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A B S T R A C T

We are investigating plants from the prairie ecological zone of Canada to identify natural products that inhibit 
mitosis in cancer cells. Extracts prepared from the Canadian prairie plant species Pulsatilla nuttalliana (Ranun
culaceae) exhibited anti-mitotic activity on human cancer cell lines. P. nuttalliana-treated cells acquired a 
rounded morphology and were positive for phospho-histone H3, a mitotic protein. Further investigation revealed 
that some arrested cells displayed mitotic spindles, whereas others lacked detectable spindles. Fractionation of 
the extract prepared from plant stems revealed two distinct anti-mitotic activities, each of which exhibited 
different effects on spindle organization. Using biology-guided fractionation, we isolated one of the anti-mitotic 
compounds as the natural product anemonin and are the first to report its anti-mitotic activity. In addition, this is 
the first report of two distinct anti-mitotic activities in one botanical species and contributes to a growing body of 
evidence that select Canadian prairie plants have a range of anti-mitotic activities.

1. Introduction

The investigation of natural products contributes to the advancement 
of new chemical compounds for treating diseases such as cancer. We are 
investigating natural products from Canadian botanical species that 
interfere with the cell division cycle in human cells. A classic example is 
paclitaxel, a taxane compound isolated from Taxus brevifolia, which 
binds to tubulin resulting in the arrest of cells in mitosis [1,2]. The study 
of paclitaxel, also known as Taxol®, has provided detailed information 
about tubulin function and it has become one of the most widely used 
chemotherapeutic drugs to treat cancer [3–5]. Despite such discoveries, 
the potential of natural products from botanicals in Canadian ecological 
zones as scientific tools or medicines remains underexplored [6,7].

An important element in the discovery of natural product inhibitors 
is the choice of sources from which to find such compounds [8]. We 
focus on investigating plant species from the prairie ecological zone in 
Canada because these plants grow under conditions that promote the 

production of secondary metabolites [7,9,10]. The combination of biotic 
conditions, such as herbivory, and abiotic conditions, such as extreme 
temperature ranges, may contribute to the production of either abun
dant or novel secondary metabolites [11,12]. In the province of Alberta, 
Canada, which harbours prairie and montane ecological zones, 1636 
vascular plant species from 123 botanical families have been catalogued 
[13]. The secondary metabolite activities of many of these plant species 
are unknown, presenting an avenue for further exploration.

The second component of identifying natural product inhibitors is 
the bio-assay. We utilized phenotypic assays, which favour the discovery 
of novel inhibitory activities because an entire biochemical pathway can 
be tested at once [14,15]. This complements assays using purified sys
tems, such as protein kinases, for which the precise target is known [16, 
17]. We developed a cell-based assay for the detection of mitosis in 
HT-29 cells, which are particularly sensitive to mitotic arrest [18], in 
which the phenotype is the acquisition of a rounded morphology that is 
characteristic of mitosis [19,20]. Identification of the molecular target 
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requires additional study; however, the phenotypic approach is a critical 
first step that has successfully led to the purification and identification of 
inhibitory compounds [21–24].

We created an extract library prepared from Canadian plant species 
and screened it using phenotypic assays for extracts that induced a 
mitotic arrest [7]. Here, we report the characterization of an anti-mitotic 
activity of extracts prepared from the Prairie Crocus, Pulsatilla nuttalli
ana (Ranunculaceae; previously Anemone), a prominent spring prairie 
plant [25]. A species related to P. nuttalliana, P. koreana, is known to 
Korean Traditional knowledge [26] and is a source of deoxy
podophyllotoxin, a tubulin toxin that arrests cells in mitosis [27]. We are 
the first to investigate P. nuttalliana, whose distribution is limited to 
North America. By combining phenotypic assays with specific tests for 
mitotic function, we found that there were not one, but two distinct 
anti-mitotic activities present in this species. This is the first report of 
two distinct anti-mitotic activities in extracts from one botanical species.

