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ABSTRACT

We investigate the mitotic activities of Canadian Asteraceae plant extracts and use two
experimental approaches to study mitotic arrests. We used taxonomy and phylogeny as a
basis for investigating extracts from the species Ratibida columnifera, Arnica fulgens, and
Hymenopappus filifolius for anti-mitotic activity. The extracts were tested for anti-mitotic
activity against cancer cells measured by rounded cell morphology and phosphorylated
histone H3 assays. The extracts demonstrated distinct effects on the mitotic spindle, with
different microtubule distortions and centrosome morphologies. In a second approach, we
used transcriptomic analysis to compare mitotic arrests induced by sesquiterpene lactones
or the cancer drug Taxol®. Transcriptomic analysis revealed differences in overall gene
expression related to specific biological processes including transcripts related to
microtubule regulation. Isolation of the plant extract chemicals as well as identification of
protein targets may provide new chemicals suitable for studying mitosis and possible use

in future precision medicines.
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CHAPTER 1

Introduction

This thesis is about using different experimental approaches to investigate Canadian plant
species for anti-mitotic chemicals. A knowledge gap exists between the process of mitosis
and the entirety of the proteins involved. Novel anti-mitotic chemicals can be used to
develop our understanding of the complex protein interactions that facilitate mitosis.
Recently our laboratory found anti-mitotic chemicals within the plants Gaillardia aristata
Pursh. and Hymenoxys richardsonii Hook. The discovery of these sesquiterpene lactones,
puchelloid A and hymenoratin, led us to ask if other Asteraceae species in the prairie
ecological zone contain related anti-mitotic chemicals. We hypothesize that Canadian
Asteraceae species are sources of different but related anti-mitotic chemicals that will
induce distinct mitotic arrests. In one experimental approach (phylogeny), we investigated
extracts from Asteraceae species of different tribes for anti-mitotic activity. We compared
the effects of extracts prepared from the species Ratibida columnifera, Arnica fulgens, and
Hymenopappus  filifolius on components of the mitotic spindle: microtubules and
centrosomes. The different microtubule distortions and centrosome morphologies induced
by these extracts suggest that they have different chemicals and corresponding cellular
targets. This project was the first in our laboratory to use taxonomic and phylogenetic

information as a guide toward a species, H. filifolius, and test it for anti-mitotic activity.

In a second approach, we tested whether different types of mitotic arrests could be
distinguished by transcriptomic analysis. To understand the possible reasons for
differences in mitotic arrest, we introduce sesquiterpene lactones and their possible

interaction with E3 ligases. We also provide a rationale for using transcriptomic analysis



to investigate the gene expression of cells arrested in mitosis by different natural products.

This was the first time that transcriptomics were used to investigate plant extract

chemicals in our laboratory. The second chapter is a pre-print of an accepted review article

which I coauthored with other members of our laboratory, which describes the

connections between Canadian prairie Asteraceae species, natural products, and

biomedicine. This article describes information that supports the investigation of

Asteraceae species from Canadian ecological zones as sources of natural products of

scientific importance.

1.1 Anti-mitotic chemicals from the Asteraceae plant family and their activities

The Asteraceae plant family produces special metabolites called sesquiterpene lactones.
These chemicals are 15 carbon molecules synthesized from three isoprene rings fused to a
fused a-methylene-y-lactone ring. There are over 5000 sesquiterpene lactones (Chadwick
et al., 2013), and within the chemical class numerous biological activities including anti-
cancer and anti-inflammatory have been reported (Moujir et al., 2020). In our laboratory,
we have identified anti-mitotic sesquiterpene lactones pulchelloid A (pulA), from
Asteraceae species Galliardia aristata (Bosco, 2017; Bosco et al., 2021) and hymenoratin,
from Hymenoxys richardsonii (Molina et al., 2021b). The plant extracts containing these
sesquiterpene lactones share mitotic arrest characteristics such as inducing ~30% cell
rounding and distorting mitotic spindles. As reviewed by Bosco and Golsteyn (2017) the
sesquiterpene  lactones  6-O-angeloylplenolin, 9B-acetoxycostunolide, coronpilin,
costunolide, dehydroleucodine, NP136, NP176, NP339, parthenolide, psilostachyin A,
psilostachyin C, santamarine, and xanthatin have anti-mitotic activities. Monopolar,

multipolar, hyperpolymerized, and disorganized mitotic spindles were observed in cells



treated with these chemicals (Bosco & Golsteyn, 2017). Since that review the sesquiterpene
lactones 2a-hydroxyalantolactone (Hegazy et al., 2021), ivalin (Liu et al., 2019), pulA, and
hymenoratin have been added to the list, bringing the total of anti-mitotic sesquiterpene
lactones up to 17 out of the 5000. The biological activity of sesquiterpene lactones has been
primarily attributed to the a-methylene-y-lactone moiety (Zhang et al., 2005) (Figure 1B)
which reacts by Michael-type addition to cysteine residues. This was determined by
Kupchan et al. (1970) who investigated the reaction of sesquiterpene lactones with
nucleophilic I-cysteine. The products of the cysteine addition were isolated, separated with
chromatography, and examined by NMR, which showed spectra signals indicating the
reaction between sesquiterpene lactones with cysteine occurred at the o-methylene-y-
lactone. Other chemicals that contain a Michael acceptor similar to the a-methylene-y-
lactone, but are not sesquiterpene lactones, demonstrate anti-mitotic activity (Rundle et al.,
2006). There are sesquiterpenes such as artesunate, and zerumbone which do not have the
a-methylene-y-lactone moiety but still demonstrate anti-mitotic activity (Sithara et al.,
2018; Wen et al., 2018). These studies, combined with the diversity of anti-mitotic
morphologies lead us to suspect that the non-lactone component of these chemicals
modulates their protein interactions, including anti-mitotic activities. The mechanisms of

action behind anti-mitotic sesquiterpene lactones remains unknown.



The range of phenotypes observed within anti-mitotic sesquiterpene lactones may be due
to a potential interaction with members of the ubiquitin-proteasome system (UPS).
Targeted degradation of proteins by ubiquitin-ligase enzymes regulates many cell processes
including mitosis. The addition of ubiquitin to proteins is mediated by enzymes called E1
(ubiquitin-activating), E2 (ubiquitin-conjugating) and E3 ligases (substrate-specificity)
(Cardozo & Pagano, 2004). Polyubiquitin-labeled proteins are then recognized by the 26S
proteasome and degraded (Dang et al., 2021). Three ubiquitin ligases, APC/C, Cul3, and
SCF, have been found to have activity during mitosis (Sumara et al., 2008). The anaphase
promoting complex/cyclosome (APC/C) is an E3 ligase that mediates the ubiquitin-
proteolytic degradation of securin to allow sister chromatid separation. The APC/C only
promotes anaphase progression after it is activated by binding to Cdc20, which is part of
the SAC protein complex. This checkpoint is modulated by its key components Mad2 and
Bub3 proteins that localize to unattached kinetochores to prevent un-equal sister chromatid
separation (Lara-Gonzalez et al., 2012). Mad2 binds to Cdc20 in the presence of unattached
kinetochores, sequestering it from activating the APC/C. When the APC/C is inactive, it
cannot target proteins for degradation, thereby arresting cells in mitosis until the checkpoint
is satisfied. Once activated, the APC/C can target proteins such as cyclins A and B for
degradation, downregulating mitotic CDK activity, thus allowing cells to progress into G1

(McLean et al., 2011).

Proteasome inhibitors can have a variety of cellular effects depending on which part of the
proteasome they inhibit. The drug Bortezomib inhibits the proteasome by binding to the B5
catalytic subunit of the 20S catalytic core complex and is used to treat multiple myeloma

(Gandolfi et al., 2017). Because NF-kB is activated by proteasomal degradation of its



regulatory Ik-Pa subunit, Bortezomib is effective in treating this cancer by inhibiting the
proteasome and therefore the activation of NF-«B, which is upregulated in multiple
myeloma. Inhibiting overall proteasome function affects a broad selection of cellular
proteins, and therefore it is important to find chemicals that have greater specificity, such
as by inhibiting specific E3 ligases (Jia & Sun, 2011). Small molecules such as MLN492
that can inhibit specific E3 ligases have fewer under-desired effects compared to broad
proteasome inhibitors (Chen et al., 2011). Sesquiterpene lactones may be able to serve as
E3 ligase inhibitors by binding to cysteine residues in their substrate recognition sites. The
sesquiterpene lactone britanin binds selectively to cystein-151 of Kelch-like ECH
associated protein 1 (KEAP1), demonstrated by crystal structures reported by Wu et al.
(2017). KEAP1 is the substrate recognition component of the Cullin3-based Cullin-RING
E3 ubiquitin ligase (Dinkova-Kostova et al., 2017). Activity based profiling has shown that
cysteines are available on 211 of the 600 available E3 ligases (Kiely-Collins et al., 2021).
Because the chemistry of sesquiterpene lactones enables adduct formation with cysteine
residues, it is possible that some of these E3 ligases may be targets of sesquiterpene

lactones.

We suspect more anti-mitotic sesquiterpene lactones exist within Canadian members of the
Asteraceae family, which are understudied for their biological activity (Chapter 2). One
approach for finding new chemicals is to use taxonomy and phylogeny to guide natural
product investigation. There are examples in the natural product literature that describe
how related plant species have distinct but related special metabolites. The chemicals,
paclitaxel and docetaxel, are both cancer drugs present in different species within the 7Taxus

genus (Molina et al., 2021a). Derivatives of the sesquiterpene lactone artemisinin, isolated



from Artemisia annua, are used in the treatment of malaria (Ho et al., 2014). Other members
of this genus have been investigated and are found to contain many phytochemicals
including sesquiterpene lactones and demonstrate anti-cancer activity (Ho et al., 2014).
Previous investigation by our laboratory has shown that extracts of G. aristata ( tribe
Helenieae) and A. cordifolia (tribe Madieae), caused different mitotic arrests in cancer cells
as shown by different microtubule distortions and protein interactions (Molina, 2018). In
this thesis we investigated other members of the Asteraceae family of the Helianthieae,
Madieae, and Bahieae tribes as sources of anti-mitotic chemicals. We had collected the
species R. columnifera (tribe Heliantheae) and A4. fulgens (tribe Madieae) without the
guidance of phylogeny. Baldwin et al. (2002) proposed phylogenetic relationships that
place the Heliantheae tribe closer to Helenieae than Madieae (Figure 2). We used these
proposed relationships to direct our investigation of Canadian Asteraceae tribes that were
also outside of Helenieae. For this project, species of tribes that were located in the
Southern Alberta region and outside of the Helenieae tribe were selected for study. These
criteria led us to investigate H. filifolius, as well as R. columnifera, and A. fulgens. We
expected to observe different anti-mitotic arrests in these selected species because distantly
related species G. aristata and A. cordifolia demonstrated different anti-mitotic activities
(L. Molina, 2018). Photos taken by our laboratory of the species we investigated are found

in Figure 2.
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Figure 1. Hymenoratin, a sesquiterpene lactone isolated from H. richardsonii (A) and o-
methylene-y-lactone (B) the moiety primarily responsible for sesquiterpene lactone
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Figure 2. Phylogenetic tree of Asteraceae tribes, determined by minimum-length
parsimony analysis of 18S-26S nuclear rDNA ITS regions (adapted from (Baldwin et al.,
2002). Tribes and genera of interest are highlighted yellow, red, green, and blue.



1.2 Asteraceae species investigated in this thesis

1.2.1 Ratibida columnifera (Nutt.) Wooton and Standley

Commonly named Upright prairie coneflower and Redspike Mexican-hat, R. columnifera
is a member of the Heliantheae tribe and a native species distributed in Canada from British
Columbia to Manitoba (Wolf, 2006). R. columnifera varieties have been cultivated since
the 1830’s for garden use (Hind, 2006) since the species is tolerant of many soil types and
produces showy blooms. This perennial herb stands 30 to 50 cm tall, with stiff, coarsely
hairy stems; pinnately parted alternate leaves; several long-pedunculate terminal heads
containing yellow to brownish purple drooping rays, dark disc flowers; short achenes that

are compressed and broad, and a chaffy pappus (Wooton & Standley, 1915).

Various Ratibida species including R. columnifera have been investigated for their
chemical constituents. R. latipalearis is a Mexican species traditionally used by the
Tarahumara indigenous peoples to treat skin conditions and inflammation (Rojas et al.,
1991). The sesquiterpene lactone ratibinolide II was isolated from this species, although no
biological activity was reported. Two sesquiterpene lactones, isoalloalantolactone and
elema-1,3,11-trien-8,12-olide, were isolated from R. mexicana (Calera et al., 1995). These
two sesquiterpene lactones were tested against breast, lung, and colon cancer cell lines and
found to be cytotoxic with EDso values ranging from 1.0 - 4.5 pg/mL. The mechanism of
action of the chemicals was not described. The chemical content of R. columnifera has
been investigated. In 1985 several unique sesquiterpene lactones called ratibidanolides
were isolated, in addition to isolantolactone, and other xanthanolides (Herz et al., 1985).
Later, it was found that one of the xanthanolide sesquiterpene lactones, 9-oxo-seco-

ratiferolide-50-O-(2-methylbutyrate) was cytotoxic and arrested cells in the G2/M phase



(Cui et al., 1999). The authors tested this chemical for its ability to inhibit or promote
tubulin polymerization/depolymerization and found that it was not arresting cells through
this mechanism.

1.2.2  Arnica fulgens Pursh.

A. fulgens is a member of the Madieae tribe and is native in Canada (Brouillet et al., 2010).
The plant is 20 — 60 cm tall with solitary stout stems. It’s leaves appear in 2 — 4 pairs, and
are entire, pubescent, and glandular. The basal leaves are petiolate, and oblanceolate to
oblong with axillary tufts of brown hair, whereas the cauline leaves sessile or short-stalked,
lanceolate or linear. The heads can be present in 1-3, with yellow to orange ray flowers,
and yellow discs, with involucres 10-15 mm high, achenes hairy, pappus white to somewhat

brownish and barbellate (Moss & Packer, 1983).

Members of the Arnica genus have been investigated for their chemical contents. The
arnica genus is well known in the natural product field. Arnica montana preparations are
widely used as homeopathic medicines for many conditions, and are a source of
sesquiterpene lactone helenalin (Drogosz & Janecka, 2019). Helenalin and other
sesquiterpene lactones inhibit NF-«xB transcription factor to inhibit inflammatory pathways
that may have a role in cancer progression (Moujir et al., 2020). The pseudoguaianolides
carabrone, 2,3-dihydroaromaticin, and the cis-isomer of 2,3-dihydroaromaticin were
isolated from A. cordifolia (Merfort & Wendisch, 1993). The sesquiterpene lactones
chamissonolide, 6-deoxychamissonolide, 2-deacetyl-4-tigloylchamissonolide, and 11a,13-
dihydroarnifolin were isolated from 4. angustifolia spp. attenuate (Schmidt & Willuhn,
2000). Ivalin, an anti-mitotic sesquiterpene lactone (Liu et al., 2019) was found also within

A. angustifolia spp. angustifolia by Schmidt and Willuhn (2000). Extracts from 4. fulgens



were examined by one group who investigated twelve Arnica extracts for their ability to
inhibit human neutrophil elastase release and NF-kB. Their findings indicated that the 4.
fulgens extract contained the sesquiterpene lactones florlenalin, arnifolin, dihdryohelenalin,
xanthalongin, and chamissonolid, and had of 30 - 50% inhibitory activity against HNE and
NF-kB activity (Ekenaes et al., 2008).

1.2.3 Hymenopappus filifolius Hooker.

As part of our investigation of the phylogeny relationship species and anti-mitotic activities,
we collected H. filifolius because it was reported to be in Alberta and was a member of tribe
Bahieae, distant from the Helenieae tribe (Figure 2). H. filifolius, commonly known as
Fine-leaved Woolly-white, is described as a perennial 5 — 10 cm tall, with basal leaves that
are 2-pinnate with 2-50 lobes, and 0-12 cauline leaves; up to 60 solitary heads, consisting
of only disc florets with yellow corollas 2.2-7 mm and white to yellowish phyllaries (Moss
& Packer, 1983). Its distribution extends from Texas and New Mexico and North to Alberta

and Saskatchewan (Wolf, 2006).

We consulted the National Center for Biotechnology Information (PubMed, PubChem),
CAS Scifinder and found no studies investigating the chemical profile or bioactivity of H.
filifolius. We found one ecological study looking at soil respiration in Southwestern US
that included H. filifolius in its vegetation list (Breecker et al., 2012). The chemical contents
of two related Hymenopappus species have been investigated. Three sesquiterpene
lactones, one germacrene lactone and two guaianolides have been isolated from H.
newberryi (Bohlmann, 1984). Later, three germacranolides and 4 guaiainolides were
isolated from H. scabiosaeus, and 3 guaianolides from H. tenuifolius (Eid et al., 1988). The

biological activity of special metabolites from this genus has not been investigated.
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1.3 Why transcriptomics

There are numerous studies that demonstrate the activity of plant extracts and natural
products in tissue culture models, but the mechanism of action can be difficult to determine.
Morphological assays can provide direction toward affected organelles and pathways like
mitosis and membrane trafficking, but there may be many genetic and protein interactions
responsible for these outcomes. Analysis of RNA molecules (transcriptomics) provides
unbiased insight into specific gene expression such as quantitative expression analysis,
transcript isoforms, and alternative splicing patterns (Manzoni et al., 2018). Expression
profiles can be used to find new chemicals that inhibit pathways that are targeted by other
drugs (Stockwell et al., 2012). Kim and Kim (2020) investigated the xanthophyll carotenoid
astaxanthin which previously demonstrated anti-proliferative effects against breast cancer
cells. They performed transcriptomic analysis between gastric cancer cells treated with the
small molecule, and untreated cells. Through this analysis they showed that astaxanthin
suppresses upregulation of PI3KC2 and PLCy1 and therefore their downstream targets. One
study investigating the effects of an anti-mitotic sesquiterpene lactone 2a-
hydroxyalantolactone has been conducted. The authors found genes pointing to G2/M
arrest and DNA damage as responsible mechanisms of action for (Hegazy et al., 2021). We
seek to test transcriptomics as an additional approach to explore of the effects of anti-

mitotic natural products in human cancer cells within our laboratory.

Transcriptomic analysis should be able to differentiate mitotic arrests for several reasons.
Although chromatin condenses during mitosis, slowing a majority of gene expression,
transcription levels remain high for Cyclin B1 during mitosis suggesting that certain areas

of chromatin remain open (Sciortino et al., 2001). Additionally, mitotic cells have specific
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expression profiles due to accumulation of transcripts produced in G1/S (Liu et al., 2017).
Response to anti-mitotic chemicals can be detected at the transcriptional level. One anti-
mitotic chemical of interest for our study is Taxol® (paclitaxel), a natural product first
isolated from the bark of the Pacific Yew tree (Taxus brevifolia Nutt.) and a widely-used
cancer drug (Kearns, 1997). It acts as microtubule stabilizing agent by binding to a
hydrophobic pocket within B-tubulin, promoting the formation of microtubules and
preventing disassembly, inducing mitotic arrest because of spindle assembly checkpoint
activation (Yang & Horwitz, 2017). Differences are observed between transcriptomic
profiles of cells treated with microtubule stabilizing versus destabilizing agents. Tubulin
genes TUBB, TUBA, and TUBG were differentially expressed between retinal pigment
epithelial 1 cells treated with paclitaxel and those treated with a microtubule destabilizing
agent, combretastatin A-4 (Gasic et al., 2019). To date, no study has been performed using
transcriptomic analysis to differentiate types mitotic arrests. In this thesis we test
transcriptomic analysis as a technique to detect differences in mitotic arrests induced by
anti-mitotic chemicals.

1.4 Hypothesis and objectives

These data and research in the laboratory led us to hypothesize that extracts prepared from
different Canadian Asteraceae species induce different mitotic arrests, which may be due
to different chemicals. Testing this hypothesis is important because it may lead to the
discovery of sources of new anti-mitotic chemicals, which may be useful as future precision
medicines and as tools for better understanding mitosis. To test this hypothesis, we propose

the following objectives.
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1. Investigate Asteraceae species A. fulgens, R. columnifera, and H. filifolius from the
tribes Madieae, Heliantheae, and Bahieae for anti-mitotic activities by testing extracts for

anti-mitotic activities.

2. Explore mitotic arrests induced by Canadian Prairie Asteraceae plant extracts and

anti-mitotic natural products with cell biology and transcriptomic analysis.

