treated with pulchelloid
A, anemonin or (+)-6-tuliposide A and fixed at various times (synchronous culture) for
analysis by immunofluorescence microscopy. Representative images of each phase of the
cell cycle are shown for not-treated cells. Tubulin was detected with anti-a-tubulin
antibodies (grayscale/green), and phosphorylated histone H3 with anti-phospho-histone H3
antibodies (red). Scale bar represents 10 um. B. The mean percentages of cells with a
distorted (non-bipolar) spindle structure after treatment over time. Error bars represent the
SEM of at least three independent experiments. Statistical significance was determined
using one-way ANOVA followed by Tukey’s post hoc test (p < 0.05). Means that are
significantly different from the mean of the initial timepoint are represented with a different
letter (a, b).
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Figure 4.6. HT-29 cells treated with pulchelloid A, anemonin and (+)-6-tuliposide A exhibit
irregular localization of y-tubulin. A. HT-29 cells were either not-treated or treated with
paclitaxel, pulchelloid A, anemonin or (+)-6-tuliposide A and fixed at 18 h for
immunofluorescence microscopy. y-tubulin was detected with anti-y-tubulin antibodies
(grayscale/green) and DNA was stained with DAPI (blue). Scale bar represents 10 pm. B.
The intensity of y-tubulin fluorescence was measured over the area of one cell.
Measurements were normalized to cytoplasmic intensity and highest intensity across all
treatments. Error bars represent the SEM of at least three independent experiments.

125



4.4.4 Pulchelloid A, anemonin and (+)-6-tuliposide A induced DNA damage correlated
with spindle distortion

The disorganization of the mitotic spindle in treated cells led us to ask whether this
might affect the structure of chromosomes. We used immunofluorescence microscopy and
anti-y-histone H2AX antibodies to evaluate cells that were not-treated, or treated with
camptothecin (a genotoxic agent), pulchelloid A, anemonin, or (+)-6-tuliposide A for 18 h.
We assessed if DNA was damaged by recording y-histone H2AX signals in cells (Figure
4.6A). No v-histone H2AX signals were observed in not-treated cells, whereas
camptothecin (CPT) induced y-histone H2AX signals in 99% of cells (Figures 4.6A, B).
After treatment with pulchelloid A, 29 + 2% of cells had y-histone H2AX signals, whereas
treatment with anemonin induced 15 £ 1% of cells with y-histone H2AX signals and (+)-
6-tuliposide A induced 37 + 2% of cells with y-histone H2AX signals (Figure 4.6B).
Interestingly, the y-histone H2AX signals were punctate, in contrast to the generalized
staining observed by camptothecin treatment, and the signals induced by the three
compounds were only observed in the mitotic cells with no signals observed in interphasic
cells.

We reasoned that if there was a relationship between mitosis and DNA damage, then
the duration of mitosis should increase the number of cells with damaged DNA. To test
this, we applied pulchelloid A, anemonin, or (+)-6-tuliposide A to synchronized cells
(Figure 4.7C) as described in experiments above. The number of cells with y-histone H2AX
signals increased between 10 and 20 h with (+)-6-tuliposide A inducing the greatest number

of cells with damaged DNA (increasing from 34 + 4% to 77 £ 3%) followed by pulchelloid
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A (increasing from 27 £ 3% to 69 £ 1%) and anemonin (increasing from 22 + 4% to 51 £
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Figure 4.7. HT-29 cells treated with pulchelloid A, anemonin and (+)-6-tuliposide A
acquired y-histone H2AX foci. A. HT-29 cells were either not-treated or treated with
camptothecin (CPT), pulchelloid A, anemonin or (+)-6-tuliposide A and fixed at 18 h for
immunofluorescence microscopy. y-histone H2AX foci were detected with anti-y-histone
H2AX antibodies (green) and DNA was stained with DAPI (blue). Scale bar represents 50
um. B. The mean percentages of cells with greater than 5 y-histone H2AX foci after
treatment. Error bars represent the SEM of at least three independent experiments.
Statistical significance was determined using one-way ANOVA followed by Tukey’s post
hoc test (p < 0.05). Means that are significantly different from each other are represented
with a different letter (a, b, ¢, d, €). C. The mean percentages of cells with greater than 5 y-
histone H2AX foci after treatment over time. Synchronized HT-29 cells were either not-
treated or treated with pulchelloid A, anemonin or (+)-6-tuliposide A and fixed at various
times for analysis by immunofluorescence microscopy. Error bars represent the SEM of at
least three independent experiments. Statistical significance was determined using one-way
ANOVA followed by Tukey’s post hoc test (p <0.05). Means that are significantly different
from the mean of the initial timepoint are represented with a different letter (a, b).

4.4.5 Pulchelloid A, anemonin and (+)-6-tuliposide A induced irregular localization and
expression of kinetochore- and centrosome-associated proteins

We then investigated three proteins involved in the spindle assembly checkpoint
(SAC) at the metaphase to anaphase transition. First, we examined centromere-associated
protein E (CENP-E) a kinesin-like motor protein involved in the elongation of spindle
fibres and chromosome movement. We used immunofluorescence microscopy and anti-
CENP-E antibodies to evaluate cells that were either not-treated, or treated with paclitaxel,
pulchelloid A, anemonin, or (+)-6-tuliposide A. CENP-E accumulates in the G2 phase of
the cell cycle and associates with the kinetochores throughout mitosis, as shown in not-
treated cells (Figure 4.8A). In nocodazole treated cells, CENP-E is distributed throughout
the cell and associated with the kinetochores (Mirzaa et al., 2014). In paclitaxel treated
cells, CENP-E is clustered to the hyper-polymerized tubulin and clustered chromosomes

are observed. Pulchelloid A treated cells revealed a pattern of CENP-E distribution that was
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irregular and distinct from either not-treated, nocodazole or paclitaxel treatments.
Anemonin treated cell had few CENP-E foci, suggesting that CENP-E is either improperly
localized or the protein has low levels of expression, whereas (+)-6-tuliposide A treated
cells had irregular CENP-E localization that was similar to pulchelloid A treated cells.