2. Materials and methods

2.1. Plant collection

Aerial plant parts of P. nuttalliana (Ranunculaceae) were collected by 
sustainable practice in southern Alberta, Canada at North 49◦1 latitude 
and West − 113◦0 longitude, at approximately 850–1400 m elevation 
during the years 2015 and 2019. Permits from provincial and local 
governments were acquired for collection. Plant taxonomy was 
confirmed to species [13,28] and verified by the University of Leth
bridge Herbarium. A voucher specimen was provided to the herbarium 
as #Golsteyn080. Following harvest, the plants were dried at room 
temperature and stored in the dark in a dry environment at room tem
perature until extraction.

2.2. Preparation of plant extracts

Plant parts (whole aerial plant parts, leaves, stems, and flowers) were 
separated and ground into fine powders. Extracts were prepared by 
suspending powdered material in either 75 % (v/v) ethanol in water (A 
extracts) or in 100 % dichloromethane (B extracts) and stirring over
night at room temperature. The suspensions were filtered, dried, and 
stored in the dark at room temperature. Whole plant extracts were given 
the codes PP820A and PP820B, extracts from leaves were given the 
codes PP1630A and PP1630B, extracts from stems were given the codes 
PP1631A and PP1631B, and extracts from flowers were given the codes 
PP1632A and PP1632B. The extracts were dissolved in dimethyl sulf
oxide (DMSO) (Sigma-Aldrich, D2438) to a concentration of 50 mg/mL 
for use in biological assays.

2.3. Cell culture

The human cell lines HT-29 (ATCC HTB-38) and U2OS (ATCC HTB- 
96) were obtained from the American Type Culture Collection (ATCC) 
and cultivated as previously described [19,29]. HT-29 cells were plated 
at a density of 3.0 × 105 cells/25 cm2 flask and cultured for 48 h prior to 
treatment. U2OS cells were plated at a density of 3.0 × 105 cells/25 cm2 

flask and cultured for 24 h prior to treatment. The compounds nocoda
zole (660 µM, Sigma-Aldrich, M1404), paclitaxel (1 mM, Sigma, T7402), 
4-deoxypodophyllotoxin (125 µM, Cedarlane, D249500), hymenoratin 
(3.8 mM) and anemonin (10 mM, Millipore Sigma, PHL80346) were 
dissolved in DMSO and stored at − 20◦C. For not-treated cells, DMSO 
was added at a final concentration of 0.4 % (v/v) as a solvent vehicle 
control. Light microscopy imaging was performed with an Infinity 1 
camera operated by Infinity Capture imaging software (Lumenera Cor
poration, CA) on an Olympus CKX41 inverted microscope. Cells were 
manually scored for rounded or flat morphology. At least 200 cells were 
counted per treatment group.

2.4. Cell viability (MTT) assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) 
assay (Sigma-Aldrich, M2128–1G) was used to measure plant extract 
cytotoxicity [19]. HT-29 cells were seeded at 5000 cells per well in a 
96-well culture plate and incubated at 37◦C for 48 h prior to treatment. 
All experiments were carried out in triplicate, and the treatments were 
repeated at least three times. After 72 h of treatment, 20 µL of MTT so
lution (5 mg/mL MTT in phosphate-buffered saline (PBS: 137 mM NaCl, 
3 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4)) was added to the me
dium in each well, and the plates were incubated at 37◦C for 3.5 h. The 
medium was then aspirated and replaced with 150 µL of MTT solvent 
(4 mM HCl, 0.1 % (v/v) octylphenoxypolyethoxyethanol, in iso
propanol) in each well. The plates were left in the dark for 15 min with 
shaking, and a Cytation™ 5 Cell Imaging Multi-Mode Reader (BioTek 
Instruments, USA) equipped with Gen5 software was used to measure 
the absorbance at 590 nm. IC50 concentrations were calculated as the 
concentration of the compound or plant extract that reduced the 
absorbance of MTT by 50 % compared to 0.1 % (v/v) DMSO-treated 
cells. The normalized percent absorbance was calculated as follows:

Normalized percent absorbance = (absorbance/DMSO absorbance) x 
100

The log concentrations of the compounds were plotted against the 
normalized absorbance percentage using Microsoft Excel. Analysis was 
performed with GraphPad Prism 5 software, using non-linear regression 
(log(inhibitor) versus normalized response) to estimate IC50 concen
trations. Standard curves were plotted using the following equation:

Y =maximum + (maximum – minimum) / (1 +10(X-LogIC50))
Where Y is the percentage of viable cells, maximum is the percentage 

of viable cells after treatment with 0.1 % DMSO, minimum is the per
centage of viable cells after treatment with the highest concentration of 
the cytotoxic compound, and X is the log10 value of the treatment 
concentration.