We report for the first time, that indeed different extracts from plants within different
tribes, and chemicals isolated from prairie plants can induce measurable and different

mitotic arrests.
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CHAPTER 2

Connecting plant species and natural products from the Canadian prairie ecological
zone to biomedical knowledge

Layla Molina, Haley K. Allard, Sophie M. Kernéis, and Roy M. Golsteyn

This chapter has been accepted for publication by the journal “Botany.”
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2.1 Abstract

Natural products from plants in Canadian ecological zones are understudied. There are,
however, sound scientific arguments to justify investigation of natural products from plant
species found within these zones. We review a broad range of scientific and local literature
describing the features of the Canadian prairie ecological zone and the Asteraceae
taxonomical family. Species from Asteraceae are well represented in the prairie ecological
system, although very few have been investigated for natural products with bio-medical
properties. Data from a range of sources that address ecological interactions, abiotic
features, and Traditional Knowledge provide a foundation for future scientific studies of
plant natural products found within Canadian borders. We draw from discoveries of the
Asteraceae family and one of its major classes of secondary metabolites, sesquiterpenes, to

stimulate research of Asteraceae species in Canada.
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2.2 Asteraceae natural products as sources of bioactive molecules

Plants from the taxonomical family, Asteraceae, are historically and scientifically
recognized as sources of beneficial natural products (metabolites), such as treatments for
malaria (Artemisia annua L.) (Septembre-Malaterre et al., 2020), respiratory diseases
(Echinacia spp.) (Barrett, 2003), use as sweetners (Stevia spp.) (Soejarto et al., 2019), or
wellness (Achillea millefolium L.) (Benedek & Kopp, 2007). Primary metabolites are
essential for growth and include well known chemical families such as proteins,
carbohydrates, lipids, chlorins (chlorophylls), and nucleic acids. Secondary metabolites,
such as flavonoids, alkaloids, or terpenoids, including sesquiterpenes, are not thought to
have vital roles; instead they act as supportive metabolites that evolved from ecological
pressures (Hartmann, 1996). Secondary metabolites may be critical for defensive strategies
against herbivores or pathogens, plant-plant competitions, or beneficial interactions for
plants such as the attraction of pollinators or symbionts. They may also have protective
roles against abiotic stressors such as changes in temperature, light intensity, UV exposure,
among others (Pavarini et al., 2012). It is noteworthy that the precise boundaries of primary

and secondary metabolites are becoming blurred (Erb & Kliebenstein, 2020).

The Asteraceae, also known as Compositae family, is the largest family of flowering plants
containing 32,913 species in 1,911 genera distributed around the world except for
Antarctica (Royal Botanic Gardens Kew and Missouri Botanic Garden, 2013). It was
taxonomically divided into 11 subfamilies and 35 tribes by Panero and Funk (2002) after
analysis of DNA sequence data of chloroplasts genes. It is a monophyletic family
characterized by a special type of inflorescence called pseudanthium, flower head, or

capitulum, where disc and ray florets are arranged on a receptacle centripetally and are

16



surrounded by bracts that form the involucre. This family presents anthers fused in a ring
with the pollen pushed out by the style, and achenes (cypselas) usually with a pappus
(Figure 3). There is a large morphological variation among its members, existing annual
and perennial herbs, shrubs, vines, or trees, and although they are more common in open
areas, they can be found in almost every type of habitat from forests to high elevation

grasslands (Panero & Funk, 2002).

Several Asteraceae species are well known because they contribute to our diets, such as
lettuce (Lactuca sativa L.), chicory (Cichorium intybus L.), and artichoke (Cynara
cardunculus var. scolymus L.). Within the category of medicinal plants, Artemisia annua
from Asteraceae, is the source of artemisinin and its derivatives artesunate and
dihydroartemisinin are major antimalarial drugs. The discovery that 4. annua was able to
inhibit malarial parasite growth and the subsequent isolation of the sesquiterpene lactone
artemisinin is attributed to Dr. Tu Youyou (Miller, 2011). For this discovery, Dr. Youyou
was awarded the Nobel Prize in 2015 (Youyou, 2016). The best-known species of this

family in the prairie ecological zone is the sunflower (Helianthus annuus L.).

We consulted natural product related databases (Sorokina & Steinbeck, 2020), including
National Center for Biotechnology Information (PubMed, PubChem), Google Scholar,
VASCAN, as well as numerous limited print publications that are cited herein. Scientific
information about the biological and medical potential of prairie plant species, including
those from Asteraceae is limited. We review information from a diverse set of sources that
support continued investigation of Asteraceae species from the prairie ecological zone for

natural products, especially secondary metabolites such as sesquiterpene lactones.
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Members of the Asteraceae family produce a wide range of other secondary metabolites
including: monoterpenes, diterpenes, triterpenes, sesquiterpenes, polyacetylenes,
flavonoids, phenolic acids, benzofurans, and coumarins (Zdero & Bohlmann, 1990). They
do not produce major classes of alkaloids, only pyrrolizidine alkaloids are found in
Senecioneae and Eupatorieae tribes. The accumulation of lactonized sesquiterpenes and
polyacetylenes, as well as the presence of many highly oxidized compounds, have been
recognized as unique chemical signatures for most of the members of this family (Zdero &
Bohlmann, 1990). Therefore, these compounds may be responsible for the unique

medicinal uses that have been attributed to this family.

Vascular plants in Canada have been enumerated using provincial boundaries. The
province of Alberta, which overlaps with much of the prairie ecological zone, has 1636
native vascular plant species belonging to 123 families (Kershaw & Allen, 2020). A widely
used taxonomical key developed by Moss and Packer (1983) reported 1475 native plant
species in Alberta. It is reported that 55% of the species present in Alberta (661,848 km?2)
can be found in Waterton Lakes National Park (505 km?2), which is nestled in the south
west corner of the province but only covers 0.08% of the provincial surface area (Kuijt,

1982).

Documents of the Flora of North America have recorded 2413 Asteraceae species and 418
genera for the United States and Canada (Committee, 1993). The Database of Vascular
Plants of Canada (VASCAN) currently reports 691 species of the Asteraceae family from
163 genera and 19 tribes of the 4 subfamilies Asteroideae, Cichorioideae, Carduoideae, and
Mutisioideae distributed across the ecological zones (Brouillet et al., 2010). It includes

plants having one or more of five statuses. The status of native is given when a taxon is
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present in a region as a result of natural processes and not human intervention. Taxa are
considered introduced if they were established after European colonization for accidental
or deliberate human activity. The status of ephemeral refers to taxa that recur in the wild in
a near-annual basis, usually from cultivation, but is not permanent. The VASCAN database
catalogues a taxon as excluded when it has been reported from a region but it is not
established, or it was erroneously determined, and as extirpated if it was native to the region
but it is now considered eradicated (Brouillet et al., 2010). From these 691 species, 332 are
present in the prairie region (provinces of Alberta, Saskatchewan, and Manitoba) from 106
genera and 18 tribes. 245 species are native to this region, 58 introduced, 27 excluded, and
2 ephemerals. In Alberta, which includes the prairie ecological zone, there are 270 species
from 91 genera and 16 tribes from the Asteraceae family: 207 natives, 51 introduced, 11
excluded, and 1 ephemeral. Table 1 lists the Asteraceae species present in the prairies and
their status in this region. Presence can refer to either Alberta, Saskatchewan, Manitoba, or
combinations thereof. It is striking that only 9 of these species are described in Health
Canada’s NHPD monographs, and of those, only 3 are native plants (Table 2). The biotic
and abiotic conditions of the prairies as well as association with Traditional Knowledge

provide support for investigation of the biomedical properties of this family.
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Figure 3. Botanical description of Asteraceae flower heads.The key morphological
features that characterize the flower heads of members of the Asteraceae taxonomical
family are shown as a side view (A). A side view of the flower from Gaillardia aristata
Pursh (Blanket flower), which is a striking flower present in the prairie ecological zone
that contains bioactive sesquiterpene lactones. Scale bar is shown (B). A top view of the
flower from G. aristata. Scale bar is shown (C).
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Table 1. Asteraceae family members in Canada according to the database of vascular plants (VASCAN). The status within the
Prairie region is indicated in parenthesis as follows: native (N), introduced (I), ephemeral (EP), or excluded (EX).

Subfamily Tribe Genus Species
Achillea A. alpina L. (N), A. borealis L. (N).
Anthemis A. arvensis L. (1753) (1), A. cotula L. (1).

Arctanthemum A. arcticum (L.) Tzvelev (N).

A. abronatum L. (1), A. absinthium L. (1), A. biennis Willd (1), A. borealis Pall (N), A.
campestris L. (N), A. cana Pursh (N), A. dracunculus L. (N), A. frigida Willd. (N), 4.

Artemisia hyperborea Rydberg (N), A. longifolia Nutt. (N), A. ludoviciana Nutt. (N), A.
michauxiana Bess. (N), A. norvegica Fr. (N), A. pontica L. (N), A. tilesii Led. (N), 4.
Anthemideae tridentata Nutt. (N), A. vulgaris L. ().
Cota C. tinctoria L. ().
Leucanthemum L. vulgare Lam. ().
Matricaria M. chamomilla L. (I), M. discoidea DC.(I).
Asteroideac T. balsamita L. (1), T. bipi L. Sch. Bip. (N), T. parthenium L. Sch. Bip. (I), T
Tanacetum - balsamita L. (), T. bipinnatum L. Sch. Bip. (N), T. parthenium L. Sch. Bip. (I), T.

vulgare L. ().

Tripleurospermum | T. inodorum L. Sch. Bip. (I).

Almutaster A. pauciflorus (Nutt.) A. Love & D. Love (N).
Aster A. alpinus L. (N).
Boltonia B. asteroides (L.) L'Hér. (N).
Astereae Canadanthus C. modestus (Lindl.) G.L. Nesom (N).
Dieteria D. canescens Nutt. (N).

Doellingeria D. engelmannii (D.C. Eaton) Semple, Brouillet & G.A. Allen (N), D. umbellate Nees (N).

Ericameria E. nauseosa Pall. ex Pursh G.L. Nesom (N).
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E. acris L. (N), E. annuus L. (N)), E. aureus Greene (N), E. caespitosus Nutt. (N), E.
canadensis L. (I), E. compositus Pursh (N), E. divergens Torr. A. Gray (N), E. elatus
Greene (N), E. evermannii Rydb. (EX), E. flagellaris A. Gray (N), E. formosissimus
Greene (EX), E. glabellus Nutt. (N), E. glacialis (Nutt.) A. Nelson (N), E. grandiflorus

Erigeron Hook. (N), E. humilis Graham (N), E. hyssopifolius Michx. (N), E. lackschewitzii G.L.
Nesom W.A. Weber (N), E. lanatus Hook. (N), E. lonchophyllus Hook. (N), E. nivalis
Nutt. (N), E. ochroleucus Nutt. (N), E. pallens Cronquist (N), E. peregrinus Greene (N), E.
philadelphicus L. (N), E. pumilus Nutt. (N), E. radicatus Hook. (N), E. speciosus (Lindl.)
DC. (N), E. strigosus Muhl. ex Willd (N), E. trifidus Hook. (N), E. arthurii B. Boivin (N).
Eucephalus E. engelmannii (D.C. Eaton) Greene (N).
Eurybia E. conspicua (Lindl.) G.L. Nesom. (N), E. sibirica (L.) G.L. Nesom. (N).
Euthamia E. graminifolia L. Nutt. (N).
. . G. hirsutula Hook. Arn. (N), G. paysonorum H. St. John (EX Quebec), G. squarrosa
Grindelia
(Pursh) Dunal (N).
Gutierrezia G. sarothrae Pursh Britt. Rusby (N).
Heterotheca H. villosa (Pursh) Shinners (N).
Machaeranthera | M. tanacetifolia (Kunth) Nees (N).
Pyrrocoma P. lanceolata (Hook.) Greene (N), P. uniflora (Hook.) Greene (N).
S. altissima L. (N), S. bellidifolia Greene (EX), S. bernardii B. Boivin (N), S. bicolor L.
(EX), S. canadensis L. (N), S. gigantea Aiton (N), S. glutinosa Nutt. (N), S. hispida Muhl.
ex Willd (N), S. jejunifolia E. S. Steele (N), S. juncea Aiton (N), S. lepida DC. (N), S.
Solidago lutescens Lindley ex DC (N), S. missouriensis Nutt. (N), S. mollis Bartl. (N), S.
multiradiata Aiton (N), S. nemorallis Aiton (N), S. ptarmicoides (Torr. & A. Gray) B.
Boivin (N), S. riddellii Frank ex Riddell (N), S. rigida L. (N), S. simplex Kunth (EX), S.
uliginosa Nutt. (N).
Stenotus S. armerioides Nutt. (N).
S. ascendens (Lindl.) G.L. Nesom (N), S. boreale (Torr. & A. Gray) A. & D. Love (N), S.
] campestre (Nutt.) G.L. Nesom (N), S. chilense (Nees) G.L. Nesom (EX), S. ciliatum (N),
Symphyotrichum | g citiolatum (Lindl.) A. & D. Love (N), S. cordifolium (L.) G.L. Nesom (N), S. cusickii

(A.Gray) G.L. Nesom (N), S. eatonii (A .Gray) G.L. Nesom (N), S. ericoides (L.) G.L.
Nesom (N), S. falcatum (Lindl.) G.L. Nesom (N), S. firmum (Nees) G.L. Nesom (N), S.
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foliaceum (Lindl. ex DC.) G.L. Nesom (N), S. laeve (L.) A. & D. Love (N), S. lanceolatum
(Willd.) G.L. Nesom (N), S. lateriflorum (L.) A. & D. Lve (N), S. novae-angliae (L.)
G.L. Nesom (N), S. novi-belgii (L.) G.L. Nesom (EX), S. praealtum (Poir.) G.L. Nesom
(EX), S. puniceum (L.) A. & D. Love (N), S. robynsianum (J. Rousseau) Brouillet &
Labrecque (N), S. sericeum (Vent.) G.L. Nesom (N), S. spathulatum (Lindl.) G.L. Nesom
(N), S. subspicatum (Nees) G.L. Nesom (N).

Tonestus T. lyallii (A. Gray) A. Nelson (N).
. T. condensata Parry ex A. Gray (N), T. exscapa (Richardson) Porter (N), T. hookeri
Townsendia Beaman (N), T. parryi DC. Eaton (N).
Hymenopappus H. filifolius Hook. (N).
Bahieae
Picradeniopsis P. oppositifolia (Nutt.) Rydb. ().
Calendulae Calendula C. arvensis (Vaill.) L. (EX).
Chaenactideae Chaenactis C. douglasii (Hook.) Hook. & Arn. (N).
Bidens B. amplissima Greene (1), B. beckii Torr. ex Spreng. (N), B. cernua L. (N), B. frondosa L.
(N), B. tripartita L. (N), B. vulgata Greene (N)
Coreopsideae Coreopsis C. tinctoria Nutt. (N).
Thelesperma T. subnudum A. Gray (N).
Ageratina A. altissima (L.) R.M. King & H. Rob. (EX).
Brickellia B. grandiflora (Hook.) Nutt. (N).
Conoclinium C. coelestinum (L.) DC. (EP).
Eupatorieae
Eupatorium E. perfoliatum L. (N).
Eutrochium E. maculatum (L.) E.E. Lamont (N), E. purpureum (L.) E.E. Lamont (EX).
Liatris L. aspera Michx. (EX), L. ligulistylis (A. Nelson) K. Schum. (N), L. punctata Hook. (N).
Anaphalis A. margaritaceae L. (N).
Gnaphalieae ) A. alpina (L.) Gaertn. (N), A. anaphaloides Rydb. (N), 4. aromatica Evert (N), A.
Antennaria

corymbosa E. Nels. (N), A. dimorpha Nutt. (N), 4. friesiana (Trautv.) Ekman (EX), 4.
howellii Greene (N), A. lanata (Hook.) Greene (N), A. luzuloides Torr. & Gray (N), 4.

23




media Greene (N), A. microphylla Rydb. (N), A. monocephala DC. (N), 4. neglecta
Greene (N), 4. parlinii Fern. (N), A. parvifolia Nutt. (N), A. plantaginifolia (L.) Richards
(EX), 4. pulchella Greene (EX), A. pulcherrima (Hook.) Greene (N), A. racemosa Hook.
(N), 4. rosea Greene (N), A. umbrinella Rydb. (N).

Gamochaeta G. purpurea (L.) Cabrera (N).
Gnaphalium G. palustre Nutt. (N), G. uliginosum L. (I).
Logfia L. arvensis L. (I).
Pseudognaphalium | P. macounii (Greene) Kartesz (N), P. thermale (E. E. Nelson) G. L. Nesom (N).
Psilocarphus P. brevissimus Nutt. (N), P. elatior Gray (EX).
Gaillardia G. aristata Pursh (N), G. pulchella Foug. (I).
Helenium H. autumnale L. (N).
Helenieae
Hymenoxys H. richardsonii (Hook.) Cockerell (N).
Tetraneuris T. acaulis (Pursh) Greene (N).
Ambrosia A. acanthicarpa Hook. (N), A. artemisifolia Meyen & Walp. (N), A. psilostachya DC. (1),
A. trifida L. (N).
Balsamorhiza B. sagittata (Pursch) Nutt. (N).
Cyclachaena C. xanthiifolia Nutt. (N).
] Echinacea E. angustifolia DC. (N).
Heliantheae
Galinsoga G. parviflora Cav. (1), G. quadriradiata Ruiz & Pav. (I).
H. annuus L. (N), H. giganteus L. (EX), H. laetiflorus Pers. (EX), H. maximiliani Schrad.
Helianthus (N), H. nuttallii Torr & A. Gray (N), H. pauciflorus Nutt. (N), H. petiolaris Nutt. (N), H.
tuberosus L. (N).
Heliopsis H. helianthoides L. Sweet (N).
Iva 1 axillaris Pursh (N).
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Ratibida

R. columnifera (Nutt.) Wooton & Standl. (N).

Rudbeckia R. laciniata L. (N), R. hirta L. (N).
Xanthium X. spinosum L. (EP), X. strumarium L. (N).
Inuleae Inula I helenium L. (N).
A. angustifolia Vahl (N), A. chamissonis Less. (N), A. cordifolia Hook. (N), A. fulgens
Pursch (N), 4. gracilis Rydb. (N), A. lanceolata Nutt. (N), A. latifolia Bong. (N), A.
. Arnica lonchophylla Greene (N), A. longifolia D.C. Eaton (N), 4. louiseana L. 1753 not Boehm.
Madieae 1760 (N), A. mollis Hook. (N), A. ovata Greene (N), A. parryi Gray (N), A. rydbergii
Greene (N), 4. sororia Greene (N).
Madia M. glomerata Hook. (1).
Erechtites E. hieraciifolius (L.) Raf. ex DC. (EX).
Jacobaea J. vulgaris Gaert (I).
P. aurea (L.) A. & D. Léve (N), P. cana (Hook.) W.A. Weber & A. Love (N), P.
contermina (Greenm.) Bain (N), P. heterophylla (Fishc.) Wieb. (N), P. hyperborealis
(Greenm.) A. & D. Love (EX), P. indecora (Greene) A. & D. Love (N), P. pauciflora
Packera (Pursch) A. & D. Love (N), P. paupercula (Michx.) A. & D. Love (N), P. plattensis
' (Nutt.) W.A. Weber & A. Love (N), P. pseudaurea (Rydb.) W.A. Weber & A. Love (N),
Senecioneae P. streptanthifolia (Greene) A. & D. Love (N), P. subnuda (DC.) D.K. Trock & T.M.
Barkely (N), P. tridenticulata (Rydb.) W.A. Weber & A. Love (EX).
Petasites P. frigidus (L.) Fries (N).
S. eremophilus Rich. (N), S. fremontii Torr. & A. Gray (N), S. hydrophiloides Rydb. (N),
Senecio S. integerrimus Nutt. (N), S. lugens Rich. (N), S. megacephalus Nutt. (N), S. triangularis
Hook. (N), S. viscosus L. (1), S. vulgaris L. (I).
Tephroseris T. palustris (R.Br.) DC. (N).
Tageteae Dyssodia D. papposa Cav. (I).
Arctium A. lappa L. (1), A. minus (Hill) Bernh. 1800 not Schkuhr 1803 (I), 4. tomentosum Mill. (I).
Carduoideae Cardueae
Carduus C. nutans L. ().
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Carthamus C. tinctorius L. (I).
Centaurea C. cyanus L. (1), C. diffusa Lam. (1), C. solstitialis L. (1), C. stoebe L. (I).
C. arvense (L) Scop. (I), C. discolor (Muhl. ex Willd.) (N), C. drummondii Torr. & A.
Cirsium Gray (N), C. flodmanii (Groesser et al.) Arthur (N), C. foliosum (Hook.) DC. (N), C.
hookerianum Nutt. (N), C. muticum Michx. (N), C. scariosum Nutt. (N), C. undulatum
(Nutt.) Spreng. (N), C. vulgare (Cheng et al.) Ten. (I).
Echinops E. sphaerocephalus L. (EP).
Onopordum O. acanthium L. (EX).
Rhaponticum R. repens L. Hidalgo. (I).
S. amara L. (EX), S. americana D.C. Eaton. (N), S. angustifolia, Willd. DC (N). S. nuda
Saussurea
Ledebour. Icon. (N).
Silybum S. marianum L. Gaertn. (I).
y . A. glauca (Pursh) Raf. var. agrestis (Osterh.) (EX), 4. aurantiaca (Hook.) Greene (N), 4. glauca
goseris (Pursh) Raf. (N), 4. parviflora (Nutt.) D. Dietr. (EX).
Askellia A. elegans (Hook.) W.A. Weber, 1984 (N), 4. pygmaea W.A. Weber (N).
Cichorium C. endivia L. (EX), C. intybus L. ().
C. atribarba A. Heller (N), C. capillaris (L.) Wallr. (1), C. intermedia A. Gray (N), C.
Crepis modocensis E. Greene (EX), C. occidentalis Nutt. (N), C. runcinata (James) Torr. & A.
Gray (N), C. tectorum L. (I).
Cichorioideae Cichorieae Helminthotheca H. echioides (L.) Holub (I).
Hieracium H. albiflorum (Hook.) F.W. Schultz & Sch. Bip. (N), H. scouleri F.W .Schultz & Sch. Bip.
(N), H. umbellatum L. (N).
Krigia K. biflora (Walter) S.F.Blake 1915 (N).
L. canadensis L. (EX), L. floridana (L.) Gaertn. 1791 (N), L. ludoviciana (Nutt.) Riddell
Lactuca 1835 (N), L. sativa L. (EX), L. serriola L. (1), L. virosa L. 1753 not Thunb. 1800 nor Luce
nor Hablitz (EX).
Lapsana L. communis L. (I).
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Lygodesmia