We used western blotting to determine whether the changes in CENP-E signal
intensity observed by immunofluorescence were due to changes in the levels of expression.
Cells were either not-treated, or treated with nocodazole, paclitaxel, pulchelloid A,
anemonin, or (+)-6-tuliposide A (Figure 4.8B). We separated the mitotic cells (Mit.) from
interphase cells (Int.) using the mechanical shake-off technique. Cell extracts were
separated by SDS-PAGE and their relative protein levels were standardized to actin. CENP-
E expression was low in not-treated cells and high in cells arrested in mitosis by nocodazole
and paclitaxel, as expected (Figure 4.8B). Of the three compounds of interest, CENP-E
levels were highest in the mitotic cells induced by pulchelloid A similar to nocodazole and
paclitaxel treated cells. CENP-E expression was low in all anemonin treated cells and not
significantly different from the not-treated sample, whereas mitotic cells induced by (+)-6-
tuliposide A had intermediate levels of CENP-E that were statistically different from the
pulchelloid A and anemonin mitotic samples (Figure 4.8C). This aligns with the results of
CENP-E immunofluorescence where we did not observe strong foci in anemonin treated
cells (Figure 4.8A).

We then reasoned that if CENP-E signals were different in cells treated by the three
compounds, then proteins that interact with CENP-E may also vary in signal intensity. We
investigated budding uninhibited by benzimidazole-related 1 (BubR1) by
immunofluorescence microscopy and anti-BubR1 antibodies in either not-treated cells or

cells treated with nocodazole, paclitaxel, pulchelloid A, anemonin or (+)-6-tuliposide A
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(Figure 4.9). In not-treated cells, BubR1 is present in prophase and metaphase followed by
a sharp decline in intensity in anaphase. In nocodazole treated cells, BubR1 is distributed
throughout the cell, whereas in paclitaxel treated cells, BubR1 is clustered in a manner
similar to the distribution of CENP-E observed. In cells treated with pulchelloid A, the
BubR1 signal was readily detectable; however, in contrast, in anemonin and (+)-6-
tuliposide A, treated cells the BubR1 signals were weaker and similar to that of the CENP-
E signals.

We then examined the status of the centrosomes by immunofluorescence
microscopy and anti-PLK-1 antibodies in either not-treated cells or cells treated with
nocodazole, paclitaxel, pulchelloid A, anemonin or (+)-6-tuliposide A (Figure 4.10). In not-
treated cells, polo-like kinase 1 (PLK-1) associates with the centrosomes in the early stages
of mitosis before translocating to the zone between the segregated chromosomes to
accumulate in the midbody (Figure 4.10). Nocodazole treated cells had several PLK-1 foci
of relatively lower intensity than the foci in paclitaxel treated cells. In pulchelloid A treated
cells, the pattern of PLK-1 staining was similar to that of paclitaxel, with four intensely
stained foci. Anemonin treated cells displayed two groups of PLK-1 foci, whereas in (+)-
6-tuliposide A treated cells, we observed three groups of PLK-1 foci. The PLK-1 foci
patterns in each of pulchelloid A, anemonin and (+)-6-tuliposide A treated cells align with
the y-tubulin foci observed (Figure 4.6). These results were consistent with the emerging
patterns that compounds with methylene carbonyls may arrest cells in mitosis by different

mechanisms.
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Figure 4.8. HT-29 cells treated with pulchelloid A exhibit irregular localization and high
expression of CENP-E, anemonin treated cells exhibit poor localization and low
expression, and (+)-6-tuliposide A treated cells exhibit irregular localization and
intermediate expression. A. HT-29 cells were either not-treated or treated with nocodazole,
paclitaxel, pulchelloid A, anemonin or (+)-6-tuliposide A for 18 h. Cells were analyzed by
immunofluorescence microscopy where DNA was detected with DAPI (blue), and CENP-
E with anti-CENP-E antibodies (grayscale/green). Representative images of each phase of
the cell cycle are shown for not-treated cells. Scale bar represents 10 um. B. HT-29 cells
were either not-treated or treated with nocodazole, paclitaxel, pulchelloid A, anemonin or
(+)-6-tuliposide A for 18 h. Cell extracts of total cell populations (Tot.) were collected by
trypsinization. Mitotic cells (Mit.) were separated by mechanical shake-off from interphase
cells (Int.). Cell extracts were separated by SDS-PAGE and analysed by western blotting
for CENP-E. Protein levels were standardized to actin. C. Normalized band intensities of
CENP-E western blots are shown. Error bars represent the SEM of at least three
independent experiments. Statistical significance was determined using one-way ANOVA
followed by Tukey’s post hoc test (p < 0.05). Means that are significantly different from
each other are represented with a different letter (a, b, c).
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Figure 4.9. HT-29 cells treated with pulchelloid A, anemonin and (+)-6-tuliposide A each
exhibit BubR1 signals. HT-29 cells were either not-treated or treated with nocodazole,
paclitaxel, pulchelloid A, anemonin or (+)-6-tuliposide A for 18 h. Cells were analyzed by
immunofluorescence microscopy where DNA was detected with DAPI (blue), and BubR1
with anti-BubR1 antibodies (grayscale/green). Representative images of each phase of the
cell cycle are shown for not-treated cells. Scale bar represents 10 pm.
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Figure 4.10. HT-29 cells treated with pulchelloid A, anemonin and (+)-6-tuliposide A each
exhibit irregular localization of PLK-1. HT-29 cells were either not-treated or treated with
nocodazole, paclitaxel, pulchelloid A, anemonin or (+)-6-tuliposide A for 18 h. Cells were
analyzed by immunofluorescence microscopy where DNA was detected with DAPI (blue),
and PLK-1 with anti-PLK-1 antibodies (grayscale/green). Representative images of each
phase of the cell cycle are shown for not-treated cells. Scale bar represents 10 um.