2.5. Immunofluorescence microscopy

HT-29 cells were seeded in 6 well culture plates on glass coverslips 
and incubated at 37◦C for 48 h prior to treatment. After 18 h of treat
ment, the cells were fixed for 20 min at room temperature with 3 % (v/v) 
paraformaldehyde (Fisher Scientific, 30525–89–4) in PBS. Fixation was 
halted with 50 mM NH4Cl in PBS for 10 min, and then cells were per
meabilized for 5 min with 0.2 % (v/v) Triton X-100 in PBS and blocked 
with 3 % (w/v) bovine serum albumin (BSA) in PBS-T (0.1 % (v/v) 
Tween 20 diluted in PBS) for 30 min. Cells were then incubated over
night at 4◦C with primary antibodies anti-phospho-Ser10 histone H3 
(Millipore, 06–570(CH); 1:1000) and anti-α-tubulin (Santa Cruz 
Biotechnology, sc-53030; 1:400). After incubation, cells were washed 
with PBS-T and incubated with secondary antibodies Alexa Fluor 594 
AffiniPure goat anti-rabbit IgG (Jackson ImmunoResearch, 
111–585–003; 1:300) and Alexa Fluor 488 rabbit anti-rat IgG (Ther
moFisher, A11006; 1:200) for 45 min at room temperature. Nuclei were 
stained with 300 nM 4′,6-diamidino-2-phenylindole (DAPI) (Fisher, 
LSD1306) in PBS for 15 min. After staining, the coverslips were mounted 
onto microscope slides with ProLong Gold Antifade Mountant (Thermo 
Fisher; P36934). Cells were then observed and imaged with a Cytation™ 
5 Cell Imaging Multi-Mode Reader using the Gen5 software (BioTek 
Instruments, USA) and a Zeiss Axio Observer Z1 Motorized Inverted 
Fluorescence Microscope using AxioVision software (ZEISS, USA). A 
minimum of 200 cells were counted for each treatment, and the mean 
percentage and standard error of the mean of PH3-positive cells in at 
least three independent experiments were calculated. DMSO-treated 
mitotic cells were used as a reference for baseline mitotic spindle 
morphology.
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2.6. Spectrophotometry

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

Normalized absorbance = (absorbance - minimum) / (maximum - 
minimum)

2.7. Cell cycle analysis

HT-29 cells were plated at 3.0 × 105 cells/25 cm2 flask and incubated 
at 37◦C for 48 h prior to treatment for 18 h. Treated cells were collected 
by trypsinization, washed with cold PBS (0.8 % FBS (fetal bovine 
serum), 1 mM EDTA (ethylenediaminetetraacetic acid)), and fixed in 
ice-cold 70 % ethanol for 24 h. The fixed samples were stored at − 20◦C 
until use. For analysis, the samples were centrifuged at 300 × g for 5 min 
at 4◦C, washed with PBS at room temperature, and resuspended in 
Muse® Cell Cycle staining reagent. The cells were incubated for 30 min 
and analyzed using a Muse® Cell Analyzer (Luminex). Gating was set 
using a not-treated sample and experiments were performed three times.

2.8. LH-20 column chromatography

The extract PP1631A was subjected to column chromatography in 
which 200 μL of a 100 mg/mL solution of PP1631A in 100 % methanol 
was loaded onto a Sephadex LH-20 column (225 mm length × 15 mm 
internal diameter) pre-equilibrated with 100 % methanol. The column 
was then eluted with 100 % methanol, yielding twelve 2 mL fractions 
(including a void volume fraction). The fractions were evaporated under 
vacuum and resuspended in 100 % methanol to a concentration of 
10 μg/mL.

2.9. Beta-mercaptoethanol reduction assay

HT-29 cells were either treated with nocodazole, 4-deoxypodophyl
lotoxin, hymenoratin, fraction 2, fraction 5, or anemonin alone, or 
treated in combination with beta-mercaptoethanol (β-ME) (MP 
BioMedical, 02194705-CF). Each compound was preincubated with 
0.1 mM β-ME for 1 h at 37◦C prior to addition to media for cell culture 
treatment. After 18 h of treatment, light microscopy images were taken 
as described above.