L. juncea (Pursh) D. Don ex Hooker (N).

Microseris M. nutans (Hook.) Sch. Bip. (N).
Mulgedium M. pulchellum (Pursh) G. Don (N).
Nabalus N. alatus Hook. (1833) (N), N. albus (L.) Hook. (N), N. racemosus (Michx.) Hook (1833)
(N), N. sagittatus (A. Gray) Rydb. (1900) (N).
Nothocalais N. cuspidata (Pursh) Greene (N).
Pilosella P. aurantiaca (L.) F.W. Schultz & Sch. Bip. (I), P. caespitosa (Dumort) P.D. Sell & C.
West (1), P. tristis (Willd. ex Spreng.) F.W. Schultz & Sch. Bip. (N).
Shinnersoseris S. rostrata (A. Gray) Tomb (N).
Sonchus S. arvensis L. (1), S. asper (L.) Hill 1769 (1), S. oleraceus L. 1753 not Wall. 1831 (I).
Stephanomeria S. runcinata Nutt. (N), S. tenuifolia (Torrey) H.M. Hall (N).
T. ceratophorum (Ledeb.) Schinz ex Thellung (N), T. erythrospermum Andrz. ex Besser
Taraxacum (D, T. lapponicum Kihlman ex Handel-Mazzetti (EX), T. officinale (L.) Weber ex
F.H.Wigg. (), T. scopulorum (A. Gray) Rydb. (N).
Tragopogon T. dubius Scopoli (1), T. porrifolius L. (1), T. pratensis L. ().
Vernonieae Vernonia V. fasciculata Michx. (N).
Mutisioideae Mutisieae Adenocaulon A. bicolor Hook (N).
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Table 2. Asteraceae species present in the prairie region which appear in Health Canada’s

NHPD monographs.
Species Status Traditional Uses Active Phytochemical
phytochemical(s) Reference
Arctium lappa L. Introduced Diuretic and pain relief Arctigenin and (de Almeida et
onopordopicrin al., 2012; Hyam
et al., 2013)
Artemisia vulgaris L. Introduced | Stimulates bile secretion and Apigenin (Omar et al.,
appetite, aids digestion 2019)
Cichorium intybus L. Introduced | Prebiotic and digestive health Chicoric acid (Street et al.,
aid 2013)
Echinacea angustifolia Native Relief of upper respiratory Echinacoside and (Linde et al.)
DC. tract infections and sore throat cynarine
Helianthus annuus L. Native Cholesterol management Oleic and linoleic (Adeleke &
acids, phytosterols Babalola, 2020)
Helianthus tuberosus L. Native Relieves digestive irregularity Inulin (Srinameb et al.,
2015)
Matricaria chamomilla | Introduced Relief of mouth/throat Apigenin-7-glucoside (Haghi et al.,
L. irritation and inflammation and luteolin-7-O-B-D- 2014)
glucoside
Silybum marianum L. Introduced | Hepatoprotectant and relief of Silymarin (Bijak, 2017)
Gaertn. indigestion
Tanacetum parthenium | Introduced Digestive aid and migraine Parthenolide and (Pareck et al.,
L. Sch.-Bip relief other sesquiterpene 2011)
lactones

2.3 The prairie ecological zone

The prairie ecological zone is one of the fifteen zones of Canada. It extends from the

western edge of Alberta to the eastern edge of Manitoba and has its base in the Canada-

United States border, comprising the northern extension of the Great Plains of North

America (Marshall et al., 1999). It is characterized by relatively little topographic relief,

grasslands, limited forests, and a sub-humid to semiarid climate (Figure 4). Despite a

strong presence of agricultural activity, little research has been done regarding the potential

biological activities of its native flora. Similar to other ecological zones in the biosphere,

Asteraceae is one of the major botanical families in the prairies.
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Figure 4. The prairie ecosystem in Alberta, Canada. This is an image of the prairie
ecosystem in Alberta taken at 49°05 N and 112°28 W (approximately 100 km East of the
Rocky Mountains and 15 km North of the Canadian-American border). The worn path
around the boulder was made by grazing mammals and is a testimony to the herbivory
that occurs in this region. The boulder is an erratic, deposited during the last ice age. It
measures approximately 1.5 metres across. Although not visible, there are at least ten
forb species that are present and blooming at time the photo was taken. Very few of these
species have been investigated for the biomedical properties of their secondary
metabolites.

2.4 Secondary metabolites and the prairie ecological herbivory

Secondary metabolism in plants may have evolved to interact with molecular targets that
affect physiological functions in competing organisms (e.g. microorganisms, non-host
plants, animals) (Wink, 2003). These organisms, in turn, can develop adaptive responses
constituting plant-animal interactions. This coevolutionary adaptation process has
contributed to the multitude of bioactive compounds found in plants (W6l et al., 2013).
We focus on the prairie ecological zone because it is a region in which vascular plants and
grazing herbivores have co-existed since the Eocene Epoch (45,000,000 years ago)

(Stebbins, 1981). In modern times, the prairies were occupied by vast herds of Bison bison
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(American bison, also known as buffalo), which are herbivores that weigh between 400-
1,000 kg as adults. The bison were extirpated from Alberta by 1879 (Adams et al., 2004)
and replaced immediately by domestic cattle. In 1880-1882 the number of cattle imported
in Alberta increased from 1,352 to 16,282 with nearly 104,000 cattle registered by 1886
(Evans, 1978). There has been a nearly continuous grazing by herbivores on prairie

grasslands (Mijaljica et al., 2012).

The bison had major effects upon prairie flora and contributed to patch dynamics, in which
they reduce plant height, decrease grass numbers, and increase forb numbers (Myster,
2011). Grazing by large mammalian herbivores does reduce reproductive success and
abundance yet increases diversity of prairie plant species (Bakker et al., 2006; Spotswood
et al., 2002). Although much less studied, it was reported that below-surface organisms
such as nematodes and mammals (Cynomys ludovicianus; prairie dogs) may be the largest
contributor to herbivory in the United States grasslands (Ingham & Detling, 1984; Myster,
2011). It is not reported if the major below-surface mammal in Canadian prairies, the

ground squirrel, Urocitellus richardsonii, impacts below-surface herbivory.

Detailed examples of plant toxins affecting animal grazing are not common; the possum
(Trichosurus vulpecula, a marsupial) alters its foraging behaviour relative to the
concentration of plant toxin, eucalyptus oil, a terpene (Nersesian et al., 2011). The concept
of adaptive plant-herbivore behaviour in the prairie ecological zone is largely based on
empirical data with little supportive experiment data to this day (Briske, 1996; Laycock,
1978). It would stand to reason that plants in grassland communities have developed
significant secondary metabolites that affect animal physiology leading to avoidance

(Briske, 1996). Some secondary metabolites produced by plants have a toxic effect in
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grazing animals. Grazing domestic animals are known to be at risk to intoxication by
secondary metabolites from plant species within the prairie ecological zone, such as
Thermopsis rhombifolia Nutt. ex Pursch (Fabaceae; buffalo bean) (Keeler & Baker, 1990;
Keeler et al., 1986) or Delphinium nuttallianum Pritz. ex Walp. (Ranunculaceae; Larkspur)
(Pfister et al., 1996). To support the agricultural development of the prairies, native plant
species on the prairies have been investigated for toxicity at the whole animal level. In the
province of Alberta, 42 native plant species from forbs to trees have been identified as toxic
to livestock (Majak et al., 2008). A document circulated by the Government of Alberta
lists 133 introduced and native plant species or genera that are toxic to humans and
livestock of which the greatest number were members of Asteraceae (Government of
Alberta, 1995). Although the type of secondary metabolite and its toxic dose have been

frequently identified, the mechanism of action (host target receptor) is usually not known.

More recently, in European grasslands (not North American prairie), it has been proposed
that at low concentrations certain secondary metabolites may benefit grazing herbivores by
providing antioxidant or anti-parasite properties (Poutaraud et al., 2017). Some grazing
animals in North American ecological zones display a preference for a plant species over
another. In studies of deer (Odocoileus) and their consumption of prairie Fabaceae species,
Dalea purpurea Vent. was consumed in preference relative to Amorpha canescens Pursh.
(Nisi et al., 2015). Changes in plant defenses over a period of 39 years were observed in
the investigation of aphids and Arabidopsis thaliana L. (Brassicaceae) interactions in
Europe (Ziist et al., 2012). Albeit a study of insect herbivore, it provides biological
evidence of an interaction that is consistent with the notion of similar outcomes with

mammalian herbivores. The possibility of relationships between animals and plants likely
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harbouring secondary metabolites is supported by an investigation of foraging habits of
pygmy rabbits (Brachylagus idahoensis) and plants of Artemisia spp (Sagebrush) (Ulappa
et al., 2014). The presence of secondary metabolites negatively influenced the selection of

foraging by this small herbivore.

There are several examples of co-evolution between diverse organisms in the prairie
ecological zone that are astonishing in their specificity and reside under a theme of
connectivity in biology. The monarch butterfly (Danaus plexippus) feeds on the toxic
prairie plant, milkweed (Asclepias incarnata L. (Apocynaceae)) which protects the
butterfly against parasites, such as Ophryocystis elektroscirrha (Smilanich & Nuss, 2019).
An example of a vertebrate (avian) and Asteraceae species relationship in the prairie setting
is shown with the sage grouse (Centrocersus urophasianus) and the silver sagebrush
(Artemisia cana Pursh.) (Adams et al., 2004). The sage grouse is a silver sagebrush
obligate, with 100% of its food requirement in winter provided by this plant. The plant
also provides nesting sites and cover from mammalian predators. The Artemisia spp. are
poisonous to livestock and humans (Alberta-Agriculture, 1995) but the phytochemical
relationship between sage-grouse and Artemisia spp. has not been identified. Secondary
metabolites from the sesquiterpene lactone class that are assigned to defense mechanisms
may also have roles in tissue specific development in seedlings, moving them to a primary
metabolite role (Padilla-Gonzalez et al., 2016; Spring et al., 2020).

2.5 Secondary metabolites and prairie abiotic features

The abiotic features of an ecological zone impact the secondary metabolites that can be
isolated from plants within that zone. The prairie ecological zone of Canada has a dramatic

range of abiotic features. Over a 30-year period at a central site (Lethbridge, AB) in the
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prairies, the maximum daily average temperature was calculated to be 26.1°C, with the
extreme of 39.4°C. In the same period, the minimum daily average was -12.1°C with the
extreme -42.8°C, a temperature range of 81°C (Government of Canada, 2021a). The
temperature range varies per year, as does the number of days per year with temperatures
above -5°C during the past 50 years; ranging between 141 to 213 days. Similar wide
variations are observed with season precipitation in the form of snow and rain. Over a 50-
year period, the amount of precipitation ranged between 111 to 554 mm. The mean daily
insolation is 3.7-5.1 Wh/m?, the highest of the fifteen Canadian ecozones, with the greatest
intensity occurring in June (Government of Canada, 2021b). The 20-year average of direct
normal irradiation is 1,900 Wh/m? in the prairie zone, in contrast to 1,300 Wh/m? for most
other ecological zones at the similar latitude. Abiotic conditions are known to affect
secondary metabolite concentrations (Rodziewicz et al., 2014). It is likely that plants in the
prairie ecological system vary their secondary metabolite concentrations and have co-
evolved means to stabilize metabolite concentrations in response to abiotic variation. There
are reports, however, of how abiotic features such light intensity affects the concentration
of sesquiterpene lactones in the prototype prairie Asteraceae, (Helianthus annuus L.)
(Spring et al., 1986) and that flavonoid synthesis correlates with latitude of the host plant
(Jaakola & Hohtola, 2010).

2.6 Prairie plants with medical and wellness properties

As aresult of connections to ecological systems plants may synthesize metabolites that are
structurally similar to animal metabolites, such as hormones, signal transduction ligands,
or neurotransmitters, and may affect human physiology due to the resemblance in potential
target sites (Briskin, 2000). Natural products can potentially modulate cellular responses

that are of interest in biological research or drug development. Furthermore, because some
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natural products have evolved to modify animal physiology, they have inherent medicinal

properties, which contributes to their success as medicines (Newman & Cragg, 2020).

2.7 Indigenous Knowledge and prairie plants

The prairie ecological zone in Canada and the United States has been home since time
immemorial to members of North American First Nation communities. One of these,
known as the Niitsitapi People (Blackfoot Confederacy), uses prairie plant species for
medicinal purposes. The Niitsitapi hold an oral tradition and exchanges with scientific
communities are not frequent, but some information has been made available publicly for
all communities. A regional publication from 1987 lists 185 species of plants that are
recognized from Traditional Knowledge as having medicinal properties (Johnston, 1987).
A publication from 1974 lists 100 plant species with medicinal properties used by two of
the Niitsitapi tribes, the Kainai and the Pikanii, who are located in southern Alberta
(Hellson, 1974). Some information about medicinal plants from the Kainai tribe has been
shared in a website (Galileo-Educational-Network, 2016) which provides recorded audio

and written information about 61 plants.

Several plant species that are found in the prairies are also distributed in other ecological
zones and are recognized as medicinal plants by First Nations from those regions. The
Asteraceae family was well represented amongst the medicinal plants known to First
Nation communities across North America (Shemluck, 1982). This listing included 474
species, of which it is noteworthy that scientifically well known Achillea and Artemisia
species (Asteraceae) were widely used by different tribes for a large number of ailments;
whereas other listed species, some which are found in the prairies such as Hymenopappus

filifolius Hook (Asteraceae) are not described in biomedical literature. Medicinal plants
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from the boreal plain ecological zone in central and northern Alberta that are known to Cree
peoples were reviewed in 1982 by an Elder, Dr. Anne Anderson (Anderson, 1982). The
information collected by Dr. Anderson was further studied and described in a MSc thesis
(Wood, 1996). Kindscher (1992) reported an ethnobotanical study of 203 prairie plant
species present in the prairie ecological system of the United States (Kindscher, 1992).
Other regions outside of the prairie ecological zone, but which harbour plant species that
are established in the prairies are part of Traditional Knowledge from the Thompson First
Nations (Central British Columbia) (Turner et al., 1990) and Wood Cree First Nations
(Central Saskatchewan) (Leighton, 1985), and the First Nation communities of boreal
forests in western Canada (Marles et al., 2012). An encyclopedic reference of 3000 plant
species known in Traditional Knowledge to First Nation communities of North America,
which includes the prairie zone and the Blackfoot Confederacy is described by Moerman
(2009). A survey of the information about prairie plants reveals several themes about
western scientific and Traditional Knowledge:

1. The majority of plant species are not described as Traditional medicine in printed
sources. It is noteworthy that the information about medicinal plants in different public
sources are only partially overlapping, suggesting that much knowledge remains to be
shared or exchanged between western scientific and First Nation communities.

2. There are relatively few references to cancer treatments, consistent with the difficulty
of detecting internal tumours (Moerman, 2009). For example, there are 523 references
to treatment for eye afflictions compared to 55 for cancer.

3. Specifically to Traditional Knowledge of Niitsitapi communities, very few plant
species with medicinal properties have been investigated by Western scientific

methods.
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4. Asteraceae species that are globally distributed such as Achillea millefolium (Y arrow)
or Helianthus annuus (Sunflower) have also been identified by distant cultures in
Europe and Asia and by Niitsitapi communities for their medicinal properties

(Johnston, 1987; Laws, 2015; Moerman, 2009).

The relationship between Traditional Knowledge and Western biomedical information has
been recognized in the investigation of natural products globally. It has been reported that
inclusion of Traditional Knowledge in western scientific studies increases the success of
finding pharmacologically important compounds (Balick, 1990). Incorporating Traditional
Knowledge has not been widely used in investigation of plant species in the Prairie
ecological zone (Kindscher, 1992), although there are a small number of studies performed
in other zones. Uprety et al. (2012) analyzed 49 publications related with the medicinal
uses of North American Aboriginal people, including Canada’s First Nations, Metis, and
Inuit, and reported 546 medicinal plant taxa used by Aboriginal people of the Canadian
boreal forest. The anti-diabetic properties of plants known to the Cree First Nations led to
the isolation of several compounds including those with specific enzyme targets in glucose
metabolism (Downing et al., 2019; Muhammad et al., 2012; Nistor Baldea et al., 2011;
Shang et al., 2015). A study comparing anti-fungal activity of plants in Eastern Canada
revealed a greater activity in extracts prepared from species identified by Traditional
Knowledge when compared to those selected without ethnobotanical information (Jones et
al., 2000). Examples of considering North American ethnobotanical knowledge to find
anticancer activity screening include testing 29 plants used by the Gwich’in First Nation
(Northwest Territories and Yukon) (Deeg et al., 2012), and testing of two plants used by

Indigenous Peoples in New Mexico USA (Daniels et al., 2006). The exchange of
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Aboriginal Traditional Knowledge to western scientific knowledge remains incomplete in
Canada. Currently, there are no studies published in which Canadian Niitsitapi Traditional

Knowledge of prairie plants was incorporated into a western scientific study.

In countries other than Canada, Indigenous Traditional Knowledge has contributed to the
discovery of anti-cancer compounds from a variety of chemical scaffolds (Khadem &
Marles, 2011). Comparison of the success of drug screening programs using either
unbiased selection of plant materials to ethnobotanical biased selection favours the
inclusion of ethnobotanical knowledge. Kindscher and colleagues tested published
medicinal plants and were able to detect anti-cancer activity in tests in vitro. Similar trends
were observed in studies of bioactive plants from rainforests (Balick, 1990), midwestern
regions of United States (Lewis & Elvin-Lewis, 1995), and British Columbia (McCutcheon
et al., 1992; McCutcheon et al., 1995). The increase in successful discovery of active
compounds might be due to Traditional Knowledge about the best harvest conditions which
would include time of year, which part of the plant, and which plant within a population.
Traditional Knowledge from other cultures, such as from Chinese Traditional medicine,
was used to guide the investigation of 15 plant species that are distributed in both Canadian
and Chinese ecological zones (Ramirez-Erosa et al., 2007). In this study, the plants
collected in Canada were found to have similar properties to those reported for plants

collected in China.

The best methods to exchange western scientific and Traditional Knowledge have yet to be
established, although notable progress has been made. Guidelines to promote equitable
knowledge exchange are proposed by Canadian Tri-Council research agencies and by

public Canadian universities, including the University of Lethbridge, which is situated in
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the prairies and Treaty 7 ancestral lands. In addition to these guidelines, our laboratory has
chosen to only investigate a Traditional Knowledge perspective of a plant if a member of a
First Nations community performs experiments in the laboratory.

2.8 The majority of cancer drugs are derived from plant natural products

A study of drugs from 1981 to 2019 revealed the leading contribution of natural products
for drug development (Newman et al., 2000). If biologics and vaccines are removed from
the 247 agents approved for anticancer therapy, 75% of the agents are natural small
molecules, derivatives of them, or synthetic products that were developed to mimic natural
products. Even if the synthetic mimics of natural products are not counted, 41% of the
approved anticancer small molecules are natural products or their derivatives. Examples
from this list include the anticancer agents and their derivatives: camptothecin, isolated
from the tree Camptotheca acuminata Decne (Nyssaceae) (Wall & Wani, 1996); the Vinca
spp. alkaloids, vinblastine and vincristine, from the periwinkle Catharanthus roseus L.
(Apocynaceae); paclitaxel, isolated from the bark of the Pacific Yew tree Taxus brevifolia
Nutt. (Taxaceae) (Cragg, 1998). Plant natural products have had an enormous impact in the
discovery of anti-cancer drugs, as paclitaxel and its derivatives, and by inspiring cell cycle

targets for new anticancer drugs (Newman et al., 2000).