NT

134



4.5 Discussion

This is the first report that differentiated the mitotic arrests induced by natural
product compounds that share a methylene carbonyl moiety (pulchelloid A, anemonin, and
(+)-6-tuliposide A) (Table 4.1). In our previous studies, we identified the anti-mitotic
compounds anemonin from Pulsatilla nuttalliana (Chapter 2) and (+)-6-tuliposide A from
Erythronium grandiflorum (Chapter 3). The mitotic arrests induced by these two
compounds bore a striking resemblance to the anti-mitotic activities of pulchelloid A and
hymenoratin, two sesquiterpene lactones identified by our laboratory from Gaillardia
aristata (Bosco et al., 2021) and Hymenoxys richarsonii (Molina et al., 2021), respectively.
The common features included a 40% rounded mitotic phenotype when applied to an
asynchronous culture, distorted mitotic spindles, and chemical inactivation by B-ME
reduction. Our findings, summarized in Table 4.1, indicate a distinct mitotic arrest profile
for each compound, supporting the hypothesis that each targets a specific protein required
for mitotic progression.

The so-called “40% mitotic arrest” prompted further investigation because it was
less than the anti-mitotic compounds paclitaxel and nocodazole which induced nearly 100%
cell rounding. When applied to a synchronized culture we observed that pulchelloid A,
anemonin and (+)-6-tuliposide A induced prolonged mitotic arrests in nearly all cells, which
eventually exit mitosis. In view of this result, a “40% mitotic arrest” in asynchronous
cultures is consistent with a long mitotic delay effect in synchronized cultures, throughout
which we observed distorted mitotic spindles and misaligned chromosomes.

Investigating y-tubulin localization provided insight about the spindle distortion,

especially in pulchelloid A and (+)-6-tuliposide A treated cells, which displayed an
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abnormal number of y-tubulin foci. Anemonin treated cells displayed two y-tubulin peaks
as found in a bipolar spindle structure, but the structures were not tightly organized,
suggesting that the centrosomes were not properly functioning. Furthermore, there was a
strong correlation between spindle distortion and damaged DNA, which was found only in
mitotic cells. These results are similar to those in reports that any prolonged arrest can cause
DNA damage (Dalton et al., 2007; Orth et al., 2012; Quignon et al., 2007) and that delayed
mitosis is mediated by the spindle assembly checkpoint (SAC) (Rieder & Maiato, 2004;
Shannon et al., 2002).

Narrowing the mitotic arrest to a pre-metaphase state guided the investigation to
proteins involved in the mitotic checkpoint complex (MCC) of the SAC, which prevents
the onset of anaphase until proper chromosome congression has occurred (Bolanos-Garcia,
2014; Lara-Gonzalez et al., 2021). In anemonin treated cell, the localization of CENP-E
was difficult to detect, which was supported by the low expression of CENP-E in cell
extracts, whereas pulchelloid A and (+)-6-tuliposide A treated cells displayed unequal
distribution of CENP-E foci. Discrepancies in CENP-E distribution and expression may
implicate kinetochore-chromosome attachment disruption, thus affecting proteins that
regulate chromosome movement and alignment in prometaphase (Owa & Dynlacht, 2021).
Non-essential kinetochore proteins are not strictly required for cell survival but play
important roles in proper chromosome segregation during mitosis. If these proteins are
targeted, either directly or indirectly, it can lead to mitotic arrest. Previous research has
found that CENP-E disruption, through RNA interference or inhibition with the small

molecule GSK923295, resulted in chromosome misalignment, increased mitotic arrest and
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spindle disorganization (Fang et al., 2023; Ohashi et al., 2015; She et al., 2020; Xu et al.,
2010).

BubR1 monitors the attachment of chromosomes to the mitotic spindle, delaying
the initiation of anaphase until all chromosomes are correctly aligned and attached (H.
Huang et al., 2008). The degradation of BubR1 is regulated by the anaphase-promoting
complex/cyclosome (APC/C), an E3 ubiquitin ligase complex that ubiquitylates proteins,
including BubR1, for degradation by the proteasome (Luna-Maldonado et al., 2021). We
observed a BubR1 signal in all arrested cells which confirms the inability of cells to achieve
SAC inactivation when treated with any of the three compounds. Finally, PLK-1
localization paralleled y-tubulin localization suggesting PLK-1 was properly positioned to
the centrosomes (Schmucker & Sumara, 2014) but may be dysfunctional if centrosomes
are not organized correctly, as suggested by the abnormal numbers of y-tubulin and PLK-1
foci. PLK-1 releases APC/C inhibition by phosphorylating Cdc20 (Jia et al., 2016) which
triggers the targeted degradation of various proteins by the APC/C. Overall, these results
provide support that these compounds inhibit proteins required for SAC silencing.