2.10. Biology-guided fractionation and isolation of anemonin

2.10.1. General experimental procedures
The 1H and 13C NMR spectra were recorded on a Bruker AV-500 

spectrometer with a 5 mm CPTCI cryoprobe. 1H chemical shifts are 
referenced to the residual DMSO-d6 (δ 2.49 ppm) and 13C chemical shifts 
are referenced to the DMSO-d6 solvent peak in the literature (δ 
39.5 ppm) [30]. Merck Type 5554 silica gel plates were used for 
analytical thin layer chromatography. Low- and high-resolution ESI-
QIT-MS were recorded on a Bruker-Hewlett Packard 1100 Esquire–LC 
system mass spectrometer. Reversed-phase HPLC purifications were 
performed on a Waters 1525 Binary HPLC pump attached to a Waters 
2998 Photodiode Array Detector. All solvents used for HPLC were Fisher 
HPLC grade.

2.10.2. Isolation of anemonin
Approximately 40 g of dried plant material was extracted twice with 

200 mL methanol overnight at room temperature. The combined ex
tracts were concentrated in vacuo and then taken up into 2:1 methanol: 
water and extracted 4 times with 100 mL of dichloromethane. The 
combined dichloromethane extracts were concentrated in vacuo to give 

380 mg of extract. Approximately 1/4 of the active dichloromethane 
soluble material was chromatographed on Sephadex LH20 using a 
71 × 2.5 cm column with methanol as eluent. The fractions obtained 
were labelled RA205–241 and analyzed with the cell rounding assay. 
The bioactive fraction obtained was then purified by C18 reversed-phase 
HPLC using an InertSustain, 5 µm, 25 × 1.0 cm column with a gradient 
transitioning over 60 min from 95 % H2O/acetonitrile to 5 % H2O/ 
acetonitrile as eluent with a flow rate of 2 mL/min to give 0.4 mg of 
anemonin (RA223). The structure of anemonin was confirmed by high- 
resolution electrospray ionization mass spectrometry (HRESIMS), anal
ysis of standard 1D and 2D Nuclear Magnetic Resonance (NMR) spectra, 
and comparison with the literature values [30].

2.11. Statistical analysis

Data were analyzed using Microsoft Excel 2016 and GraphPad Prism 
5. Data were plotted as the mean of three independent experiments ±
standard error of the mean. One-way analysis of variance (ANOVA) with 
Tukey’s post hoc test was used to analyze the results from the light 
microscopy and immunofluorescence microscopy assays. Differences 
were considered statistically significant when p < 0.05.

3. Results

3.1. Extracts prepared from Pulsatilla nuttalliana induced a mitotic arrest 
in cancer cells

Pulsatilla nuttalliana (Ranunculaceae), commonly known as the 
Prairie Crocus, is a prominent herbaceous plant in the prairie ecological 
system. It is one of the first plant species to emerge after winter, pro
ducing striking flowers before developing prominent leaves and stems 
approximately one month later (Fig. 1A). We extracted the aerial parts 
of P. nuttalliana from post-flowering plants with either 75 % ethanol (v/ 
v) in water or 100 % dichloromethane and analyzed their absorbance by 
spectrophotometry over a range of wavelengths. The ethanolic extract 
absorbance was highest at 330 nm, whereas the DCM extract absorbance 
was highest at 410 nm, demonstrating that each extraction likely con
tained a different chemical mixture (Fig. 1B). We examined the prop
erties of these extracts by adding them to the culture media of two cell 
lines (HT-29, Fig. 1C; U2OS, Fig. 1D). Cells were either not-treated, 
treated with nocodazole as a positive control for mitotic cell rounding, 
or treated with extracts at a concentration of 50 μg/mL for 18 h and 
observed by light microscopy. Few rounded cells were observed in the 
not-treated sample, whereas treatment with nocodazole induced cell 
rounding, indicative of mitosis. The ethanolic and DCM extracts of 
P. nuttalliana induced cell rounding in both HT-29 and U2OS cells. 
Additionally, we tested extracts prepared from P. nuttalliana collected at 
two different sites in southern Alberta and from plants collected in 
different years. We found that extracts from all collections induced the 
rounded morphology (data not shown). The P. nuttalliana extracts were 
subjected to further investigation to determine whether the cell round
ing activity was caused by a mitotic arrest.