2.9 The majority of plants species have not been investigated for biomedical
properties

Only a small percentage of plants have been investigated for their bioactive properties. It
is estimated that there are 383,671 vascular plant species identified in the biosphere
(Lughadha et al., 2016), of which 10,636 wvascular plant species are restricted
geographically to North America (USA and Canada) (Ulloa Ulloa et al., 2017). Miller

(2011) estimates that between 540 to 23,490 new drugs remain to be found from all plants
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in the biosphere (Miller, 2011). This estimate considers that discovery of 135 natural drugs
resulted from the only 2,000 plant species that were chemically described are from about
60,000 species that had been screened. An uncertainty on these estimates is whether all
species have additive potential to synthesize new compounds or whether they are somewhat
chemically redundant. However, most plant screenings are conducted for one bioactivity
and other uses are not investigated (Miller, 2011). Moreover, this estimation is only taking

into account natural products approved for medicinal purposes.

There are arguments that suggest a sufficient number of plant species have been
characterized to identify phytochemicals and further investigation is unlikely to discover
new chemicals. There is a compelling example to suggest otherwise: the discovery of
docetaxel, a natural product isolated from the English yew, Taxus baccata L. (Taxaceae)
(Potier et al., 1994). Docetaxel is a member of the taxane class of natural products that has
become one of most widely used anti-cancer treatments. Its discovery was inspired by the
isolation of paclitaxel from the Pacific yew, T. brevifolia, whose distribution is limited to
western Canada and the Northwestern United States (Goodman, 2001 2001). T. baccata,
whose toxic properties have been known since antiquity, is restricted to the European
continent and the perimeter of the Mediterranean Sea (Iszkulo et al., 2016). The two species
are closely related yet distinct. Each produces taxanes that are also closely related but
distinct and individually have improved the lives of millions of cancer patents (Figure 5).
The two natural products bind to the same protein (tubulin) and inhibit cell proliferation
(Ringel & Horwitz, 1991; Schiff et al., 1979) but they affect cancer cell lines differently
(Verweij et al., 1994), have different pharmacokinetic profiles in patients (Kearns, 1997),

and have different drug costs (Clegg et al., 2002). It is difficult to comprehend the
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magnitude of possibilities of natural products from plants, but as exemplified by paclitaxel
and docetaxel, all natural products may need to be studied for their potential to affect human

physiology or provide a benefit.

The biomedical properties of many of the vascular plants geographically restricted to North
America and Alberta are not well studied. By contrasting examples, the species Achillea
millefolium, which is present in Alberta prairies and globally distributed, was the topic of
679 publications referenced in the National Center for Biotechnology Information
(NCBI/PubMed) as of January 2021. Whereas the species, Arnica fulgens Pursh
(Asteraceae, Foothills arnica), a member of the well known Arnica genus and is abundant

but geographically restricted to prairies, is not described in any biomedical publications.
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Figure 5. The two best anti-cancer drugs are from two closely related plant species. The
chemical structures of paclitaxel (Taxol®, left) and docetaxel (Taxotere®, right) are
shown. The arrows point to functional groups that differ between the two natural
products. Paclitaxel was first isolated from the plant species Taxus brevifolia (Pacific
yew), which is distributed throughout British Columbia and present in Waterton National
Park, Alberta. Docetaxol was first isolated from Taxus baccata (English yew) in France.
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The chemical structures are found in the National Center for Biotechnology Information
website: https://pubchem.ncbi.nlm.nih.gov/compound/taxol and
https://pubchem.ncbi.nlm.nih.gov/compound/Docetaxel.

2.10 Sesquiterpene lactones

The Asteraceae family is known for the production of a class of secondary metabolites
called sesquiterpene lactones (Seaman, 1982). Sesquiterpene lactones (SLs) are compounds
with a 15-carbon backbone that includes a lactone group. Its biosynthesis starts from the
union of three isoprene units, which are 5-carbon derivatives of the mevalonic acid, creating

an acyclic farnesyl pyrophosphate (FPP), the simplest sesquiterpene structure.

Sesquiterpene lactones have been isolated from many plant families such as Apiaceae,
Magnoliaceae, Acanthaceae, Solanaceae, Araceae, Euphorbiaceae, amongst others
(Chadwick et al., 2013), but they can be found almost ubiquitously in the Asteraceae
family. SLs are found predominantly in tissues attractive to herbivores, such as leaves,
phyllaries, and achenes, and stored in glandular trichomes or laticifers to be secreted in the
surface of these organs (Chadwick et al., 2013). A range of biological activities has been
attributed to them, from allelopathy, insect feeding deterrent, antibiotic, antifungal, and

antiparasitic, to allergenic, toxic, and antiproliferative effects in animal and human cells.

Sesquiterpene lactones have been shown to have cytotoxic effects in cancer cells (Ghantous
et al., 2010; Picman, 1986); however, little research has been done regarding their
mechanism of action leading to cell death. Our laboratory collected the information about
previous research made with SLs reporting a cell cycle arrest and a compilation can be
found in the review from (Bosco & Golsteyn, 2017). Strikingly, all sesquiterpene lactones
with described anti-mitotic activity to date were isolated from species from the Asteraceae

family. We have identified and characterized seven species from the Asteraceae family
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that are predominant in the prairie ecosystem and have anti-mitotic activity (Bosco, 2017;
Bosco et al., 2021; Molina, 2018; Molina et al., 2021b). We believe that the anti-mitotic
activity of SLs present in Asteraceae species is understudied and that more chemicals and
plants need to be investigated. Table 1 provides a list of Asteraceae species for launching
these studies. It is likely that this argument can be applied to other plant families and
Canadian ecological zones for other biomedical activities, hinting at the vast potential of

natural products that remain to be discovered.
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CHAPTER 3

Materials and Methods

3.1 Plant collection

The aerial plant parts of the species represented in Table 3. were collected from the
locations indicated in Table 4. Plants were harvested and stored at room temperature in
paper bags until processed for extract preparation. Plant taxonomy was confirmed to
species by consulting the Flora of Alberta (Moss & Packer, 1983). Information including
site description, location, associated species and collection date and were stored and a

voucher was deposited in the University of Lethbridge Herbarium.

Table 3. Canadian prairie Asteraceae species under investigation.

Scientific Name Common Name Asteraceae Tribe | Extract Library
Code
Arnica fulgens Pursh Foothill Arnica, Madieae PP-1050
Shining Arnica
Ratibida columnifera | Prairie Cone-flower Heliantheae PP-1140
(Nutt.) Wooton and
Standl.
Hymenoappus Fineleaved Wooly- Bahieae PP-1400
filifolius Hooker white

Table 4. Collection information for plants under investigation.

Location
; Amount (g)
Plant Harvesting .
Code Date (GPS coordinates)
Latitude | Longitude Wet Dry
PP-1050 IZOJ;*;G 49°05.802 | -112°28.619 | 3565 | 98.5
PP-1140 ISOJIJQIY 49°40.06 | -112°49.13 187.0 70.5
26 June
PP-1400 2020 49.09968 | -112.47302 43.0 15.0
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3.2 Extract preparation

Post-harvest, plants were placed to dry in a dehydrator at 40°C for 48-72 hours. Entire dried
plants were stored in paper bags at room temperature in a dark and dry environment until
extraction. To prepare plant extracts, the dried material was ground at room temperature
with a blender followed by mortar and pestle until a fine powder was obtained. The solvents
100% dichloromethane (DCM) or 75% ethanol (EtOH/water) were added to the powder to
make 10% w/v suspensions. Extract suspensions gently shaken in darkness on an orbital
shaker at room temperature for 24 h. The suspensions were vacuum filtered to collect
soluble fractions and dried at room temperature in a chemical fume hood for 2 — 4 days.
The dried soluble fractions were collected, weighed, and labelled with a given code number
and letter. Extracts made with EtOH were denoted with a letter “A” whereas DCM extracts
were denoted with the letter “B”. Extracts were stored in darkness at room temperature
until samples were taken for experimental use. Samples were dissolved in
dimethylsulfoxide (DMSO) (Sigma-Aldrich; D2438) to 50 mg/mL concentrations,
centrifuged at 10,000 x g for 10 min and supernatants were stored at -20°C. Small aliquots

were made to avoid freeze/thaw cycles.

3.3 Cell culture

For all biological assays the human colorectal adenocarcinoma HT-29 cell line was used, a
cell line provided by the American Type Culture Collection (ATCC). The cells were
cultured in RPMI 1640 medium (ThermoFisher; 21870-092) supplemented with 2 mM
GlutaMAX (ThermoFisher; 35050-061) and 10% (v/v) heat inactivated fetal bovine serum
(ThermoFisher; 1248028). HT-29 cells were seeded at densities of either 3.0 x 10° per 25
cm? or 1.0 x 10° per 75 cm? flasks. Cells were cultured at 37°C in 5% CO: for 48-72 h and

the media were changed prior to treatment. The compounds nocodazole (Sigma-Aldrich;
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M1404) and paclitaxel (Sigma; T7402) were dissolved in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich; D2438) to 200 ng/mL and 100 uM concentrations. The sesquiterpene
lactones parthenolide (Sigma-Aldrich; P0667-5MG) and pulchelloid A were dissolved in
DMSO to concentrations 10 mM. Pulchelloid A was obtained by biology guided
fractionation from G. aristata leaves by the laboratory of Dr. Raymond Anderson (Bosco
et al., 2021). All compounds were stored at -20°C. As a negative solvent vehicle control,
DMSO was added to not-treated (NT) cell groups at equal volume to the highest volume of
plant extract or compound treatment added. The total volume of DMSO added never

exceeded more than 1% (v/v).

3.4 Cell rounding activity assay

HT-29 cells were seeded at 2.0 x 10°/well in a 6 well culture plate and incubated for 48 or
72 h prior to treatment to reach a cell confluency of 50-70%. NT cells were used as a
negative control, and nocodazole (200 ng/mL) was included as a positive control for cell
rounding. Images were captured after 16 or 24 h of treatment with an Infinity 1 camera
powered by Infinity Capture imaging software (Lumenera Corporation) on an Olympus
CKX41 inverted microscope. Images were processed using Adobe Photoshop (CC 2015
16.0). Adherent (interphase) cells and rounded (mitotic) cells were manually counted using
Image J (1.47v) software and the percentage of rounded cells in the total sample was
determined. Each experiment was performed at least three times and the mean and standard

error of the mean of the percentage of rounded cells were calculated.

3.5 Immunofluorescence microscopy

3.5.1 Alpha tubulin and PH3 immunofluorescence assays

45



HT-29 cells were seeded at a density of 2.0 x 10°/well in 6 well culture plates and incubated
at 37°C for 48 or 72 h prior to treatment. After 16 hours of treatment, cells were fixed.
Fixation for a-tubulin or PH3 immunofluorescence was performed with 3% (v/v)
paraformaldehyde (Fisher Scientific; 30525-89-4) diluted in PBS at room temperature for
20 min. Fixation was quenched with 50 mM NH4Cl in PBS. Cells were permeabilized for
5 min using 0.2% (v/v) Triton X-100 in PBS and blocked for 30 min with 3% (w/v) BSA
in PBS-T (0.1% (v/v) Tween-20 diluted in PBS). Cells were then incubated at 4°C
overnight with the primary antibodies anti-phospho-Ser10 histone H3 (Millipore; 06-
570(CH) in a 1:1000 dilution, anti-a-tubulin (Santa Cruz Biotechnology; sc-53030) in a
1:200 dilution. After washing with PBS-T, cells were incubated with secondary antibodies
for 45 min at room temperature as follows: Alexa Fluor 488 rabbit anti-rat IgG
(ThermoFisher; A11006; 1:200) for anti-a-tubulin, Alexa Fluor 594 AffiniPure goat anti-
rabbit IgG (Jackson ImmunoResearch; 111-585-003; 1:300) for anti-phospho-Serl0
histone H3. Nuclei were stained with 300 nM DAPI (4, 6-diamidino-2-phenylindole)
(Fisher; LSDI1306) in PBS for 15 min. Cells were observed and recorded with a
CytationTM 5 Cell Imaging Multi-Mode Reader using Gen5 software (BioTek

Instruments, USA).

Cells positive for phospho-Ser10 histone H3 and total number of cells (DAPI stained) were
counted with Gen5 software using exposure settings from not-treated cells as the threshold
for fluorescent signal. A minimum of 200 cells were counted for each treatment and the
mean and standard error of the mean percentage of PH3-positive cells of at least three
independent experiments were calculated. For the analysis of the mitotic spindles, at least

three independent experiments were performed and a minimum of 50 mitotic cells per
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treatment were observed in total to evaluate mitotic spindle morphology. DMSO-treated
mitotic cells were used as a reference for normal, non-distorted mitotic spindles. The mean
percentage and standard error of the mean of distorted spindles was calculated for each

treatment.

3.5.2 Gamma tubulin immunofluorescence assay

We modified the immunofluorescence protocol for y-tubulin analysis as follows. HT-29
cells were seeded at a density of 2.0 x 10°/well on glass coverslips in 6 well culture plates.
After 16 h of treatment, cells were treated for 90 sec with 0.05% (v/v) Triton X-100 in a
PBS buffer containing 0.5 mM MgClz2 and 1 mM EGTA as per Pepper and Brinkley (1979)
prior to fixation with ice cold 100% methanol. This buffer was used as the base instead of
PBS or PBS-T for all steps of the protocol to reduce background staining appearance in
images. We used anti-y-tubulin antibodies (Sigma-Aldrich; T6557) in a 1:1000 dilution as
the primary antibody, and Alexa Fluor 488 rabbit anti-mouse (ThermoFisher: 11059, 1:400)
as secondary antibody for anti-y-tubulin. Nuclei were stained with DAPI as previously

described.

Coverslips were mounted onto microscope slides using ProLong Gold Antifade reagent
(ThermoFisher; P36934) and viewed with an Olympus BX41 microscope using an Infinity
3 camera operated by Infinity Capture imaging software (Lumenera Corporation). Images

were prepared for analysis using Adobe Photoshop (CC 2015 16.0) software.

For y-tubulin image analysis, images were rotated till at least two of the centrosomes in
individual cells were aligned along the x axis of the image. Areas 375 x 375 pixels
containing individual cells were analyzed using ImageJ software. The plot profile of the

selected area was analyzed to obtain the gray value intensities of each pixel inside of the
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area. These values were listed and recorded for 15 cells in each treatment group. GraphPad
Prism 9 software was then used to calculate the mean and SEM of plot profiles from 15
cells in each treatment group, for three independent experiments.

3.6 Statistical analysis

Data were analyzed using Microsoft Excel 2016 and GraphPad Prism 9 software. Data were
plotted as means from three independent experiments =+ standard error of the mean. One-
way analysis of variance (ANOVA) with Tukey’s post hoc test were used to analyze results
from light microscopy and immunofluorescence microscopy assays. Differences were

considered significant when p < 0.05.

3.7 Analysis of transcriptome of cells treated with anti-mitotic chemicals

3.7.1 Collection of RNA from mitotic cells
HT-29 cells were seeded at 0.3 x 10° cells into T25 flasks and incubated for 48 or 72 h prior

to treatment to reach a cell confluency of 50-70%. HT-29 cells were treated with
pulchelloid A (pulA) at 10 uM and parthenolide (Sigma-Aldrich; P0667-5MG) at 20 uM.
Cells treated with paclitaxel at 100 nM as a positive control for mitotic arrest, and cells
treated with 0.05% DMSO as a not treated control group. After 16 h treatment images were
captured with an Infinity 1 camera powered by Infinity Capture imaging software
(Lumenera Corporation) on an Olympus CKX41 inverted microscope. The not treated
control group cells were lifted with trypsin, while cells treated with paclitaxel, parth, and
pulA were collected via mechanical shake-off (Lewis et al., 2013). A minimum of 1 x 10°

cells were collected for each sample.

The cell suspensions were centrifuged for 5 min at 1000 % g and re-suspended in 1 mL

TRIzol reagent (Fisher; 15596026) for 2 min. The mixture was phase separated by the
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addition of 500 pL amene stabilized chloroform (Sigma-Aldrich; C2432). The
TRIzol/chloroform suspension was incubated for 2.5 min with mixing by inversion, and
then centrifuged at 12,000 x g at 4°C for 15 min. The aqueous layer containing the RNA
was transferred to a new tube which was then mixed with 500 pL of isopropanol (Fisher
Scientific; BP26181) and incubated for 1 h at -20°C. After incubation, the mixture was
centrifuged for 10 min at 12,000 x g at 4°C. After discarding the supernatant, the pellet was
re-suspended in 1 mL of 75% ethanol/water and centrifuged for 5 min at 7600 x g at 4°C.
The supernatant was discarded, and the pellet was allowed to dry for 10 min. The air-dried
pellet was resuspended in 50 uL of nuclease free water and heated at 55°C for 15 min. RNA
samples were given a code that corresponded to the date of extraction (DDMMY'Y) and the
treatment group. The RNA was further processed using RNA Clean and Concentrator
(Zymo Research; R1017) kit to remove residual DNA. Total RNA was analyzed for the
nucleic acid to protein ratio (A260:A280) and concentration in ng/uL using a BioDrop
LLITE+ (Biochrom) and stored at -80 °C.

3.7.2 Long RNA Library Construction

To create cDNA libraries a minimum of 300 ng up to 1000 ng total RNA was depleted for
ribosomal RNA using NEBNext® rRNA Depletion Kit (NEB, E6310). The ribosomal
depleted RNA was then 2.2x bead cleaned using Omega NGS Total Pure Mag Beads
(Omega). NEBNext® Ultra™ II DNA Library Prep Kit for [llumina® (NEB; E7660) was
used to prepare libraries with 1:5 adaptor dilutions. PCR reaction conditions were 15 cycles
following kit temperatures and times. Index primers were optimized according to (NEB;
E7420) using NEBNext® Multiplex Oligos for Illumina® (NEB; E7335) for 2.5 pL of

index and universal primer per library. Samples were 0.9 bead cleaned prior and then
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visualized using Agilent Bioanalyzer 2100 High Sensitivity DNA kit to confirm presence
of cDNA library in sample and analyze library length in base pairs.

3.7.3 qPCR Analysis

Quantitative PCR was performed using the NEB Library Quant Kit (NEB; E7630) to
determine the concentration of amplifiable DNA within cDNA libraries. Reactions were
arranged so that cDNA was diluted to 1:10,000 in nuclease free water. Total reaction
volume was 10 pl. Analysis of kit DNA standards and cDNA libraries was performed on
two biological replicates and three technical replicates. The Bio-Rad CFX384 Real-time
detection system was used for qPCR with measurements taken during extension steps.
Thermocycler conditions were as follows: 1 min at 95°C (15 s at 95°C and 45 s at 63°C) x
40 cycles. The following equation was used to calculate the concentration of cDNA

libraries:

library Ct — b
a

calculated library [pM] =

Where b = the intersect, and a = the slope of the line of the kit DNA standards standard
curve, and ct = qPCR cycle threshold. The final adjusted library concentration was
calculated using the manufacturer’s protocol. The cDNA libraries were sequenced using
[llumina® HiSeq 3000/4000 System following manufacturer’s instructions. The resulting
sample reads were obtained in fastq file format. Each library was Illumina® sequenced

once with a depth of > 20 M reads.