The methylene carbonyl functional group, especially when present as a
butyrolactone, can react with sulthydryl groups present in cysteine-containing polypeptides
(Bailly, 2021; Berdan et al., 2019; Jackson et al., 2017; Lagoutte et al., 2016). Consistent
with this possibility, all three compounds were inactivated by preincubation with 3-ME.
Therefore, we reasoned that removing the compound after treatment should produce the
same result as continuous exposure if these compounds form covalent bonds with their
targets. Of the three compounds, only pulchelloid A treated cultures maintained an arrest

following removal of the compound. The profiles for anemonin and (+)-6-tuliposide A were
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different from each other and from pulchelloid A, suggesting that each compound may
target a different cysteine-containing polypeptide. The inability of anemonin and (+)-6-
tuliposide A to provide a prolonged arrest under these conditions may suggest that their
protein targets are more rapidly turned over than those of pulchelloid A. Alternatively, a
ubiquitin ligase could be directly inhibited by these compounds resulting in the delay of
protein degradation prolonging SAC activation. The mechanisms underlying these mitotic
arrests likely involve complex interactions among multiple proteins and pathways in the
SAC. Several factors that affect protein turnover dynamics may contribute, including cell
cycle regulators, mitotic checkpoint proteins, DNA damage, and protein synthesis and
degradation machinery (Luna-Maldonado et al., 2021).

These data illustrate the fundamental principle that structural differences in
inhibitor chemistry underlie distinct biological functions, likely through different targets.
Furthermore, the results of this study suggest that current descriptors like “cytotoxic” and
“mitotic” might be too broad to categorize the multitude of natural products. Relying solely
on cytotoxicity provides a limited view on the potential therapeutic impact of a compound,
neglecting its specificity and mechanism of action. Our results emphasize the importance
of persistent investigation into compounds inducing less than 100% arrest in asynchronous
cultures since they may inhibit highly specialized mitotic mechanisms. This underscores
their significance in identifying new drug targets for precision medicine, where many
mitotic regulators lack known inhibitors. Further investigations are warranted to unveil

precise and potentially novel targets for therapeutic advancement of these natural products.
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Table 4.1. Comparing the characteristics of the mitotic arrests of pulchelloid A, anemonin
and (+)-6-tuliposide A. A summary of the characteristics that distinguish the mitotic arrest
of pulchelloid A, anemonin and (+)-6-tuliposide A through cell cycle analysis and mitotic
proteins.

Characteristic Pulchelloid A Anemonin (+)-6-Tuliposide A
Percent cell rounding 40% 40% 40%
Reduction by B-ME + + +
Distorted spindle + + +

DNA damage + + +
Tightly organized n } +
y-tubulin foci
Number of 4 P 3
y-tubulin foci
Length of mitotic arrest 9h 8h 11h
Activity maintained + ) )

after media replacement

CENP-E expression 4+ . +
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CHAPTER 5
General Discussion

At the beginning of this project, our laboratory had previously identified two
sesquiterpene lactones, pulchelloid A (Bosco et al., 2021) and hymenoratin (Molina et al.,
2021), from species in the Asteraceae plant family that induced a mitotic arrest in cancer
cells. This added to the small but growing repertoire of sesquiterpene lactones with anti-
mitotic activity (Bosco & Golsteyn, 2017). Using a phenotypic morphology assay to screen
extracts from our prairie plant library in the search for other anti-mitotic natural products,
we identified Pulsatilla nuttalliana (Ranunculaceae) extracts that induced cell rounding.
By biology-guided fractionation we purified anemonin as the active compound that induced
a mitotic arrest, which expanded our list including pulchelloid A and hymenoratin (Chapter
2). Anemonin is structurally related, yet distinct from sesquiterpene lactones, which led us
to hypothesize that phylogenetic distance and chemical diversity of anti-mitotic compounds
are positively related. To test this, we selected Erythronium grandiflorum (Liliaceae), the
most phylogenetically distant species in our library relative to Gaillardia aristata
(Asteraceae, pulchelloid A) that induced a mitotic arrest. We identified (+)-6-tuliposide A
as the active compound, which is structurally distinct from pulchelloid A yet has several
critical functional groups. These data support our hypothesis affirming that an increase in
phylogenetic distance fosters chemical diversity of anti-mitotic compounds (Chapter 3).
Guided by the principle that structure and function are correlated, we predicted that the
differences in chemical structure between these compounds would indicate different protein
targets. We then asked if the mitotic arrests of pulchelloid A, anemonin and (+)-6-tuliposide
A could be differentiated beyond their shared characteristics of 40% cell rounding in an

asynchronous population, distorted mitotic spindles and inactivation by 3-ME reduction.

140



Through a series of assays, we identified unique differences between their mitotic arrests,
providing evidence that each compound targets a distinct protein (Chapter 4). This is the
first report that anti-mitotic compounds with similar mitotic arrest phenotypes have been

differentiated from one another.

5.1 Diverse chemical structures induce similar mitotic phenotypes

The diversity in chemical profiles between G. aristata, P. nuttalliana and E.
grandiflorum was predicted based on the phylogenetic distance between them (Figure 1.4),
resulting in three distinct active anti-mitotic compounds—pulchelloid A (2), anemonin (13)
and (+)-6-tuliposide A (14). Despite their structural differences, they share an o,p-
unsaturated carbonyl moiety, which we predicted would be reduced by incubation with [3-
ME and result in the inhibition of their activity. Furthermore, given the well documented
role of the a-methylene-y-butyrolactone as the active moiety of many sesquiterpene
lactones (Cotugno et al., 2012; Sturgeon et al., 2005), this outcome was anticipated for
pulchelloid A. However, these data provided insight into the activity of anemonin and (+)-
6-tuliposide A. The a,B-unsaturated carbonyl takes the form of a butenolide in anemonin,
whereas in (+)-6-tuliposide A the active moiety manifests as an a,-unsaturated ester. This
suggested that this anti-mitotic activity may be more broadly due to the presence of an o, 3-
unsaturated carbonyl in these compounds, rather than an o-methylene-y-butyrolactone.
Therefore, the deliberate choice of these compounds for comparison was rooted in their
distinct arrangements of an a,-unsaturated system: exocyclic in pulchelloid A, endocyclic

in anemonin, and linear in (+)-6-tuliposide A (Figure 5.1).
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The identification of anemonin and (+)-6-tuliposide A expands the class of
compounds exhibiting this mitotic arrest phenotype beyond sesquiterpene lactones. Our
findings suggest that this group may encompass a broader range of compounds sharing the
common feature of a,B-unsaturated carbonyls. However, it is noteworthy that certain
sesquiterpene lactones are not anti-mitotic even though they possess a,p-unsaturated
carbonyls. These compounds have been found to either be inactive or exhibit different
biological activities, such as anti-inflammatory, anti-viral and anti-malarial (Ho et al.,
2014). This indicates the remainder of the chemical structure emerges as equally crucial,
likely influencing target specificity, while the o,B-unsaturated carbonyl may engage in
Michael addition reactions with cellular cysteines.

While the Asteraceae plant family has historically been a source of sesquiterpene
lactones (Bosco & Golsteyn, 2017; Bosco et al., 2021; Molina et al., 2021), this chemical
exploration has broadened our search parameters and increased the number of examples we
can draw from the literature of compounds with similar mitotic phenotypes (Figure 5.2).
Isolated from the African tree Parinari curatellifolia (Chrysobalanaceae), 13-hydroxy-15-
oxozoapatlin (OZ) (15) was originally thought to induce a G2 phase arrest since
microtubule polymerization was not inhibited (Lee et al., 1996). Later, OZ was found to
induce a 30% mitotic arrest with distorted spindles and misaligned chromosomes (Rundle
et al., 2001). They proposed that OZ may interact with a motor protein to inhibit
chromosome congression. Another example is ent-15-oxokaurenoic acid (EKA) (16), an
ent-kaurene diterpenoid isolated from a tropical Asteraceae plant that induced a 20-30%
mitotic arrest with abnormal spindle morphology at 20 uM in HCT116 cells (Rundle et al.,

2006). Utilising a biotinylated version of EKA, they found that EKA co-localized and
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bound to RanBP2 during the mitotic arrest. They suggest that this resulted in CENP-E not
associating with kinetochores and chromosomes failed to congress. While not a
sesquiterpene lactone, EKA contains an a,B-unsaturated carbonyl, a characteristic akin to
pulchelloid A (sesquiterpene lactone), as well as anemonin and (+)-6-tuliposide A (not
sesquiterpene lactones).

Adopting the chemical genetic screen approach to identify EKA, another ent-
kaurene diterpenoid, pharicin A (17), was isolated from Isodon pharicus and was found to
induce mitotic arrest in leukemia cells with misaligned chromosomes (Xu et al., 2010).
Intriguingly, pharicin A induced mitotic arrest in paclitaxel-resistant cells, making it a
promising avenue for cancer therapies targeting resistant tumours. Following this
discovery, pharicins C through W were isolated from /. pharicus and a subset were reported
as cytotoxic (Hu et al., 2018). Of note, their findings corroborated that the a,p-unsaturated
carbonyl accounted for the activity of sculponeatin A (18) since sculponeatin B (19),
lacking a carbonyl in conjunction with the methylene, proved inactive. This aligns with our
results, supported by the B-ME assay, that methylene reduction of an o,B-unsaturated
carbonyl leads to compound inactivation.

Further expanding the repertoire of ent-kaurenes, kamebakaurin (20), isolated from
Isodon excia, was reported to induce mitotic arrest with multiple spindle defects and
misaligned chromosomes at 50 uM (Jiang et al., 2015). Interestingly, similar to the results
of our study, kamebakaurin induced mitotic cells with diffuse and abnormal numbers of
pericentrin foci, indicating potential disruption of centrosome function. Another compound,
bubristatin-1 (BRT-1) (21) featuring an o,B-unsaturated carbonyl was selected from a

diterpenoid library to target BubR1 (Huang et al., 2019). Utilizing a biotinylated probe,
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researchers confirmed that BRT-1 binds to BubR 1. Moreover, BRT-1 extended the duration
of progression from prophase to the onset of anaphase in HeLa cells, along with inducing
misaligned chromosomes—tesults mirroring those obtained by the three compounds in our
study.

Jackson et al. (2017) reviews the reactivity of o, B-unsaturated carbonyls with thiols,
many of which were reported to exhibit anti-proliferative activities. The authors discuss the
binding affinity and stability of thiol adducts that can form through Michael addition
reactions, shedding light on chemical protein interactions, initially driven by noncovalent
binding affinity and subsequent covalent bond formation. They provide quantitative data to
elucidate that the variance in reactivity is linked to the positioning of the a,3-unsaturated
carbonyl and the arrangement of surrounding atoms in the chemical structure. The distinct
arrangements of an o,B-unsaturated systems in pulchelloid A, anemonin and (+)-6-
tuliposide A likely contributes to their difference in activity and mechanism of action.