3.8 Bioinformatics analysis

Gene expression analysis was performed for HT-29 cells treated with paclitaxel, parth, and

pulA. Illumina® sample reads were first trimmed to remove adaptors using cutadapt 1.18
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(Martin, 2011). The reads were then aligned against a human genome reference acquired
from ensemble (GRCh38/November 2018, primary assembly) using hisat2-2.1.0 in paired
end mode. We used samtools-1.6 to convert the generated SAM format files to BAM format
files. The BEDtools 2.26.0 bamToBed function was then used to convert the BAM files to
BED format. We then used StringTie-1.3.4d to assemble the alignments and estimate the
expression levels using the ensembl GRCh38 release 104 .gff3 file as a reference
annotation. We used the R (version 3.4.3) package DESeq2 (Love et al., 2014) to perform
differential gene expression analysis on the files produced from StringTie. A separate
DESeq2 analysis was performed for each treatment group to compare the transcript counts
between each treatment and the not treated control group. From these analyses we obtained
the log2(fold change), p-values, and Benjamini-Hochberg adjusted p-value (padj) for each
transcript that was differentially expressed. We performed principal component analyses
with the resulting datasets to measure variability between replicates and treatments using
R. The transcript IDs were converted to stable gene IDs using ensemble Biomart and gene
lists were uploaded to the Database for Annotation, Visualization and Integrated Discovery
(DAVID) v6.8. The DAVID Functional Annotation Tool was used to identify the biological
processes represented by the genes in the dataset. We used R to generate diagrams

representing microtubule genes and their expression in each dataset.
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CHAPTER 4

Results

4.1 Investigation of mitotic arrests induced by Asteraceae extracts using cell biology
techniques

The search for chemicals with anti-mitotic activities is important because they can be used
as scientific tools with which to study cell division, and sometimes they may become anti-
cancer medicines. We have observed that extracts prepared from different Asteraceae
species can arrest cancer cells in mitosis. Previous work in our laboratory has led to
isolation of different sesquiterpene lactones that are the source of the anti-mitotic activity -
pulchelloid A from Gaillardia aristata and hymenoratin from Hymenoxys richardsonii
(Molina et al., 2021b). These results have led us to ask whether other Asteraceae species in
the prairie ecological zone contain anti-mitotic sesquiterpenes, and if so will there be a
diversity in the biological activity of these chemicals that reflects taxonomical diversity?
We chose to investigate Ratibida columnifera Nutt., a member of the Heliantheae tribe,
which is closely related to tribe Helenieae and the Gaillardiineae subtribe (Figure 2). The
Bahieae tribe was also of interest because it is distantly related to Helenieae and closely
related to tribe Madieae, which contains Arnica species. Therefore, we selected
Hymenoppapus filifolius Hook. of tribe Bahieae and Arnica fulgens Pursh. (Madieae) for
investigation. We tested the capacity of extracts from above-ground material to induce anti-
mitotic effects in cancer cells by measuring cell rounding activity, phosphorylation of
histone H3, and morphology of the mitotic spindles and centrosomes.

4.1.1 Asteraceae species extracts induce rounded cell accumulation in HT-29 cells
We used a phenotypic assay for cell rounding to test Asteraceae species from different

tribes for mitotic arrest activity. During mitosis, cells acquire a rounded shape to ensure
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equal segregation of genetic material and cytoplasm (Cadart et al., 2014). After treatment.
The number of rounded cells are counted and divided by the total number of cells to obtain
the percentage of rounded cells. The mean percentage of rounded cells and the standard
deviation was calculated for each concentration from three independent experiments and

compared to every other treatment mean for statistical significance.

We added the extract solvent DMSO as our negative control (NT, not-treated), and the
tubulin toxin nocodazole, which causes mitotic arrest, as our positive control. Extracts
prepared with 75% (v/v) ethanol identified by the letter A in their extract code, and 100%
dichloromethane extracts identified with the letter B were applied to HT-29 cancer cells.
Six extracts in total were prepared from three Asteraceae species. The extracts were tested
on HT-29 cancer cells at a range of concentrations to observe cell rounding activity. Photos
representing NT and nocodazole treated HT-29 cells for each extract experiment are

included in each figure.

The first species we investigated was R. columnifera a member of the Heliantheae tribe.
This tribe is closely related to the Helenieae tribe that contains G. aristata and H.
richardsonii (Baldwin et al., 2002). To test R. columnifera extracts for cell rounding
activity, PP-1140A and PP-1140B were applied to HT-29 cells at concentrations of 1.5 —
50 pug/mL for 16 h. The percentage of rounded cells from three experiments were compared
to NT cells (Figure 6B). The percentage of rounded HT-29 cells was 4.8 + 1% for NT cells,
as expected. After 16 h nocodazole-treated cells had a mean percentage of 58.2 + 9 % and

after 24 h were nearly completely rounded (99.1 + 0.7%).

Extract PP-1140A at concentrations of 1.5 and 5 pg/mL demonstrated cell rounding

percentages of 4.5 = 1%, and 5.0 + 0.9%, respectively. At 15 pg/mL PP-1140A had 16.8 +
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0.8% rounded cells. Cells lost flat morphology and were not rounded or adhered to the
substrate (Figure 6A) at 50 ng/mL, therefore that concentration was determined to be toxic.
Cells treated with PP-1140B had 4.3 + 1% rounded cells at 1.5 pg/mL and 21.0 + 0.9% at
5 nug/mL. PP-1140B was toxic to cells at concentrations of 15 and 50 pg/mL. When
compared to the percentage of rounded cells in NT cells, PP-1140A at 15 pg/mL and PP-

1140B at 5 pg/mL were significantly different (Figure 6B).

Our laboratory had identified mitotic activity within extracts of the species Arnica
cordifolia Hook. (Molina, 2018) of the Madieae tribe. We therefore selected a species from
this tribe, Arnica fulgens Pursh. for cell rounding activity. In testing 4. fulgens, we explored
if this observation that Asteraceae species from the same tribe contain similar anti-mitotic
activities would be supported in the Arnica genus. We therefore treated HT-29 cells with
two A. fulgens extracts. An ethanolic extract, PP-1050A, was used at concentrations of 0.5
to 15 pg/mL, and a dichloromethane extract, PP-1050B, was used at concentrations of 0.15
— 5 pg/mL. After 24 h, photographs were taken, and the images were used to determine the
percentage of rounded cells for each treatment. As observed in Figure 7B, the ethanolic
extract PP-1050A induced 6.0 + 1% at 0.5 pg/mL, 5.6 + 2% at 1.5 ug/mL, 17.3 + 6% at 5
pg/mL, and 52.7 + 12% at 15 pg/mL. Following a similar trend, the dichloromethane
extract PP-1050B also increased the percentage of rounded cells. PP-1050B-treated cells
had 5.6 £ 2% at 0.15 pg/mL, 7.7 + 2% at 0.5 pg/mL, 15.1 £ 5% at 1.5 pg/mL, and 53.9 +
22% at 5 ng/mL. When we compared the rounded cell percentages of each treatment to NT
cells, significant differences were found between NT and PP-1050A at 15 pg/mL, and PP-

1050B at 5 pg/mL.
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We then tested the species Hymenopappus filifolius for cell rounding activity. This species
is a member of the Bahieae tribe, which is more closely related to the Madieae rather than
Heliantheae or Helenieae tribes. HT-29 cells were treated with PP-1400A or PP-1400B at
concentrations of 15-50 pg/mL. In addition to our controls of DMSO and nocodazole, a G.
aristata extract (PP-190D) was used as a third extract control. This extract was prepared
alongside PP-1400A and PP-1400B and was used as a control for extract preparation. After
treatment with PP-190-D at 50 pg/mL the percentage of rounded cells was 49.3 + 8%. PP-
1400A treated cells had a moderate increase in rounded cells with increasing concentrations
of extract (Figure 8). The percentage of rounded cells were 5.5 + 0.4% at 1.5 pg/mL, 6.1
+0.8% at 5 ng/mL, and 15.9 + 0.4% at 15 pg/mL. Cells lost flat morphology and were not
rounded nor adhered to the substrate at 50 pg/mL and therefore that concentration was
determined to be toxic to cells. Although the primary activity of PP-1400A at 50 pg/mL
appeared to be cytotoxic, we were still able to observe rounded cells (Figure 8A). Cells
treated with extract PP-1400B had rounded cell percentages of 5.4 + 0.6% at 1.5 pg/mL
and 22.2 £ 5.6 at 5 pg/mL. Concentrations above 5 ug/mL were toxic to HT-29 cells,
demonstrated by loss of flattened interphase cells (Figure 8). Although we could observe
some rounded cells, the cell rounding percentages of PP-1400A or PP-1400B were not

significantly different from those of NT cells (Figure 8A).
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Figure 6. Accumulation of HT-29 cells with rounded morphology when treated with
Ratibida columnifera extracts (PP-1140A: EtOH extract, PP-1140B: DCM).. NT and
nocodazole at 200 ng/mL were used as negative and positive controls for cell rounding.
Scale bar: 100 pm (A). Rounded cells were counted from light microscopy photos taken
16 h post treatment. Treatments that are significantly different from other treatments are
represented with a different letter (a, b, c). Statistical significance determined via one-way
ANOVA followed by Tukey’s post hoc tests (p < 0.05). Data values represent means +
SEM, n =3 (B).
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Figure 7. Percentage of HT-29 cells that acquire rounded morphology when treated with
Arnica fulgens extracts (PP-1050A: EtOH extract, PP-1050B: DCM).NT and nocodazole
at 200 ng/mL were used as negative and positive controls for cell rounding. Scale bar:
100 um (A). Rounded cells were counted from light microscopy photos taken 24 h post
treatment. Treatments that are significantly different from other treatments are
represented with a different letter (a, b, ¢). Statistical significance determined via one-way
ANOVA followed by Tukey’s post hoc tests (p < 0.05). Data values represent means +
SEM, n =3 (B).

57



PP-1400A

PP-1400B Q&

100
90 I 1 1.5 pg/mL
80— 1 5 ug/mL

70— c
50—

40

30— a
20— a

104 a a a . a
0 T - 'T‘ |;|I

NT  Noco PP-190-D  PP-1400-A PP-1400-B

% Rounded Cells

Figure 8. Percentage of HT-29 cells that acquire rounded morphology when treated with
Hymenopappus filifolius extracts (PP-1400A: EtOH extract, PP-1400B: DCM). NT and
nocodazole at 200 ng/mL were used as negative and positive controls for cell rounding.
G. aristata extract PP-190D was used as positive cell rounding extract control. Rounded
cells were counted from light microscopy photos taken 16 h post treatment. Scale bar:
100 um (A). Treatments that are significantly different from other treatments are
represented with a different letter (a, b, c). Statistical significance determined via one-way
ANOVA followed by Tukey’s post hoc tests (p < 0.05). Data values represent means +
SEM, n =3 (B).
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4.1.2 Asteraceae species extracts induce mitotic arrest demonstrated by PH3
immunofluorescence assay

Although cell rounding is a characteristic of mitotic cells, it is possible for human cells to
be rounded without being in mitosis. We tested whether cells that were rounded after
extract treatment contained other features of mitosis, such as changes in chromosome and
histone organization. We performed immunofluorescence assays using anti-
phosphohistone H3 (PH3) antibodies and DAPI to stain DNA. As with the cell rounding
assay, NT cells and nocodazole were used as negative and positive controls. The highest
concentration of each extract that induced an increase in rounded cells was used in these
experiments. HT-29 cells were treated for 16 h after which photos were taken for analysis.
For each experiment, a mitotic index was calculated by counting the number of PH3
positive cells amongst DAPI stained cells. Experiments were performed in triplicate and
the mitotic index values were compared between treatments to determine significant

differences.

HT-29 cells with either not treated, or treated with nocodazole, or with R. columnifera
extracts PP-1140A and PP-1140B at 5 pg/mL for 16 h and then subjected to the PH3
immunofluorescence assay. The mean percentage of PH3 positive NT HT-29 cells was 4.9
+ 0.8%, and nocodazole-treated cells had 60.8 + 13 %, values that were similar to the cell
rounding percentages, as expected. As shown in Figure 9 and Figure 12, the percentage
of PH3 positive cells for PP-1140A at 5 ng/mL was comparable to that of NT cells at 6.0
+ 2%. Extract PP-1140B at 5 pg/mL accumulated more mitotic cells than NT cells at 12.8
+ 6%. The mitotic indices of these extracts were not statistically significantly different from

those of NT cells.
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We tested 4. fulgens extracts PP-1050A at 15 pg/mL, and PP-1050B at 5 pg/mL for 16 h.
Consistent with the observations of the cell rounding assay, cells treated with PP-1050
extracts had more cells in mitosis than NT cells, but fewer mitotic cells than nocodazole
(Figure 10). We found that PP-1050A induced 33.2 + 16% mitotic cells, and PP-1050B
induced 27.1 + 4% mitotic cells (Figure 12). Both mitotic indices were significantly

different from those of NT cells.

Although the rounded cell percentages were not significantly different between NT cells
and H. filifolius extracts, we performed an immunofluorescence microscopy experiment to
determine whether the rounded cells we had observed were in mitosis. We found that PP-
1400 extracts slightly increased the percentage of mitotic cells (Figure 11). After treatment
with PP-1400A the mitotic index was 8.6 + 2%, and after treatment with PP-1400B the
percentage was 10.5 + 2% (Figure 12). The results of this immunofluorescence assay
supported the cell rounding results, H. filifolius extracts increased the number of mitotic

cells but they were not significantly different from those of NT cells.
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Figure 9. Mitotic cells accumulated after treatment with R. columnifera extracts PP-
1140A and PP-1140B (A: EtOH, B: DCM) at 5 ug/mL for 16 h. Negative control: NT.
Positive control: nocodazole 200 ng/mL. Analysis by immunofluorescence microscopy.

Red: 61hosphor-histone H3 (mitotic cells). Blue: DAPI (DNA). Scale bar: 100 pm.
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Figure 10. Mitotic cells accumulated after treatment with A. fulgens extracts PP-1050A at
15 and PP-1050B (A: EtOH, B: DCM) at 5 pg/mL for 16 h. Negative control: NT.
Positive control: nocodazole 200 ng/mL. Analysis by immunofluorescence microscopy.
Red: 62hosphor-histone H3 (mitotic cells). Blue: DAPI (DNA). Scale bar: 100 pm.
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Figure 11. Mitotic cells accumulated after treatment with H. filifolius extracts PP-1400A
at 15 and PP-1400B (A: EtOH, B: DCM) at 5 pg/mL for 16 h. Negative control: NT.
Positive control: nocodazole 200 ng/mL. Analysis by immunofluorescence microscopy.
Red: phospho-histone H3 (mitotic cells). Blue: DAPI (DNA). Scale bar: 100 um.
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Figure 12. Mitotic indices based on mean percentages of PH3-positive HT-29 cells after
treatment with six Asteraceae plant extracts at 5 and 15 pg/mL. NT and nocodazole
treated cells used as negative and positive controls. Error bars represent the SEM of at
least three independent experiments. Treatments that are significantly different from other
treatments are represented with a different letter (a, b, ¢). Statistical significance was
determined using one-way ANOVA followed by Tukey’s post hoc test (p < 0.05).

4.1.3 Extracts from Asteraceae species change mitotic spindle morphology

During the course of my experiments, | was able to find a number of Asteraceae species

that could arrest cells in mitosis, and I had handled other extracts with anti-mitotic activity

that were in the laboratory. It was puzzling, however, that an identical activity would be

distributed throughout a number of species. Furthermore, I was beginning to notice that in

treated cells there were subtle differences in the organization of chromosomes by DAPI

staining. In the laboratory we were beginning to suspect that although different extracts

could arrest cells mitosis, the mitotic arrests were in fact different from each other.
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Mitosis is a process that carefully orchestrates the duplication and separation of
chromosomes. Microtubules are one structure that form during mitosis from o and -tubulin
subunits. Several chemicals induce mitotic arrest by interrupting the function of
microtubules, such as paclitaxel and nocodazole. Therefore, we sought to examine the anti-
mitotic activity of these Asteraceae extracts by observing mitotic spindle morphology in
cells. To do this, we performed experiments in which we used immunofluorescence
microscopy and anti-a-tubulin antibody to label microtubules in cells, and DAPI. Not
treated cells would have a range of bi-polar spindle structures (prophase to telophase)
whereas cells treated with nocodazole would not have spindles. Cells were treated with
Asteraceae extracts at the same concentrations used to give PH3 immunofluorescence
signals. Representative photographs are included in each figure to demonstrate the

observed effects.

In NT cells we observed a range of spindle structures including a normal bipolar mitotic
spindle with a-tubulin arrangements extending towards the center of the cell. The spindle
poles are observed as two points of intensity at opposite ends of the cell (Figure 13).
Nocodazole treated cells did not form microtubules (Figure 13), as expected because
nocodazole binds 1:1 with a-tubulin preventing microtubule polymerization (Jordan et al.,

1992).

After observing an increase in rounded and PH3 positive cells after treatment with R.
columnifera extracts, we examined the a-tubulin arrangements in HT-29 cells treated with
these extracts. Cells were treated with PP-1140A and PP-1140B at 5 pg/mL for 16 h. The
PP-1140A extract treated cells displayed both normal bipolar a-tubulin arrangements and

distorted spindle morphology (Figure 13), with 40.4 = 12.7% cells containing distorted
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spindles (Figure 16). We observed similar results in PP-1140B treated cells, which had

69.5 + 7.6% distorted spindles (Figure 16).

A. fulgens extracts were shown to arrest cells in mitosis by increasing the percentage of
PH3 positive cells, therefore, PP-1050A and PP-1050B were applied to cells at 15 pg/mL
and 5 pg/mL respectively, to observe any effects on tubulin arrangements. As seen in
Figure 14, HT-29 cells treated with PP-1050A at 15 pg/mL formed spindles, however 67.6
+ 5.3% cells contained distorted spindles, including spindles that did not have two clear
spindle poles. Cells treated with PP-1050B formed a mitotic spindle, however 88.7 + 5.3%
were distorted spindles and cells contained three or more poles (Figure 16). This multipolar
morphology is a new extract-induced, mitotic spindle distortion observed in our
laboratory. Because of the distinct multipolar spindle distortion, PP-1050B was selected

over PP-1050A for further experimentation.

Finally, we tested both H. filifolius extracts for their ability to impact tubulin arrangements.
Cells were either not treated or treated with nocodazole, or PP-1400A at 15 pg/mL, PP-
1400B and 5 pg/mL, for 16 h. We observed that cells treated with 15 pg/mL of PP-1400A
contained 61.0 + 13.2% cells with distorted a-tubulin arrangements, although some cells
maintained two microtubule poles (Figure 15). The microtubules in cells treated with 5
pg/mL of PP-1400B also contained distorted a-tubulin arrangements and were not bipolar.
Distorted spindles were observed on 64.4 + 7.1% of cells treated with PP-1400B (Figure
16). This result was important because although the number of mitotic cells induced by
treatment was not significantly higher than that of NT (Figure 12), the treated cells had
distorted spindles, indicating a mitotic arrest. When considered with the cell rounding

results of PP-1140, (Figure 6) this extract as likely contains chemicals that induce mitotic
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arrest as well as those which produce another phenotype that may interfere with the mitotic

arrest.

DAPI Alpha Tubulin

NT

Nocodazole

PP-1140A
5 pg/mL

PP-1140B
5 pg/mL

Figure 13. Mitotic spindles in HT-29 cells treated with R. columnifera extracts PP-
1140A and PP-1140B at 5 pg/mL. (A: EtOH, B: DCM). Negative control: NT. Positive
control: nocodazole 200 ng/mL. Analysis by immunofluorescence microscopy. Green: o-
tubulin (mitotic spindle) Blue: DAPI (DNA). Scale bar: 20 pm.
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Figure 14. Mitotic spindles in HT-29 cells treated with A4. fulgens extracts PP-1050A 15
pg/mL and PP-1050B at 5 pg/mL (A: EtOH, B: DCM). Negative control: NT. Positive
control: nocodazole 200 ng/mL. Analysis by immunofluorescence microscopy. Green: a-
tubulin (mitotic spindle) Blue: DAPI (DNA). Scale bar: 20 pm.
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Figure 15. Mitotic spindles in HT-29 cells treated with H. filifolius extracts PP-1400A at

15 pg/mL and PP-1400B at 5 pg/mL (A: EtOH, B: DCM). Negative control: NT. Positive

control: nocodazole 200 ng/mL. Analysis by immunofluorescence microscopy. Green: o-
tubulin (mitotic spindle) Blue: DAPI (DNA). Scale bar: 20 um.

PP-1400A
15 pg/mL

PP-14008B
5 pg/mL

69



100+ df

w
2 90- T 1 PP-1140A
£ gp- cf
ol c dc ce EE PP-1140B
& 70- ‘|’
£ 60- be = PP-1050B
S 504 T EE PP-1400B
B gg' mE PP-1050A
S 5l 1 PP-1400A
Qo 104 a
R T 1

NT 5 15

Extract concentration (ug/mL)
Figure 16. Percentages of cells with distorted mitotic spindle morphology after treatment
with Asteraceae extracts (A: EtOH, B: DCM). Treatments that are significantly different
from other treatments are represented with a different letter (a, b, ¢, d, e, f). Statistical

significance determined via one-way ANOVA followed by Tukey's post hoc tests (p <
0.05). Data values represent means = SEM.

4.2 Comparison of anti-mitotic activities of four Asteraceae species

The analysis of mitotic spindle organization in cells treated with extracts from three
different Asteraceae species confirmed that the cells were arresting in mitosis, with a
mitotic spindle. This type of anti-mitotic activity was distinct from that of the nocodazole
class of inhibitors, which do not form a spindle. These observations also reinforced our
notion that the mitotic arrests induced by different extracts might be different from each
other, for example, compare PP-1140A to PP-1400A. It remained a challenge, however, to

measure these differences in a meaningful way.

To compare mitotic spindle organization we performed experiments in which we treated
HT-29 cells with extracts prepared from 4. cordifolia, A. fulgens, and R. columnifera and
compared them to anti-mitotic extracts that we have previously studied: PP-006, a G.
aristata extract which contains a sesquiterpene called pulchelloid A; PP-420B, the

dicholoromethane extract of A. cordifolia that arrests cells in mitosis intriguingly with bi-
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polar spindles (Molina, 2018). We first performed the phenotypic assay for cell rounding,
and then used immunofluorescence microscopy assays to confirm mitotic arrest and
investigate mitotic spindle components. In these immunofluorescence experiments we used
anti-PH3, anti-a-tubulin antibodies in addition to staining cells with DAPI. We used NT
cells as our negative control, and nocodazole as controls. We also added two additional
experimental parameters. We treated cells with paclitaxel (Taxol®), a microtubule toxin
which, in contrast to nocodazole, induces spindle formation. Paclitaxel is the most widely
used natural product cancer drug and acts as an anti-mitotic agent by stabilizing
microtubules through B-tubulin binding (Yang & Horwitz, 2017). We also choose to
observe a centrosome component, y-tubulin, because centrosomes are the microtubule
organizing center, and may be linked to the abnormal microtubule arrangements that

we were observing (Schatten, 2008).

4.2.1 Four Asteraceae extracts induce increased cell rounding percentages

HT-29 cells were either not-treated, or treated with nocodazole, PP-006 at 50 pg/mL, PP-
420B at 15 pg/mL, PP-1050B at 5 pg/mL, or PP-1140B at 5 pg/mL. We observed increased
cell rounding in extract treated cells (Figure 17A). The cell rounding percentages for NT
and nocodazole were 4.8 £ 1% and 69.4 + 3%. The extract that induced the highest
percentage of rounded cells was PP-006 with 38.2 = 9% rounded cells. Extract PP-1050B
had the second highest percentage at 31.5 + 9%, followed by PP-420B at 28.2 + 6%. Extract
PP-1140B had the lowest cell rounding percentage at 21.4 + 5%. We found that each extract

treatment was significantly different from that of NT cells (Figure 17B).
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Figure 17. Percentage of rounded HT-29 cells after treatment with four Asteraceae
extracts (A: EtOH, B: DCM). NT cells and nocodazole at 200 ng/mL were used as
negative and positive controls for cell rounding. Scale bar: 100 pm (A). Rounded cells
were counted from light microscopy photos taken 16 h post treatment. Treatments that are
significantly different from other treatments are represented with a different letter (a, b,
c). Statistical significance determined via one-way ANOVA followed by Tukey’s post
hoc tests (p < 0.05). Data values represent means = SEM, n =3 (B).
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4.2.2 Four Asteraceae extracts induce mitotic arrest demonstrated by PH3
immunofluorescence assay:

We then measured mitotic arrest with phospho-histone H3 antibodies and
immunofluorescence microscopy. After treatment for 16 h, we observed an increase in red
PH3 positive cells for the extract treatments (Figure 18). Cells treated with PP-006 had
25.3 + 2% mitotic cells. PP-1050B had a similar percentage of mitotic cells at 24.0 + 2%.
After treatment with PP-1140B the percentage of mitotic cells was 19.2 + 2%, and after
treatment with PP-420B there was 11.2 + 3% mitotic cells. All extract treatments were

significantly different from that of NT cells apart from PP-420B (Figure 19).
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Figure 18. Mitotic cells accumulated after treatment with four Asteraceae extracts (A:
EtOH, B: DCM). Negative control: NT. Positive control: nocodazole 200 ng/mL.
Analysis by immunofluorescence microscopy. Red: phospho-histone H3 (mitotic cells).
Blue: DAPI (DNA). Scale bar: 100 pm.
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% PH3 Positive Cells

Figure 19. Mitotic indices based on mean percentages of PH3-positive HT-29 cells after
treatment with four Asteraceae plant extracts (A: EtOH, B: DCM). Negative control: NT.
Positive control: nocodazole 200 ng/mL. Error bars represent the SEM of at least three
independent experiments. Treatments that are significantly different from other treatments
are represented with a different letter (a, b, ¢). Statistical significance determined via one-
way ANOVA followed by Tukey’s post hoc tests (p < 0.05).

4.2.3 Asteraceae extracts induce different a-tubulin arrangements in HT-29 cells

To explore whether the mitotic arrests induced by prairie Asteraceae extracts were similar
to each other, or different, we visualized the mitotic spindles in treated cells. We used NT
cells and nocodazole as negative and positive controls and treated cells with extracts for 16
h at the same concentrations as the PH3 immunofluorescence experiment. NT mitotic cells
displayed normal spindles with two poles and microtubules extending to the center of the
cell (Figure 20). As expected nocodazole-treated cells failed to form mitotic spindles after

16 h.

When treated with 50 pg/mL of PP-006, 89.6 + 1.1% of cells displayed distorted spindles

(Figure 21) that lacked two poles, and were rounded shape (Figure 20). In contrast, at 15
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pg/mL, PP-420B induced mitotic arrest and many of the cells had bi-polar mitotic spindles,
with only 43.6 + 18.4% distorted spindles. We observed 64.3 + 5.8% distorted mitotic
spindles without two poles in cells treated with PP-1140B (Figures 21 and 20). The
distortion caused by PP-1140B treatment was distinct from that of the extracts, PP-006, PP-
420B and PP-1050B. Finally, we observed that cells treated with PP-1050B at 5 pg/mL
contained 83.7 + 7.2% distorted mitotic spindles (Figure 20), many of which contained
three poles (Figure 21). These results are important because the percentage of distorted
spindles in each treatment was higher than NT, and the differences we observed in spindle
morphologies supported the notion that extracts prepared from different species are likely

to contain different chemicals, with different cellular interactions.
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Figure 20. Mitotic spindles in HT-29 cells treated with four Asteraceae extracts. Negative
control: NT. Positive control: nocodazole 200 ng/mL. Analysis by immunofluorescence
microscopy. Green: a-tubulin (mitotic spindle) Blue: DAPI (DNA). Scale bar: 20 um.
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Figure 21. Percentages of HT-29 cells with distorted mitotic spindles after treatment with
four Asteraceae plant extracts (A: EtOH, B: DCM). Treatments that are significantly
different from other treatments are represented with a different letter (a, b, c, d).
Statistical significance determined via one-way ANOVA followed by Tukey's post hoc
tests (p < 0.05). Data values represent means = SEM.

4.2.4 Asteraceae extracts modulate centrosome formation

Because the differences in microtubule distortion between extracts were challenging to
describe and sometimes subtle, we investigated the effects of the extracts on centrosomes,
another mitotic spindle component. Centrosomes were labeled with an anti-y-tubulin
antibody, DAPI was used to stain the DNA and cells were observed by
immunofluorescence microscopy. We used NT cells as our negative control. After
reviewing the a-tubulin results it became apparent that the extracts were not preventing
tubulin association like nocodazole. Because it was difficult to visualize centrosomes in
nocodazole treated cells, we changed the positive control to paclitaxel. HT-29 cells were
either not-treated, treated with paclitaxel (100 nM) or with PP-006, PP-420B, PP-1140B,

or PP-1050B for 16 h. Extracts were used at the same concentrations as described in
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previous immunofluorescence experiments. Photographs of cells were taken and used in a

plot profile analysis technique to illustrate graphically the centrosomes we observed.

NT and paclitaxel-treated cells contained centrosomes (Figure 22A) tightly organized into
two points, illustrated by two peaks of pixel intensity observed in panel B of Figure 22.
When cells were treated with PP-006 at 50 pg/mL two centrosomes were observed,
however the y-tubulin signal was not tightly organized into two points (Figure 22),
graphically illustrated by pixels with higher intensity between the two points (Figure 20B).
Two centrosomes and two peaks were also observed in cells treated with extracts PP-420B
at 15 pg/mL, and PP-1140B at 5 pg/mL (Figure 22). After treatment with 5 pg/mL of PP-
1050B we observed three centrosomes in cells (Figure 22) which are reflected in the three

peaks of the pixel intensity plot.

These observations reveal differences in mitotic arrests at the y-tubulin level. They are
important because they demonstrate, for the first time, a method to measure and compare
the differences in mitotic arrests induced by each treatment. The morphological differences
are likely due to different molecular targets within the cell, targeted by different chemicals.
Additionally, these results support the notion that the chemicals within Asteraceae tribes

are reflective of the diverse relationships within this plant family.

To summarize, we met our objective by successfully using phylogenetic information to
direct investigation toward Asteraceae species for anti-mitotic activity. We found that
extracts prepared from species from the selected tribes had anti-mitotic activity against HT-
29 cells. Furthermore, the different mitotic spindle morphologies observed in the
Asteraceae plant extracts met our second objective by providing new mitotic arrest

phenotypes for our laboratory. These results suggest that the extracts have different
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molecular targets in the same cell line. These results lead to challenging questions about
which protein the extracts are interacting with to induce the mitotic arrests. We can use
information from the mitotic spindle morphologies to estimate the stage of mitotic arrest

and possible protein targets.
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Figure 22. Centrosomes in HT-29 cells treated with four Asteraceae plant extracts. Blue:
DAPI (DNA). Green: y-tubulin (centrosomes). Arrows indicate intense y-tubulin signal.
Scale bar: 20 um (A). Fluorescence intensity of y-tubulin measured over the area of one
cell. Each treatment was done in triplicate and shown are the mean and standard error of
the mean of 15 cells each. Measurements were normalized to cytoplasmic intensity and

highest intensity across all treatments (B).
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4.3 Testing transcriptomic analysis of treated cells as a method to characterize plant
extracts.

One of the limitations in evaluating prairie plants for chemicals with biological activity is
our capacity to observe changes in treated cells. Although the phenotypic approach was
successful in identifying anti-mitotic compounds, the majority of plant extracts that we
tested produced phenotypes that we were unable to measure or describe adequately. We
observed differences in the mitotic arrests induced by some prairie Asteraceae plant
extracts, revealed by differences in mitotic spindles in treated cells. We wondered which
technical approaches could be used to investigate extracts to give insight into potential
targets, including anti-mitotic activity. RNA sequencing technology has been used to
analyze the transcriptome in cells treated anti-mitotic microtubule interfering agents
(Gasic et al., 2019), and sesquiterpene-lactones, but has not been used to differentiate
mitotic arrests. This led us to design an experiment to test the technique of transcriptomics
as a method to detect differences in mitotic arrests. If successful, we would then consider

using the technique to characterize the analysis of all extracts.

We chose to investigate the effects of anti-mitotic chemicals upon cancer cell gene
expression, for the first time in our laboratory, by transcriptome sequencing. In designing
the experiments, we selected paclitaxel as a positive control because it is a well
characterized cancer drug that acts as a microtubule stabilizing agent and there were
publications describing transcript expression in treated cells. In addition, we were
competent in using it pharmacologically. We then selected parthenolide as a test chemical
because it is the best described sesquiterpene lactone, but with weak anti-mitotic activity
(Bosco & Golsteyn, 2017) isolated from the Asteraceae species Tanacetum parthenium.

Its anticancer potential has been investigated on several chemical and biological levels
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(Ghantous et al., 2013) but not yet by transcriptome wide analysis. Finally, we tested
pulchelloid A because it is an anti-mitotic sesquiterpene lactone from the Canadian prairie
Asteraceae species, G. aristata (Bosco et al., 2021). Potentially, this approach may be used
to investigate mitotic arrests induced by plant extracts and chemicals, providing

comprehensive information for potential gene and protein targets within the cell.

4.3.1 Mitotic arrest assessed using cell rounding assay prior to RNA extraction

Prior to RNA extraction we confirmed that cells treated with pulchelloid A (pulA) and
parthenolide (parth) were in mitotic arrest by calculating the percentage of rounded cells.
HT-29 cells that were treated with the vehicle, DMSO, served as our not treated (NT)
control group. Paclitaxel was applied at 100 nM for our positive control treatment group.
HT-29 cells were treated with parth at 20 uM, and pulA at 10 uM. After 16 hours of
treatment, we calculated the mean percentage of rounded cells for each treatment to confirm
whether the cells had entered mitosis or not. After 16 h NT cells had 4.1 + 0.4% rounded
cells (Figure 23), and cells treated with paclitaxel had 43.3 + 10.6% rounded cells. Parth-
treated cells had 10.1 = 1.6% rounded cells. Finally, pulA-treated cells had 38.6 + 17.9%
rounded cells. This result demonstrates differences in anti-mitotic activity between
parthenolide and pulchelloid A, although each are members of the sesquiterpene lactone

chemical class.
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Figure 23. Percentage of HT-29 cells that acquire rounded morphology when treated with
sesquiterpene lactones parthenolide and pulchelloid A. NT and paclitaxel 100 nM used as
negative and positive controls for cell rounding. Rounded cells were counted from light
microscopy photos taken 16 h post treatment. Scale bar: 100 um. Treatments that are
significantly different from other treatments are represented with a different letter (a and
b). Statistical significance determined via one-way ANOVA followed by Tukey’s post
hoc tests (p < 0.05). Data values represent means = SEM, n = 3.

4.3.2 Measuring quality of RNA from not-treated and treated cells
We collected total RNA from the cells after 16 h of treatment and analyzed the samples to

ensure that the quality sufficient for library construction. One sample for each treatment
was collected from two independent experiments for a total of two biological replicates.
We extracted 52 ng/uL and 211 ng/uL of high purity total RNA from the not-treated cells

(Table 5). All RNA samples had A260:A280 ratios higher than 1.8, indicating high purity
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of RNA to other nucleic acids. The samples listed in Table 5 were then used to generate

cDNA libraries.

Table 5. Concentration and purity of cleaned extracted RNA from HT-29 cells treated
with different chemicals. Minimum concentration and A260/A280 purity score required
for library construction are 15 ng/ul and > 1.8, respectively.

Sample Total RNA concentration (ng/pL) Purity Score (A260:A280)
031120-NT 52 1.8
111120-NT 211 1.9

111120-Paclitaxel 190 1.8
141120-Paclitaxel 137 1.9
111120-Parth 31 1.8
14.11.20-Parth 24 2.0
020321-PulA 100 2.0
141120-PulA 49 1.9

4.3.3 Validation of cDNA library construction prior to sequencing

After constructing the cDNA libraries, we obtained the average size distribution of the
libraries to ensure that they were suitable for gPCR analysis and sequencing. We confirmed
that long (>200 nucleotides) RNA libraries were constructed by analyzing each library with
an Agilent Bioanalyzer, which provides the average size of the library fragments in base
pairs, and produces a digital gel constructed from the absorbance readings of the samples.
The standard base-pair ladder and samples were loaded with cDNA markers that appear at
10380 bp and at 35 bp (Figure 24). Band sizes were compared to the bp sizes of the DNA
ladder, observed in lane 1 of Figure 24. For the cDNA libraries created from not—treated
cells, we observed dark, broad bands on the gel (lanes 2 and 3, Figure 24) and recorded
average sizes of 323 and 344 bp for the two replicates. The two paclitaxel cDNA libraries
produced broad signals at 200-300 bp on the gel in lanes 4 and 5 (Figure 24) and were of
267 and 175 bp average size. The cDNA libraries from the parthenolide group were lower
in concentration as shown by the faint bands around 250-300 bp, and the average size for

these libraries were 346 and 340 bp. When we analyzed the pulA cDNA libraries, we
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observed different intensity bands between the two lanes (Figure 24) but similar average
size distributions at 334 and 335 bp. The average size in bp was used with qPCR analysis

to determine the concentration of each library. The values are listed in Table 6.
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Figure 24. Digital gel image of cDNA libraries generated by Agilent Bioanalyzer.

Table 6. Average size and concentration of cDNA libraries used for RNA sequencing.

cDNA Library Average size (bp) Concentration (nM)
031120-NT 323 14
111120-NT 344 120
111120-Paclitaxel 267 8
141120-Paclitaxel 175 17
111120-Parth 346 29
141120-Parth 340 62
020321-PulA 334 171
141120-PulA 335 4
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4.3.4 Gene expression profiles differ between HT-29 cells treated with Paclitaxel and
sesquiterpene lactones

Following sequencing the cDNA libraries, each library was checked using sequencing
manufacturer quality controls, producing over 6000 Mbases of data and achieving
sufficient quality scores. We performed differential gene expression (DGE) analysis in
which the expression levels of transcripts in the treatment groups were compared to the
not-treated control group. We performed quality control checks to ensure that transcript
counts were sufficiently normalized, and to assess variability between treatment replicates
and treatment groups. After quality control metrics were checked, we analyzed the DGE
data to identify trends and specific genes of interest. To visualize these large datasets we
created volcano plots, which enable visualization of statistically significant changes in gene
expression. The transcript fold change values are transformed by logx to linearize
relationships and make the data symmetrical for presentation purposes. We plotted the
following values obtained from the DGE analysis: transcripts with adjusted p (padj) values

< 0.05 versus their magnitude of change (log2(fold change)).

There were fewer differentially expressed transcripts (DET) in HT-29 cells treated with
100 nM paclitaxel compared to cells treated with sesquiterpene lactones (Figure 25). After
sorting for padj values < 0.05, we found a total of 895 DET in paclitaxel-treated cells, of
which 409 were upregulated and 486 transcripts were downregulated. There were 717 and
1,040 transcripts upregulated and downregulated in parthenolide treated cells for a total of
1,757 DET. In HT-29 cells treated with pulA we found 2,212 total DET of which 1425
were upregulated and 787 were downregulated. In each treatment group we observed
clusters of under -20 logz(fold change) and over 20 logz(fold change) upregulated and

downregulated genes as represented by the red and green points in Figure 25. HT-29 cells
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treated with paclitaxel had 267 highly upregulated transcripts, and 258 that were highly
downregulated. We found 300 and 336 transcripts were highly upregulated and
downregulated, respectively in cells treated with parthenolide. Finally, we found 297 highly

upregulated transcripts and 225 highly downregulated transcripts in pulA-treated cells.

Using the red and green clustering of transcripts in Figure 25, we then found the gene
descriptions for the first ten transcripts with the greatest positive or negative fold changes.
These are listed as upregulated genes in Table 8 and downregulated genes in Table 9. The
most downregulated transcript in paclitaxel-treated cells was ribosomal protein L13A
(RPL13A). There were two centrosomal or microtubule related transcripts in the top ten
downregulated paclitaxel-treated cells. These were transcripts for CEP170B (centrosomal
protein 170B), and FLNB (filamin B). The most upregulated transcript in paclitaxel-treated
cells was ACTB (actin beta). For parthenolide-treated cells the most downregulated
transcript was for EIF2AK2 (eukaryotic translation initiation factor 2 alpha kinase 2). The
gene ALMS1 (Centrosome gene ALMSI1) was also one of the top ten downregulated
transcripts in parthenolide-treated cells. Gene OAS3 (2'-5'-oligoadenylate synthetase 3)
was the transcript with the highest fold change in parthenolide-treated cells. Additionally,
we also found MACF1 (microtubule actin crosslinking factor 1) in the top ten upregulated
transcripts in Parth-treated cells. In contrast, OAS3 (2'-5'-oligoadenylate synthetase 3
number 1) was the most downregulated transcript in pulA-treated cells. It was also noted
that AURKA (aurora kinase A) and MAP4 (microtubule associated protein 4) were in the

top ten upregulated genes for pulA-treated cells.
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Figure 25. Gene expression profiles in HT-29 cells treated with paclitaxel, parthenolide,
and pulchelloid A. DESeq?2 analysis revealed 895, 1,757, and 2,212 differentially
expressed genes in paclitaxel, parth, and pulA-treated cells, respectively (padj <0.05, n =
2) (A). Red points: highly downregulated transcripts. Green points: highly upregulated

transcripts.
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Table 7. The ten most downregulated transcripts (smallest log2(fold change)) in HT-29 cells treated with paclitaxel,
parthenolide, and pulchelloid A. Genes with a mitotic connection are shown in bold text.