A warhead hypothesis has been noted by others where the highly reactive nature of
“warheads”, the electrophilic functional group on a covalent inhibitor, such as o,p-
unsaturated carbonyls, results in arbitrary selectivity in the reaction with nucleophilic
residues of proteins risking off-target toxicity (Gehringer & Laufer, 2019; Huang et al.,
2022). We provide evidence that the compounds investigated in this thesis exhibit specific
anti-mitotic activities at precise concentrations without indiscriminately targeting all
cysteine-containing proteins through cytotoxicity. This indicates that these compounds
have a high enough degree of specificity to inhibit a protein and limit toxicity. Both our

results and existing literature underscore the pivotal role of the entire chemical structure of
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a compound in contributing to the specificity and potency of an a,B-unsaturated carbonyl
active moiety, thereby challenging a warhead hypothesis.

Phylogenetic bioprospecting, as highlighted in numerous studies (Bay-Smidt et al.,
2011; Culp et al.,, 2020; Guzman & Molina, 2018; Larsen et al., 2010; Liana &
Rungsihirunrat, 2021; Pellicer et al., 2018), has emerged as an important tool in drug
discovery. Many pathways in mitosis have no known inhibitors, therefore the search for
specific inhibitors holds significant value, as seen in the selection of BRT-1 to target
BubR1. Our B-ME assay serves as a means to identify o,-unsaturated carbonyl functional
groups within plant extracts through a biological lens, which can be subsequently
confirmed through chemistry methods. This approach also allows for an expanded
phylogenetic search to identify more diverse structures with similar mitotic arrest
phenotypes. In the field of precision medicine, a broader spectrum of compounds provides

increased options for the development of effective and personalized treatment plans.
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HO

(2) (13)

Figure 5.1. Chemical structures of the anti-mitotic compounds pulchelloid A (2), anemonin
(13) and (+)-6-tuliposide A (14).

OH

(20) (21)

Figure 5.2. Compounds that induce similar mitotic phenotypes to pulchelloid A, anemonin
and (+)-6-tuliposide A. 13-hydroxy-15-oxozoapatlin (15), ent-15-oxokaurenoic acid (16),
pharicin A (17), sculponeatin A (18), sculponeatin B (19), kamebakaurin (20), and
bubristatin-1 (21).
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5.2 Similar mitotic arrest phenotypes require further investigation to identify distinct
mitotic profiles which provide evidence for different cellular protein targets

The concept that chemical structure is directly related to function implies that each
compound will have a distinct protein target. The chemical structures of pulchelloid A,
anemonin and (+)-6-tuliposide A suggest that they target different proteins and indicate that
while their mitotic arrests have similarities, they are not identical. Pulchelloid A, anemonin,
and (+)-6-tuliposide A each arrest mitosis in a manner such that chromosomes failed to
congress, ultimately leading to a mitotic arrest. Upon further investigation, we identified
distinct mitotic arrest profiles for the three compounds (Table 4.1), suggesting that each
acts via a different mechanism. Based on these differences, we can suggest specific mitotic
regulatory pathways that may be inhibited and guide research towards identifying the target
of each compound.

Prometaphase is characterized by the critical process of chromosome congression,
aligning the chromosomes along the metaphase plate in preparation for their subsequent
segregation during mitosis. An integral aspect is the proper attachment of microtubules to
kinetochores. Defects in this attachment can disrupt the tension necessary for proper
chromosome alignment, contributing to misaligned chromosomes and distorted mitotic
spindles, as observed in our study. Furthermore, incorrect attachment can damage DNA
which further intensifies SAC signalling due to the activation of the DNA damage pathway
(Guerrero et al., 2010). Incorrect attachment can occur during unperturbed mitoses,
including monotelic, syntelic and merotelic attachment, however these events are typically
corrected by proteins, such as Aurora kinase B, that regulate kinetochore-microtubule
interactions. It is possible that the inhibition of these proteins results in failed chromosome

congression followed by mitotic arrest.
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The large family of centromere proteins (CENP) are essential for centromere
function. One of the main drivers of chromosome congression is CENP-E, a kinesin motor
protein regulated by post-translational modifications, such as farnesylation (Ashar et al.,
2000) and SUMOylation (Dasso, 2008). BubR1 associates with CENP-E at the kinetochore
until proper kinetochore-microtubule attachment is achieved, upon which the BubR1 signal
is silenced (Mao et al., 2005). We observed sustained BubR1 signals and difference in
CENP-E localization and expression in cells treated in our study with pulchelloid A,
anemonin and (+)-6-tuliposide A, which suggest that CENP-E may not be functioning
properly. Upstream proteins that are involved in the correct functioning of CENP-E could
also be affected to cause this mitotic arrest. Aurora kinase B directs CENP-E to
kinetochores (Ditchfield et al., 2003), and INCENP and RanBP2 are required for the
activation and SUMOylation of Aurora kinase B to function properly in monitoring
microtubule attachment to the HEC1 complex of the kinetochore (Di Cesare et al., 2023;
Musacchio & Salmon, 2007; Samejima et al., 2015). RNAi depletion of RanBP2 results in
mitotic cells with misaligned chromosomes, multipolar spindles, disruption of spindle poles
and mislocalization of many kinetochore proteins, including CENP-E, CENP-F, and
RanGAP1 (Joseph et al., 2004). Similarly, the depletion of HEC1 results in mitotic arrest
due to unattached chromosomes (Martin-Lluesma et al., 2002) as with the inhibition of
many kinetochore-associated proteins (Musacchio & Salmon, 2007). The ent-kaurene EKA
was identified to bind RanBP2 and prevent the association of CENP-E with kinetochores
to cause a prolonged prometaphase arrest with distorted spindle and misaligned
chromosomes (Rundle et al., 2006), a mitotic phenotype similar to those obtained in our