Treatment Transcript ID Gene name Description Log2(Fold
Change)

Paclitaxel ENST00000621674 RPLI3A ribosomal protein L13a 28
ENST00000676710 EEF1A1 eukaryotic translation elongation factor 1 alpha 1 27

ENST00000368802 REV3L REV3 like, DNA directed polymerase zeta catalytic subunit 27

ENST00000355666 TTC3 tetratricopeptide repeat domain 3 27

ENST00000361059 MATR3 matrin 3 226

ENST00000375630 ATP11A ATPase phospholipid transporting 11A 26

ENST00000556508 CEP170B centrosomal protein 170B 226

ENST00000447540 CHD9 chromodomain helicase DNA binding protein 9 -26

ENST00000358537 FLNB filamin B 26

ENST00000545215 LDHA lactate dehydrogenase A 226

Parth ENST00000681507 EIF2AK?2 eukaryotic translation initiation factor 2 alpha kinase 2 -29
ENST00000677236 EEF1A1 eukaryotic translation elongation factor 1 alpha 1 228

ENST00000555002 SYNE2 spectrin repeat containing nuclear envelope protein 2 27

ENST00000620157 DDX6 DEADBox helicase 6 27

ENST00000484298 ALMSI1 ALMSI1 centrosome and basal body associated protein 27

ENST00000617571 INF2 inverted formin 2 27

ENST00000261833 CIT citron rho-interacting serine/threonine kinase 27

ENST00000537274 YAP1 Yesl associated transcriptional regulator 27

ENST00000274203 MYO10 myosin X 227

ENSTO00000508682 RACK1 receptor for activated C kinase 1 27

PulA ENST00000679354 OAS3 2'-5'-oligoadenylate synthetase 3 -29
ENST00000681507 EIF2AK2 eukaryotic translation initiation factor 2 alpha kinase 2 229

ENST00000676710 EEF1A1 eukaryotic translation elongation factor 1 alpha 1 28

ENST00000541182 ARFI1 ADP ribosylation factor 1 228

ENST00000396432 ARHGAP21 Rho GTPase activating protein 21 228

ENST00000274203 MYO10 myosin X 228

ENST00000545215 LDHA lactate dehydrogenase A 27

ENST00000530726 CD151 CD151 molecule (Raph blood group) 27

ENST00000677335 FKBP1A FKBP prolyl isomerase 1A 227

ENST00000620295 KIF1B kinesin family member 1B 27
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Table 8. The ten most highly upregulated transcripts (highest log2(fold change)) in HT-29 cells treated with paclitaxel,

parthenolide, and pulchelloid A. Genes with a mitotic connection are shown in bold text.

Treatment Transcript stable ID Gene name Gene description Log2(Fold
Change)

Paclitaxel ENST00000645576 ACTB actin beta 28
ENST00000679562 OAS3 2'-5'-oligoadenylate synthetase 3 28

ENSTO00000378215 HNRNPULI1 heterogeneous nuclear ribonucleoprotein U like 1 27

ENST00000678991 CTSEM cathepsin D 27

ENST00000272203 PLEKHAG6 pleckstrin homology domain containing A6 27

ENST00000262189 KMT2C lysine methyltransferase 2C 27

ENST00000233057 EIF2AK?2 eukaryotic translation initiation factor 2 alpha kinase 2 26

ENSTO00000679595 NOTCHI1 notch receptor 1 26

ENST00000504325 RACK1 receptor for activated C kinase 1 26

ENST00000645149 DYNCIH1 dynein cytoplasmic 1 heavy chain 1 26

Parth ENST00000679505 OAS3 2'-5'-oligoadenylate synthetase 3 28
ENST00000262189 KMT2C lysine methyltransferase 2C 28

ENSTO00000681516 EIF2AK2 eukaryotic translation initiation factor 2 alpha kinase 2 28

ENST00000531253 MYO18A myosin XVIIIA 27

ENST00000645878 CD151 CD151 molecule (Raph blood group) 27

ENST00000681030 P4HB prolyl 4-hydroxylase subunit beta 27

ENST00000372925 MACF1 microtubule actin crosslinking factor 1 27

ENST00000438362 CDSE1 cold shock domain containing E1 26

ENST00000682944 SACS sacsin molecular chaperone 26

ENST00000599846 ARHGEF1 Rho guanine nucleotide exchange factor 1 26

PulA ENST00000369530 CDSE1 cold shock domain containing E1 28
ENSTO00000371356 AURKA aurora kinase A 27

ENST00000341547 LMO7 LIM domain 7 27

ENST00000677720 KIF11 kinesin family member 11 27

ENSTO00000531253 MYOI18A myosin XVIITA 27

ENST00000395734 MAP4 microtubule associated protein 4 27

ENSTO00000678450 ANXA2 annexin A2 27

ENST00000233057 EIF2AK2 eukaryotic translation initiation factor 2 alpha kinase 2 26

ENST00000679562 OAS3 2'-5'-oligoadenylate synthetase 3 26

ENST00000262189 KMT2C lysine methyltransferase 2C 26
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4.3.5 Microtubule genes are downregulated in HT-29 cells treated with sesquiterpene
lactones

To understand better the biological implications of the entire transcriptomic changes, we
uploaded all the significantly (padj <0.05) DET to the Database for Annotation,
Visualization, and Integrated Discovery (DAVID). We used the functional annotation
cluster tool to find the biological processes most represented by transcripts in the datasets.
This tool provides a report for the dataset containing a list of genes involved in each term,
and their statistical values (Figure 27). The top two term clusters found in each gene ID
analysis are shown in Table 9. HT-29 cells treated with paclitaxel had downregulated
transcripts corresponding to cell-cell adhesion and microtubule/cytoskeleton biological
processes (Table 10), whereas cell-cell adhesion and RNA Binding were upregulated. The
top two downregulated processes for HT-29 cells treated with parthenolide were DNA
damage response/DNA repair and cell-cell adhesion, while nucleotide/ATP binding and
cell-cell adhesion were upregulated. We noted that microtubule related genes did appear as
a cluster in the downregulated genes of parthenolide-treated cells although microtubule
related genes were not in the top two clusters. PulA-treated cells had downregulated genes
involved in cell-cell adhesion and microtubule/microtubule binding related genes. Cells
treated with pulA had upregulated transcripts that corresponded to cell-cell adhesion and

mitochondria (Table 10).

Because we observed microtubule distortion in HT-29 cells treated with prairie Asteraceae
extracts, we were interested in the microtubule related genes affected by the sesquiterpene
lactones. We collected the gene lists of the microtubule related term clusters from the
DAVID analysis for each treatment and investigated them to find similarities and

differences in expression. These differences are observed in the Venn Diagram and
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heatmap of Figure 27. In total, paclitaxel-treated cells had 43 downregulated microtubule
related genes, parth-treated cells had 19, and pulA-treated cells had 26 (Figure 27A). Six
transcripts were found in all three treatment groups. There were two transcripts found in
both paclitaxel and Parth-treated groups, and one transcript shared between paclitaxel and
pulA-treated cells. Between parth and pulA treatment groups we found 3 downregulated
transcripts related to microtubule function. There were 34 microtubule transcripts only
found in paclitaxel-treated cells. We observed 8 microtubule related transcripts that were
unique to parth treated cells. We found 16 transcripts that were only found in pulA-treated

cells.

We then compared the expression profiles for each treatment using the list of compiled
microtubule related genes (Table 10) and found their magnitude of change. We found
highly downregulated (log2(fold change) < -20) microtubule related genes unique to each
treatment. These genes appear in the red clusters of Figure 25. In paclitaxel-treated cells
the microtubule genes highly downregulated are listed in Table 10 as genes with a logz(fold
change) < -20. Within Parth-treated cells we found the genes MACFland CCSAP were
highly downregulated. Finally, the genes KIF2C, MAPRE2, MX1, and BCL2L11 were

highly downregulated in pulA-treated cells.

In summary, our objective to detect differences in mitotic arrest with transcriptomic
analysis was met. We did observe variability between replicates as well as treatments,
although the DGE analysis was successful and sufficient to draw conclusions. The inclusion
of additional biological replicates would add additional support and further emphasize the
patterns of gene expression we observed. We observed differences in the overall number

of transcripts expressed, the most upregulated and downregulated genes, and specific
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microtubule gene expression. We observed differences in the microtubule genes expressed
in HT-29 cells treated with parth and pulA. These results suggest that the sesquiterpene

constituent structure of these chemicals contributes to their effect in the cell.
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Figure 26. Representative DAVID functional annotation clustering report.
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Table 9. Biological processes associated with differentially expressed genes in HT-29
cells treated with sesquiterpene lactones and paclitaxel. Gene expression in treated cells
was compared to the negative DMSO control. Processes included are the top two enrich
term clusters with adjusted p values <0.05 obtained from DAVID Functional Annotation

Clustering.
Treatment Downregulated Processes Upregulated Processes
Paclitaxel cell-cell adhesion cell-cell adhesion
microtubule/cytoskeleton RNA Binding
Parth DNA damage response/DNA repair nucleotide and ATP binding
cell-cell adhesion cell-cell adhesion
PulA cell-cell adhesion cell-cell adhesion
microtubule/microtubule binding mitochondrion
A Downregulated microtubule genes B

2 0 -2

43 Padlitaxel 19 Parth .
Z-score

(norm transcript counts)

Microtubule transcript counts

26 PulA

NT PulA Parth Paclitaxel

Figure 27. Venn diagram comparison of down-regulated microtubule genes differentially
expressed in HT-29 cells treated with paclitaxel, parthenolide (parth), and pulchelloid A
(pulA) (A). Heatmap comparison showing the microtubule gene transcripts that are
differentially expressed between treated and untreated HT-29 cells. NT cells used as
negative control. Rows represent transcript counts. Columns represent replicates. Red
corresponds to higher counts of transcripts (B).

95




Table 10. List of unique down-regulated microtubule genes in HT-29 cells treated for 16 h with paclitaxel, parthenolide

(parth), and pulchelloid A (pulA).

Treatment Transcript ID Gene Name Description Log2(Fol
d
Change)
Paclitaxel ENST00000325486 CEP57 centrosomal protein 57 -9
ENST00000674306 Hsp40 member C7/DNAJC7 Dnal heat shock protein family member C7 -9
ENST00000683227 ERCC6L2 ERCC excision repair 6 like 2 -10
ENST00000367295 NAV1 neuron navigator 1 -10
ENST00000468248 SPAG4 sperm associated antigen 4 -10
ENST00000503366 ANK3 ankyrin 3 -10
ENST00000202028 EPB41L1 erythrocyte membrane protein band 4.1 like 1 -10
ENST00000350537 PARD3 par-3 family cell polarity regulator -10
ENST00000260382 LRRC49 leucine rich repeat containing 49 -10
ENST00000505236 RELB RELB proto-oncogene, NF-kB subunit -11
ENST00000473257 ACTB actin beta -11
ENST00000428228 EMD emerin -11
ENST00000552521 TWF1 twinfilin actin binding protein 1 -11
ENST00000253811 DIAPH1 diaphanous related formin 1 -11
ENST00000265348 CUL7 cullin 7 -12
ENST00000397274 MYO9B myosin IXB -13
ENST00000354558 CKAPS cytoskeleton associated protein 5 -23
ENST00000543033 TAOK2 TAO kinase 2 -24
ENST00000564258 ZFYVE19 zinc finger FYVE-type containing 19 -24
ENST00000449803 SEPT9 septin 9 -24
ENST00000347230 ZFYVE26 zinc finger FY VE-type containing 26 -24
ENST00000243344 TTC21B tetratricopeptide repeat domain 21B -24
ENSTO00000356413 CD79A binding protein 1IGBP1 immunoglobulin binding protein 1 -24
ENST00000676512 ZFYVE26 zinc finger FY VE-type containing 26 -24
ENST00000441708 CTNNBI1 catenin beta 1 -24
ENST00000366543 CEP170 centrosomal protein 170 -24
ENST00000683184 TBCD tubulin folding cofactor D -24
ENST00000243706 HAUS3 HAUS augmin like complex subunit 3 -24
ENST00000401393 INOSO INOS80 complex subunit -25
ENST00000572105 ACTG1 actin gamma 1 -25
ENST00000427191 PTPN13 protein tyrosine phosphatase, non-receptor type 13 -25
ENSTO00000681435 TUBB tubulin beta class | -26
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ENST00000407971 SEPT2 septin 2 -26
ENST00000358537 FLNB filamin B -26
ENST00000556508 CEP170B centrosomal protein 170B -26
Parth ENST00000268699 GASS8 growth arrest specific 8 -5
ENST00000551264 KIF21A kinesin family member 21A -10
ENST00000682079 MAP2 microtubule associated protein 2 -10
ENST00000455394 KIF3C kinesin family member 3C -10
ENST00000681114 TUBGI tubulin gamma 1 -10
ENST00000585746 TBCB tubulin folding cofactor B -10
ENST00000361689 MACF1 Microtubule Actin crosslinking factor 1 -25
ENST00000284617 CCSAP centriole, cilia and spindle associated protein -25
PulA ENST00000581888 RASSF5 Ras association domain family member 5 -3
ENST00000012443 PPP5C protein phosphatase 5 catalytic subunit -4
ENST00000539410 GAS2L3 growth arrest specific 2 like 3 -4
ENST00000313695 ARHGEF2 Rho/Rac guanine nucleotide exchange factor 2 -4
ENST00000372814 ODF2 outer dense fiber of sperm tails 2 -5
ENST00000263710 CLASP1 cytoplasmic linker associated protein 1 -5
ENST00000684063 KIF9 kinesin family member 9 -6
ENSTO00000547905 RACGAPI1 Rac GTPase activating protein 1 -8
ENST00000449570 0GG1 8-oxoguanine DNA glycosylase -10
ENST00000435611 MX2 MX dynamin like GTPase 2 -10
ENST00000620862 BCL2L11 BCL2 like 11 -10
ENSTO00000336838 CCDCB88A coiled-coil domain containing 88A -10
ENST00000403245 CEP162 centrosomal protein 162 -11
ENST00000372217 KIF2C kinesin family member 2C -24
ENST00000413393 MAPRE2 microtubule associated protein RP/EB family member 2 -24
ENST00000680942 MX1 MX dynamin like GTPase 1 -24
ENST00000622612 BCL2L11 BCL2 like 11 -25
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CHAPTER 5

Discussion

The continuation of life depends on the faithful replication and division of genetic material
during mitosis. Mitotic errors can result in various chromosomal abnormalities that have
implications for embryogenesis, immune response, and development of diseases like cancer
(Storchova, 2021). The events of mitosis have been studied using cell biology,
biochemistry, and genomic approaches, but the entire scope of involved proteins and their
interactions is not well understood. The technique of chemical biology using small
molecules to manipulate and study biological systems, can also be used to study mitosis.
With the discovery of chemicals that arrest cells in mitosis the role of various proteins may
be revealed during this crucial phase of the cell cycle. We approach the protein interaction
knowledge gap by isolating chemicals from plants and testing whether they act as anti-
mitotic agents. These chemicals may be used in future chemical biology studies to develop
a more complete understanding of protein interactions during mitosis. They may also
become valuable medicines (Newman & Cragg, 2020). We hypothesize that treating cancer
cells with different anti-mitotic chemicals results in different mitotic arrests. In this project
we used two approaches to explore different mitotic arrests: cell biology and

transcriptomics.

This project was the first in our laboratory to use taxonomic and phylogenetic information
to target a species and test it for anti-mitotic activity. It was also the first project in the
laboratory to test whether mitotic arrests could be distinguished by transcriptomic analysis.

At the beginning of my project, research by my laboratory and others had reported anti-
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mitotic activity in extracts isolated from species of the Asteraceae family. Two
sesquiterpene lactones with anti-mitotic activity have been isolated from Canadian
members of the Asteraceae plant family: pulchelloid A from Gaillardia aristata and
hymenoratin from Hymenoxys richardsonii (Bosco et al., 2021; Molina et al., 2021b).
These observations led us to ask what is the range of inhibitors that are harboured within
Canadian Prairie species, and do they have the same or different targets? Are the
morphological observations of mitotic arrests within treated cells indicative of chemicals
interacting through striking precision with a number of distinct yet related targets? We can
begin to answer these questions by investigating the connection between phylogeny and
chemical diversity within the Asteraceae plant family. Our project addresses phylogeny by
incorporating Asteraceae members from several tribes and species from the Canadian
prairie ecological zone. Our hypothesis is that the phylogenetic diversity within the
Asteraceae family is reflected in the biological activity of the chemicals within. Here we
use phylogenetic information to direct investigation towards sources of such chemical
diversity and use cell biology techniques to evaluate this hypothesis. The goal of our
investigation of anti-mitotic activity within Asteraceae plant extracts may provide new

sources of anti-mitotic chemicals.

There are many methods available to explore the effects of anti-mitotic chemicals. We
know morphological analysis can provide an indication of mitotic arrest; however, there
may be more than one protein target that was inhibited and causing this outcome. A
different approach such as using transcriptomic analysis may allow one to detect cellular

responses that are not visible by other methods. Recently this approach been used to
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determine pathways and protein interactions affected by treatment with an anti-mitotic
sesquiterpene lactone (Hegazy et al., 2021). In this project we tested whether transcriptomic
analysis could be used as a technique to detect differences in mitotic arrests, in support of
our hypothesis that there may be different proteins that are inhibited by anti-mitotic
chemicals. By combining cell biology and transcriptomic approaches we are more likely to
evaluate the range of mitotic arrests induced by Asteraceae extracts and anti-mitotic
chemicals.

5.1 Comparison of four Asteraceae extracts anti-mitotic activity

To understand better the range of anti-mitotic chemicals within the Asteraceae family, we
tested and compared extracts prepared from the Canadian species Ratibida columnifera
(tribe Heliantheae), Armica fulgens (tribe Madieae), Hymenopappus filifollius (tribe
Bahieae (Figure 2)). These species were located within the prairie ecological zone of
southern Alberta. We predicted to observe different anti-mitotic arrests in these selected
species because the distantly related species G. aristata and A. cordifolia demonstrated
different anti-mitotic activities (Molina, 2018). Chemical similarity can be found between
closely related species, as demonstrated by Scotti et al. (2012) who analyzed 1,111
sesquiterpene lactones from 658 Asteraceae species. They found similarities in the degree
of oxidation (number of oxidations divided by the number of carbons), and the atom types

within the sesquiterpene lactones from Heliantheae and Helenieae tribes.

Consideration of phylogeny has proven to be a valuable approach for finding species with
specific biological activities (Saslis-Lagoudakis et al., 2012). The isolation of paclitaxel

from Taxus brevifolia motivated investigation of the related species Taxus baccata and led
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to the discovery of docetaxel (Goodman, 2001; Molina et al., 2021a). The presence of cell
rounding in morphology assays showed that 4. fulgens and R. columnifera extracts were
anti-mitotic and this was further supported by PH3 percentages. In contrast, H. filifolius did
not show clear cell rounding activity, although a trend was detected. Despite being arrested
in a common cell cycle phase, mitosis, we observed differences in the mitotic spindle
distortions in cells treated with specific extracts. Our data provide evidence that these
species may be sources of different chemicals that lend to cytotoxic and anti-mitotic activity

against human cancer cells.

A weakness of phenotypic assays is that there may be many chemicals within the extract
competing for molecular targets, and only the strongest of possibly many activities are
visible. While an increase in the percentage of rounded cells was observed with increasing
concentrations of H. filifolius extracts, this phenomenon was overwhelmed by another
activity producing a cytotoxic effect. We did observe distorted spindles in cells arrested in
mitosis by H. filfolius, indicating the presence of chemicals that interact with microtubule
proteins. It is possible that the chemical or chemicals responsible for cell rounding and
microtubule distortion in the H. filifloius extracts are not as prominent in either quantity or
reactivity as those affecting cell death pathways. Plant extracts contain a plethora of
chemicals that may affect cells synergistically or individually. At least 66 chemicals have
been isolated from Tanacetum parthenium L. the plant source of parthenolide (Pareek et
al., 2011). Using biology-guided fractionation to isolate the anti-mitotic fraction of the H.

filifolius extract may lead to the identification of the responsible chemical(s) within.
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We hypothesized that the mitotic arrests induced by different Asteraceae plant extracts
would be different from each other. Indeed, by comparing the anti-mitotic activities of
extracts to G. aristata and A. cordifolia extracts we obtained data that support our
hypothesis. Different Asteraceae extracts produced different positive PH3 indices, as well
as different types of spindle distortions. There are multiple ways to interpret different types
of mitotic arrests. One interpretation for differences in the number of PH3 positive cells is
that the arrest may be due to the concentration of one chemical. For example, the mitotic
index decreases when lower concentrations of nocodazole are applied to cells (Matsui et
al., 2012), because there is less chemical available to bind to a-tubulin. Differences in
mitotic spindle morphologies present a challenge to interpret because the distortions may
be due to the type of chemical(s) present in addition to their concentration. We observed
multi-polar spindles, bipolar distorted spindles, and distorted spindles with no observable
spindle poles in HT-29 cells treated with Asteraceae plant extracts. The differences in
mitotic spindle morphologies likely indicate different protein targets. We can interpret
these observations as the interaction between different chemicals and mitotic spindle

proteins.

Distortions to the mitotic spindle are challenging to measure because there is no common
scientific vocabulary to describe all distortions, the distorted shapes might be a continuum
rather than discrete steps, and there are few prior examples of such observations. To address
this, we investigated a critical and simple component of the spindle: centrosomes. They are
microtubule organizing centers composed of y-tubulin that can be labeled with

immunofluorescent anti-bodies (Schatten, 2008). This approach provided a different view
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of the mitotic spindle and a measure of differences in mitotic arrest. We observed three
centrosomes in cells treated with 4. fulgens extract PP-1050B and observed centrosomes
with disorganized y-tubulin in PP-006 (G. aristata) treated cells. These results suggest that
these extracts contain different chemicals with different protein targets. Chemicals within
A. fulgens extract PP-1050B may inhibit the function of proteins that modulate centriole
duplication, whereas extract PP-006 may inhibit those that function in fy-tubulin
localization. In each case however, the mitotic spindle is distorted. The y-tubulin intensity
plots demonstrated that the Asteraceae species we selected may be used as new sources of

different anti-mitotic chemicals; some which distort microtubules and centrosomes.

Four natural products have been identified that overamplify the centriole number in human
cells (Graciotti et al., 2016). Although no sesquiterpenes have yet been found to impact
centriole number, sesquiterpene lactones calein-C and dehydrocostus lactone have been
found to downregulate the expression of PLK-1, a polo-like kinase that regulates the
separation of centriole pairs from the procentriole during mitosis (Caldas et al., 2018; Yang
etal., 2021). In PP-006 treated cells we observed a different centrosome morphology shown
by y-tubulin filaments extending towards the center of the cell. Filamentous fibers called
y-tubules, composed of pericentrin and y-tubulin complex proteins, have been observed in
human and mouse cell lines during the G1 phase of the cell cycle (Lindstrom & Alvarado-
Kristensson, 2018). Based on the filaments and three gamma tubulin peaks we observed,
Asteraceae extracts from 4. fulgens and G. aristata disrupt the normal y-tubulin framework.
The analysis y-tubulin of is not widely used to study the action of anti-mitotic natural

products. In addition to Graciotti et al. (2016), we found four previous studies that used -
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tubulin staining to investigate mitotic arrest induced by a natural product (Bennett et al.,
2012; Lee & Shyur, 2012; Rebacz et al., 2007; Yuan et al., 2011). One study investigating
the effects of the sesquiterpene lactone deoxyelephantopin, with two normal centrosomes
observed (Lee & Shyur, 2012). This and our data demonstrate that activity against
centrosomes is specific to only certain sesquiterpene lactones. We believe this technique
should be applied to all investigations about natural products that induce mitotic arrest

because it appears to help distinguish how cells might be arrested.

Members of the Asteraceae family are a rich source of sesquiterpene lactones produced as
special metabolites that function as defence or signaling compounds (Wink, 2003).
Different anti-mitotic sesquiterpene lactones from the Asteraceae plant family induce
mitotic arrest but have differences in their biological activity. For example, parthenolide
isolated from Tanacetum parthenium, stimulates tubulin assembly and promotes the
formation of microtubule filaments in breast cancer cells (Miglietta et al., 2004). A recent
study by Hotta et al. (2021) found that parthenolide forms adducts on cysteine and histidine
residues on o-tubulin to block detyrosination, resulting in distorted microtubules and
mitotic spindles in HeLa cells. There are also sesquiterpene lactones that arrest cells in
mitosis but not through tubulin interactions. A sesquiterpene lactone isolated from R.
columnifera  (9alpha-hydroxy-seco-ratiferolide-5alpha-O-(2-methylbutyrate)  induced
G2/M  arrest in  p53 mutant cells but did not influence tubulin
polymerization/depolymerization (Cui et al., 1999). Our data support the likelihood that
different Asteraceae species contain different sesquiterpene lactones that are responsible

for the various biological activities in these extracts.
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One explanation for the various anti-mitotic activities we observed is that sesquiterpene
lactones from Asteraceae plant extracts may inhibit members of the ubiquitin-proteasome
system. E3 ubiquitin ligases are protein complexes that polyubiquitinate proteins to mark
them for proteasomal degradation (Cardozo & Pagano, 2004). The activity of E3 ligases is
required for cell cycle progression. The transition from mitosis to G1 is regulated by the
APC/C, an E3 ubiquitin-proteasome complex that promotes anaphase progression and
polyubiquitinates mitosis specific proteins leading to their degradation (Cardozo & Pagano,
2004). In addition to the progression out of mitosis, protein degradation by E3 ubiquitin-
ligases has been connected to centriole duplication (Badarudeen et al., 2021). Activity
based profiling experiments have shown that there are 211 E3 ligases with 562 cysteines
that could be modified by small molecules like sesquiterpene lactones (Kiely-Collins et al.,
2021). Sesquiterpene lactones react with cysteines by Michael-type addition by their a-
methylene-y-butyrolactone moiety, and it has been shown that this moiety is required for
their reactivity (Jackson et al., 2017). Within one molecule different moieties can act as
recognition groups while others mediate reactions that promote ligand binding. A study by
Wang et al. (2021) investigated competitive peptide bonding between the chemicals
parthenolide, which contains a Michael acceptor moiety, and orlistat, which contains a f3-
lactone, and a probe labeled a-methylene-B-lactone which contains both moieties (Figure
28). It was found that using different recognizing groups affected the overall number of
peptides and specific selection of proteins targets for chemical probes (Wang et al., 2021).

These data lead us to think that while the lactone moiety forms covalent bonds, the non-
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lactone component of sesquiterpene lactones contributes to which specific E3 ligases these

chemicals form complexes with.

Interaction between sesquiterpene lactones and E3 ligases could occur by one of two
mechanisms. One is that sesquiterpene lactones bind to E3 ligase itself to inhibit enzyme
specificity. There is evidence that sesquiterpene lactones and other natural products inhibit
the activity of ubiquitin-ligases. 6-O-Angeloylplenolin an Asteraceae sesquiterpene lactone
inhibits a component of an E3 ligase, Skp1-Cullin-F-box containing (SCF) complex (Liu
et al., 2015). Small molecules, including the natural product nimbolide, interact with
cysteine residues to bind to E3 ligases and inhibit ubiquitination and degradation of target
proteins (Kiely-Collins et al., 2021). Given the high sesquiterpene lactone content of
Asteraceae species and the variety of biological affects we observed, extracts may be
interacting with a protein regulator like ubiquitin-ligases rather than one specific protein.
Not all sesquiterpene-lactones are anti-mitotic, suggesting that the non-lactone component
may be the determinant for this biological activity. The Michael addition reaction is likely
required for anti-mitotic activity, as shown by the activity of ent-15-oxokaurenoic acid
which contains a Michael acceptor, is not a sesquiterpene lactone, and has anti-mitotic
activity (Rundle et al., 2006). The different mitotic arrests we observed could be due to
aberrant protein degradation by E3 ligase instead of a direct protein interaction. This could
be tested by performing biology guided fractionation to isolate the responsible
sesquiterpene lactones, and then performing an experiment like with biotinylated-ubiquitin
probe to identify proteins that are not targeted for degradation (Min et al., 2014). To test if

sesquiterpene lactones interact directly with E3 ligases, one could perform western blotting
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with antibodies specific to the ligase subunits, such as the Cdc20 subunit of the APC/C E3

ligase (Sackton et al., 2014).

Mitotic cycle progressions are driven by degradation of E3 ligase substrates. Therefore,
different mitotic arrests may be induced by inhibiting the function of different E3 ligases,
or different forms of E3 ligases. The ubiquitin ligases form complexes with different
substrate specific adaptors (Cdc20 and Cdhl) that control what substrates it degrades at
different points in mitosis (Cardozo & Pagano, 2004). APC/C-Cdc20 targets securin for
degradation to promote anaphase (Dang et al., 2021) while and APC/C-Cdhl targets Aurora
A and B for degradation after anaphase to promote telophase progression (Toda et al.,
2012). In addition to the APC/C, there are other E3 ligases that contribute to mitotic
progression as well. For example, inhibiting the function of SCF ubiquitin ligase would
result in Emil not being degraded and cells would arrest in prophase. However if inhibited
Cul3 was inhibited, one could have an anaphase arrest due to failed Aurora B degradation
(Sumara et al., 2008). To date there are very few inhibitors described that demonstrate

specific E3 ligase inhibition.

It became apparent from our results that there could be many possible proteins to react with
in the cell for the anti-mitotic chemicals within the extracts. Mitotic spindle assembly and
centrosome dynamics are regulated by hundreds of proteins (Petry, 2016). For this reason,
we chose to test a new technique in our laboratory to differentiate mitotic arrests in human
cancer cells. Transcriptomic analysis can provide valuable information for specific genes

that are affected by treatment with anti-mitotic chemicals (Gasic et al., 2019). We therefore
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tested the ability to find differences in mitotic arrests using two sesquiterpene lactones, and

paclitaxel to understand mitotic arrest.
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Figure 28. Comparison of chemicals with different reactive moieties investigated by
Wang et al. (2021). 1) Michael acceptor moiety highlighted in blue on parthenolide, 2) -
lactone moiety highlighted red on orlistat, 3) a-methylene-B-lactone moiety containing a

combination of both groups on an alkyne labeled probe. Black moieties are recognition
groups which facilitate complex formation between protein and chemical.

5.2 Transcriptomic analysis reveals differences in mitotic arrests in HT-29 cells
treated with anti-mitotic chemicals

The challenge to interpret how cells are affected by treatments with plant extracts prompted
us to investigate transcriptomic analysis as a method of detecting differences in mitotic
arrest in human cancer cells. This was the first time in the laboratory that mitotic arrest was
evaluated by analyzing the entire transcriptome of treated human cancer cells, and there
were few examples of this approach described in the literature (Gangapuram et al., 2021;
Hegazy et al., 2021; Long et al., 2020; Wu et al., 2018). We chose the chemicals paclitaxel,
parthenolide (parth), and pulchelloid A (pulA). Paclitaxel is a widely used and well
characterized cancer drug, whereas parth and pulA are anti-mitotic sesquiterpene lactones
that differ in mitotic activity, structure, and species source (Bosco et al., 2021; Miglietta et

al., 2004). Since several anti-mitotic chemicals interfere with the mitotic spindle,
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expression of genes associated with its function may provide insight into different mitotic

arrests.

The strength of transcriptomic analysis is that it can reveal chemical interactions that are
not visible by morphological assays. While we found microtubule related processes
downregulated in each treatment, we also found other process were affected after treatment
with anti-mitotic chemicals, such as expression of genes involved in cell-cell adhesion.
These proteins promote adhesion between cells and between cells to extracellular matrix,
and mediate cell signaling, organization of the cytoskeleton, and gene expression
(Janiszewska et al., 2020). Three studies have investigated sesquiterpene lactones and the
mechanisms by which they affect cell adhesion. Deoxyelephantopin disrupts focal
adhesions by inhibiting the catalytic activity of m-calpain activity, a cysteine protease that
cleaves cell adhesion proteins to regulate cell migration and invasion (Lee & Shyur, 2012).
Sesquiterpenes parthenolide, costunolide, dehydrocostus lactone, and antrocin
inhibitFAK1 (focal adhesion kinase 1) (Berdan et al., 2019; Chiu et al., 2016). We found
expression of two cell-cell adhesion genes that have not been associated with sesquiterpene
lactones within the transcriptomes of parth and pulA-treated cells. Our results showed that
LIM domain 7 expression was upregulated by 4.7-fold in pulA-treated cells. This
transcriptional regulator binds to cell-cell adhesion proteins and has been shown to interact
with SAC (spindle assembly checkpoint) protein MADI1 to contribute to mitotic
progression (Tzeng et al., 2018). The MYO10 gene produces the protein myosin-X which
binds with one domain to F-actin to contribute to cell-cell adhesion, and binds to

microtubules through a separate domain, to regulate spindle assembly and function during

109



mitosis (Chan et al., 2014). Direct binding of MYO10 to microtubules promotes proper
spindle positioning (Tokuo, 2020). Our results connect anti-mitotic sesquiterpene lactones

to proteins involved in both cell-cell adhesion processes and mitotic spindle function.

Transcriptomic analysis has been used to investigate microtubule dynamics in cells, with a
focus on tubulin, a main microtubule constituent. Recently, this technique has been used to
investigate tubulin gene expression changes in response to treatment with microtubule
interfering agents. Gasic et al. (2019) found that tubulin genes are upregulated during
interphase in response to microtubule stabilizers and are downregulated as a response to
destabilizing agents. Our data showed differences in the tubulin genes expressed between
paclitaxel and sesquiterpene lactone treated cells. We found unique tubulin genes
downregulated in paclitaxel (TBCB; -4.6 fold change, TUBB; -4.7 fold change) and parth
treated cells (TUBGI; -10 fold change), but not in pulA-treated cells. This trend of
downregulated tubulin genes is different from the findings of (Gasic et al., 2019) where
paclitaxel treatment induced upregulation of tubulin genes in RPE1 hTert cells. A main
difference between our study and Gasic et al. (2019) is that they were investigating
microtubule dynamics during interphase, and specifically avoided mitotic arrest. The
tubulin polymers composing microtubules are dynamic structures that grow and shorten
differently throughout the cell cycle to perform their functions (Singh et al., 2008). Our
results together with Gasic et al. (2019) suggest that anti-mitotic chemicals may have

different effects on tubulin gene expression during different cell cycle phases.

Our data validate the findings of other transcriptomic analysis studies that show that

microtubule processes are deregulated by anti-mitotic chemicals. By analyzing the
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transcriptome of esophageal cancer cells Wu et al. (2018) found the processes of cell
adhesion was upregulated in paclitaxel resistant cells. We found that the process of cell
adhesion was both upregulated and downregulated in paclitaxel treated cells. In addition to
cell adhesion, transcription factor genes have been linked to paclitaxel response. Analysis
of DEGs in paclitaxel resistant A2780 ovarian cancer cells showed upregulated (fold
change > 4) genes involved in processes of cell adhesion, TNF signaling, NFKB1 signaling
(Szenajch et al., 2020). In contrast, we found expression of transcription factor RELB, an
oncogenic NF«kP family member was downregulated by 3.5-fold in paclitaxel treated cells.
This may be due to differences in resistant and sensitive cells, which can display opposite
expression patterns. TUBB and MAPs genes are upregulated by 1.4-fold and 0.6 to 4-fold,
respectively, in paclitaxel resistant esophageal cancer cell lines and downregulated in
sensitive cells (Wu et al., 2018). Other genes in our results validate the findings of groups
such as (Long et al., 2020) who found that paclitaxel treatment decreased the amount of
LDHA mRNA in glioma cells. Other studies also found that microtubule genes involved in
sister chromatid segregation, kinetochore attachment, and transport pathways were

differentially expressed as well (Galletti et al., 2020; Gangapuram et al., 2021).

One transcriptomic study with a sesquiterpene lactone has been conducted. 2a-
hydroxyalantolactone induces mitotic arrest and causes differential expression of mitotic
microtubule genes DYNLL1 (dynein light chain LC8-type 1) by 2.2-fold, and INCENP
(inner centromere protein) by -2.0-fold in leukemia cancer cells (Hegazy et al., 2021). We
did not find those genes downregulated within our microtubule related gene set, rather we

found mitotic microtubule genes were both upregulated and downregulated after treatment
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with anti-mitotic chemicals (Table 11). Our results highlight that although reports of the
effect of anti-mitotic chemicals on microtubule processes are present in the literature, more
comprehensive studies reporting specific genes need to be conducted to make comparisons
more effective. Our findings suggest that transcriptomics analyses should be used more
specifically as a technique to differentiate mitotic arrests by expression of specific

microtubule genes.
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Table 11. Mitotic microtubule related genes that were affected by treatment with anti-
mitotic chemicals in HT-29 cancer cells.

Fold Change Treatment and
Gene Function in mitosis response
RACK1 4.7 Centrosome
Paclitaxel; upregulated
DYNCIHI1 4.7 Spindle positioning
CEP170B 4.7 Microtubule assembly
TAOKI1 4.6 Spindle positioning
SEPT9 4.6 Cytokinesis
TBCD 46 Tubulin folding doz;‘;rﬁetgal’l‘f;ée .
HAUS3 4.6 Cytokinesis
TUBB 4.7 Microtubule formation
PTPN13 4.6 Cytokinesis
KIF3C 33 Microtubule motor protein
MAP2 33 Microtubule stabilization
cesap i Microtubulses;tar};isli)tr}lfl,ea;ssociates at Parth: downregulated
TBCB 33 Tubulin folding
TUBGI 33 Microtubule nucleation
AURKA 4.8 Centrosome
MAP4 4.7 Spindle forces PulA; upregulated
KIF11 4.7 Bi-polar spindle formation
GAS2L3 2.0 Cytokinesis
ODF2 23 Centriole
CLASP1 2.3 Centrosomes
RACGAP1 3.0 Cytokinesis PulA; downregulated
CEP162 3.5 Centrosome separation
KIF2C 4.6 Depolymerization of MT at plus end
MAPRE21 4.6 Mitosis entry and progression
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5.3 Possible explanations for different mitotic arrests induced by anti-mitotic
chemicals

Our results indicate that transcriptomic analysis provides a method for finding differences
in mitotic arrests. There are still questions that remain to be answered such as: how do anti-
mitotic chemicals regulate the expression of microtubule genes? One possibility is that they
interact with transcription factor proteins to alter the expression of their target genes. Such
as the FOXMI1 transcription factor that controls KIF20A expression and mediates paclitaxel
resistance in cancer (Khongkow et al., 2016). Sesquiterpene lactones are known to inhibit
transcription factor NF-kf by alkylating cysteine residues in the DNA binding loop and the
E' region to inhibit interaction with DNA (Rungeler et al., 1999). It is possible that the
downregulation we observed in our study may be due to an upstream inhibition at the
protein level of another transcription factor. Our study is limited in that we examined only
the top ten upregulated and downregulated transcripts and microtubule function genes,
when downregulated transcription factors may be present in the data elsewhere. This could
be explored with bioinformatics programs like NetworkAnalyst (Zhou et al., 2019) which

may reveal connections between transcripts.

Within the differentially expressed microtubule genes, we observed some E3 ligase protein
targets were differentially expressed after cells were treated with pulA. PulA may be
interacting with proteins in such a way that polyubiquitination is inhibited rather than the
entire function of the APC/C. Our transcriptomic data provides support for this level of
interaction, as we saw downregulation of some genes that correspond to proteins that Min
et al. (2014) found are targeted by the APC/C at mitotic exit (MAP4, KIF2C, BCL2L11

and RACGAP1), and increased expression of others (KIF11 and AURKA). Interaction with
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different targets of the APC/C by different sesquiterpene lactones may account for
differences in mitotic microtubule gene expression. This supports our above-mentioned
hypothesis that sesquiterpene lactones interact with components of the ubiquitin-

proteasome system.

Transcriptomic analysis is useful as tool to discover genes that influence drug resistance
(Dienstmann et al., 2017) but a gap can remain between how the drugs interact with proteins
to have this outcome. Although our findings agree with the findings of other groups in
terms of the overall biological processes and several specific genes, we observed an
assortment of disconnected mitotic microtubule genes in each treatment, rather than one
pathway or genes relating to one spindle protein family. On their own, genes in the
transcriptomic data may seem disconnected, but using it in combination with other protein
analysis techniques can be a powerful tool for discovery. An analysis performed by
Stockwell et al. (2012) used a Connectivity Map approach to compare the transcript
expression profiles of small molecule CCT020312 and pharmacological agents. They
observed similarity between the expression profiles of CCT020312 and thioridazine and
15-delta prostaglandin J2. These similarities led them to investigate the small molecules
effect on HSP90, PI3 kinase, and EIF2AK3 using western blotting. They discovered that
CCT020312 activates EIF2AK3/PERK signaling pathways to arrest cells in G1/S. The
results of our transcriptomic analysis may be compared with future proteomic analyses to

elucidate the mechanism of action for pulA.
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5.4 Future Directions

Future research with the Asteraceae extracts we examined could involve biology-guided
fractionation to isolate the anti-mitotic chemicals, to determine if the anti-mitotic chemicals
are indeed, as we suspect, sesquiterpene lactones. Furthermore, extracts from H. filfolius
could be fractionated to separate cell rounding activity from cytotoxicity by separating the
active chemicals. It will also be vital to study the affects of these extracts in non-cancerous
human cell lines to test their selectivity against cancer cells. Subsequent studies with pul A
should work towards functionally validating the downregulated genes we observed with
qPCR and western blotting. These approaches would evaluate if the downregulations we
observed are restricted to transcription or if the activity of corresponding proteins is
affected. An approach that would provide insight to the E3 ligase hypothesis would be an
experiment with biotinylated ubiquitin to find which proteins are being targeted for
degradation and those that are not, an approach Min et al. (2014) used. Another approach
to investigate interaction between proteins and anti-mitotic sesquiterpene lactones would
be activity-based-profiling with click chemistry. In this technique an alkyne probe is
attached to the small molecule of interest, and after reacting with proteins a fluorophore or
affinity label is attached to the probe by a CuAAC (copper (I)-catalyzed azide-alkyne

cycloaddition) reaction allowing visualization and identification of proteins.

Increasing the number of available anti-mitotic chemicals may prove valuable in future
cancer treatments and cell division research. For this reason, Canadian Asteraceae species

should continue to be investigated for their potential as sources of anti-mitotic chemicals.
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