study of pulchelloid A, anemonin and (+)-6-tuliposide A.
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Centrosome duplication and maturation have a significant influence on spindle
formation and function during cell division. Multipolar spindles can emerge from either the
overduplication of centrosomes or the abnormal separation of core centrosome proteins.
Alternatively, pseudo bipolar spindles can occur by centrosome clustering after
overduplication. Centrosomal abnormalities often result from the overexpression of
centrosome-associated kinases, such as Aurora kinase B and PLK-4, which are integral to
centrosome duplication, maturation, separation, and regulation of spindle assembly (Biihler
& Stolz, 2022). PLK-4 auto-phosphorylates to signal its degradation by the E3 ubiquitin
ligase SCF complex to prevent reduplication of centrioles (Holland et al., 2010; Wang et
al., 2014). Interestingly, the sesquiterpene lactone 6-OAP has been reported to presumably
bind Skpl, a component of the SCF complex, to induce a prometaphase arrest (Cheng et
al., 2016; Liu et al., 2011; Liu et al., 2015). Although they report this chemical protein
interaction does not involve cysteine chemistry, inhibition of the SCF complex can then
lead to centriole accumulation, which impacts microtubule dynamics and chromosome
stability. As previously mentioned, the ent-kaurene kamebakaurin induced a mitotic arrest
with distorted spindles, misaligned chromosomes, and abnormal number of pericentrin foci
(Jiang et al., 2015). In our study of pulchelloid A, anemonin and (+)-6-tuliposide A, we
observed an increased number of y-tubulin and PLK-1 foci, suggesting an abnormal
number of centrosomes formed, resulting in multipolar spindles. Like the eukaryotic cell
cycle itself, the cycling of centrosomes involves many proteins each with regulatory
enzymes to ensure accurate functionality and localization. Targeting these proteins or
enzymes could lead to the mitotic arrest phenotype induced by the compounds researched

in this study.
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An additional level of complexity is added if we consider that proteins can have
multiple roles in regulating mitosis. For example, BubR1 phosphorylates CENP-E,
monitors the attachment of microtubules to kinetochores and is a part of the MCC (Huang
et al., 2019), all of which are critical for ensuring the cell cycle only continues once
chromosome congression has occurred properly. This emphasized the importance of
identifying an inhibitor of BubR1, for which bubristatin-1 was selected and was affective
in inducing a mitotic arrest (Huang et al., 2019). Another example of a multifaceted protein
is CENP-F which is involved in kinetochore-microtube attachment, chromosomal stability,
dynein activity and centrosome maturation. Like CENP-E, the proper localization of
CENP-F is regulated by farnesylation (Hussein & Taylor, 2002; Vergnolle & Taylor, 2007)
which presents an intriguing site for inhibition. Since farnesylation occurs at CAAX motifs
(Hussein & Taylor, 2002), and our compounds of interest can be inactivated by B-ME
reduction, our compounds may inhibit protein function by binding to cysteines in CAAX
motifs, thus inhibiting farnesyl-mediated protein activation. Of interest, the
farnesyltransferase inhibitor SCH66336 does not interfere with the localization of CENP-
E and CENP-F to kinetochores but does impact the ability of CENP-E to associate with
microtubules (Ashar et al., 2000), which is a possible explanation for the CENP-E
observations in our study. Without post-translational modifications, mitotic regulatory
proteins are unable to function properly and result in a prometaphase arrest, as observed in
our study and many examples from the literature.

Mitosis is a highly regulated and intricate process that presents a vast number of
protein targets for the inhibition of cellular proliferation. The cellular targets resulting in a

prometaphase arrest could either be centromere- or kinetochore-associated proteins,

150



centrosomal proteins, or enzymes that regulate the function of these proteins (i.e., kinases,
E3 ligases, farnesyl transferases). Additionally, transcription factors that regulate the
expression of key mitotic regulatory proteins could be targeted by these compounds. It has
been shown that sesquiterpene lactones target the transcription factor NF-k 3 (nuclear factor
kP), as in the case of parthenolide and costunolide—compounds that induce mitotic arrests
with chromosome congression defects (Berdan et al., 2019; Whipple et al., 2013). While
the complexity of mitotic regulation presents challenges, it also offers numerous potential
targets for intervention. Ultimately, understanding the precise targets of pulchelloid A,
anemonin, and (+)-6-tuliposide A in the context of early mitotic events will contribute to

the development of targeted therapies and enhance our knowledge of mitotic regulation.

5.3 Future Directions

We have expanded the number of natural products with which to inhibit mitosis and
distinguished that each compound exhibits a distinct mitotic arrest profile, suggesting
different mechanisms of action. Subsequent investigations should focus on identifying their
precise protein targets. One strategy is to utilize click-chemistry, a technique by which a
compound can be labelled and covalently bound to its target in native biological
environments, such as cell cultures, followed by protein identification by mass
spectrometry (Parker & Pratt, 2020). Previous researchers employing this approach have
been successful in identifying the cellular targets for specific compounds (Banuelos et al.,
2016; Do et al., 2021). In collaboration with Dr. Raymond Andersen at the University of
British Columbia, our laboratory aims to identify the target of pulchelloid A (2). Modifying

pulchelloid A by attaching an alkyne group (22) permits a copper (I)-catalyzed azide-alkyne
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cycloaddition “click” reaction to biotin, from which the complex can be pulled down on a
streptavidin column and proteins can be identified by mass spectrometry (Figure 5.3). Other
researchers have had success in labelling small molecules directly with biotin to permit
compound localization by immunofluorescence microscopy or protein identification
through pull downs for mass spectrometry. However, the addition of an alkynyl group is
designed to be sterically minimized compared to attaching biotin directly to the inhibitor.
In parallel, chemical-genetic interaction screens can be used to identify genes that are
positively or negatively corelated with the inhibitor. In collaboration with Dr. Charles
Boone at the University of Toronto, we are conducting a chemical-genetic CRISPR screen
in haploid human cells to identify genes that are positively and negatively correlated with
cell viability after treatment with pulchelloid A. Identifying the precise cellular target of
pulchelloid A will provide another manner to inhibit mitosis and may contribute to the
development of a targeted medicine.

Natural products, including those identified in this thesis, stand out as exceptional
source of anti-mitotic compounds, having evolved under ecological pressures and
optimized to be compatible with biological pathways. Their tremendous potential as both
scientific tools and novel therapies for precision medicine emphasizes the need for
continued research in the field natural products. This highlights the importance of exploring
natural products as a reservoir of biologically active compounds, particularly in under-
investigated regions like the Canadian prairie, to uncover unique and diverse compounds.
This thesis contributes to the broader landscape of natural product discovery and enhances

our understanding of the intricate connections between nature and human health.
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Figure 5.3. Click-chemistry approach to identify cellular targets. A. Pulchelloid A (2) and
an alkynyl ether modified structure of pulchelloid A (22). B. Pulchelloid A maintains its
cell rounding activity when modified with an alkynyl group. Scale bar represent 100 pum.
C. Click-chemistry protocol for identifying cellular targets of alkynyl ether modified
structure of pulchelloid A.
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APPENDIX I — Supplementary Material for Chapter 2:

Two anti-mitotic activities are present in extracts from the Canadian Prairie Crocus,

Pulsatilla nuttalliana
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Supplemental Figure 2.1

Anemonin (1): Isolated as an off-white solid; 'H NMR (DMSO-de, 500 MHz): & 8.28 (2H,
d,J =5.7 Hz, H-3 and H-8), 6.32 (2H, d, J = 5.7 Hz, H-2 and H-9), 2.62 (2H, m, H-5" and
H-6’),2.26 (2H, m, H-5 and H-6) ppm; *C NMR (DMSO-ds, 125 MHz) & 171.41 (C-1 and
C-10), 156.14 (C-3 and C-8), 119.71 (C-2 and C-9), 89.98 (C-4 and C-7), 22.82 (C-5 and
C-6) ppm.
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Supplemental Figure 2.2

"H NMR Spectrum of Anemonin (1) recorded at 500 MHz in DMSO-ds
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Supplemental Figure 2.3

3C NMR Spectrum of Anemonin (1) recorded at 125 MHz in DMSO-ds
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APPENDIX II — Supplementary Material for Chapter 3:

An anti-mitotic compound, (+)-6-tuliposide A, isolated from the Canadian Glacier

Lily, Erythronium grandiflorum
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Supplemental Figure 3.1

(+)-6-Tuliposide A (1): Isolated as a colourless viscous oil; [a]*p +44° (¢ 0.6, MeOH), see
Ibrahim et al., 2017; '"H NMR, see Christensen, 1995 and Santucci, 1985; 3C NMR (D:0,
compare to Christensen, 1995 and Santucci et al., 1985) 6 169.53/169.52 (C-1°), 137.12
(C-2%), 129.88/129.84 (C-3), 60.86 (C-5"), 35.00 (C-4’) ppm; a-D-glucose: 93.02 (C-1),
72.30 (C-2), 73.47 (C-3), 70.13 (C-4), 70.59 (C-5), 64.48 (C-6) ppm; B-D-glucose: 96.88
(C-1), 74.93 (C-2), 76.42 (C-3), 70.48 (C-4), 74.31 (C-5), 64.44 (C-6) ppm; 3C NMR
(DMSO-ds) 06 166.35/166.34 (C-1°), 137.47/137.42 (C-2°), 124.43/126.37 (C-3’),
59.48/59.47 (C-5), 34.97/34.94 (C-4’) ppm; D-glucose: 96.92 (C-1), 92.30 (C-1), 76.37,
74.70, 73.45,72.82, 72.18, 70.48, 70.08, 69.15, 64.19 (C-6), 64.14 (C-6) ppm; positive ion
HRESIMS [M+Na]" m/z 301.0905 (calcd for C,;H,;O¢Na, 301.0894).
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Supplemental Figure 3.2

"H NMR Spectrum of (+)-6-Tuliposide A (1) recorded at 600 MHz in D,O
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Supplemental Figure 3.3

'"H NMR Spectrum of (+)-6-Tuliposide A (1) recorded at 600 MHz in DMSO-ds
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Supplemental Figure 3.4

BC NMR Spectrum of (+)-6-Tuliposide A (1) recorded at 150 MHz in D,O
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Supplemental Figure 3.5

BC NMR Spectrum of (+)-6-Tuliposide A (1) recorded at 150 MHz in DMSO-dp
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