We tested extracts prepared from different plant parts of 
P. nuttalliana to characterize the cell rounding activity. Extracts were 
prepared from leaves, stems, or flowers using either 75 % (v/v) ethanol 
(labelled as A) or 100 % DCM (labelled as B). HT-29 cells were either 
not-treated, treated with nocodazole, or treated with concentrations of 
each extract ranging from 15 to 500 μg/mL for 18 h and observed by 
light microscopy (Fig. 2A). As expected, the not-treated cells had few 
rounded cells, whereas nocodazole induced nearly 100 % cell rounding. 
Imaging (Fig. 2A) and counting (Fig. 2B) revealed that all extracts 
induced cell rounding, although at different concentrations. The stem 
fractions induced cell rounding at the lowest concentrations of any plant 
part: there were 50 ± 1 % rounded cells at 150 μg/mL induced by 
ethanolic extraction and 81 ± 4 % rounded cells at 50 μg/mL induced 
by DCM extraction.
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We investigated P. nuttalliana stem extracts in more detail because 
they exhibited cell rounding activity at the lowest concentration of all 
the extracts tested. Analysis by spectrophotometric absorbance readily 
distinguished the two stems extracts (Fig. 3A), with stems A absorbing 
more strongly below 400 nm and less strongly at 670 nm than stems B. 
The two extracts were tested for toxicity in HT-29 cells using the MTT 
assay (Fig. 3B). Stems A had an IC50 of 47 ± 15 μg/mL and stems B had 
an IC50 of 15 ± 5 μg/mL, which demonstrated that both extracts were 
moderately cytotoxic in addition to the cell-rounding activity. We noted 
that the values of cell viability for stems A were not easily fitted to a 
curve, which may reflect the activity described in later experiments. We 
next examined HT-29 cells by flow cytometry after treatment with stems 
A and stems B extracts to determine whether they underwent a cell cycle 
arrest, which would be consistent with the cell rounding effect. In a 
representative experiment, the number of cells with 4 N DNA at 18 h 
was 26 ± 1 % in not-treated cells and 94 ± 2 % in nocodazole-treated 
cells, as expected (Fig. 3C). Stems A- and stems B-treated cells showed 
similar 4 N DNA profiles of 67 ± 2 % and 71 ± 1 %, respectively. These 
data demonstrated that the two stem extracts were cytotoxic and caused 
cell cycle arrest.

To determine whether the cell rounding induced by P. nuttalliana 
extracts was caused by an arrest in mitosis, we used immunofluores
cence microscopy to detect nuclei, the mitotic protein phospho-histone 
H3 (PH3), and the spindle protein tubulin (Fig. 4A). Cells were either 
not-treated or treated with nocodazole, paclitaxel, stems A or stems B 
extracts. The not-treated cells had relatively few nuclei stained positive 
for PH3, whereas the nuclei in cells treated with either nocodazole or 
paclitaxel were nearly all positive for PH3, as expected. Importantly, 
both extract treatments induced a PH3 signal, whereby stems A induced 
47 ± 2 % of cells with a PH3 signal and stem B induced 83 ± 3 % of cells 

with a PH3 signal (Fig. 4B), supporting the evidence that cell rounding 
was linked to an arrest in mitosis.

3.2. Pulsatilla nuttalliana extracts induced two distinct mitotic arrest 
phenotypes

We then observed the organization of tubulin in mitotic cells treated 
with each extract using immunofluorescence microscopy (Fig. 4A). The 
few mitotic cells in the not-treated population showed bipolar spindles 
and these cells were co-stained with PH3 signals. Nocodazole prevents 
the formation of the mitotic spindle, leaving little or punctate staining, 
whereas paclitaxel stabilizes tubulin in spindle fibers, which increases 
signal intensity and co-localizes with PH3 signals. In cells treated with 
stems A, we made a striking observation of PH3-positive cells in which 
some contained tubulin spindle structures, whereas others did not. In 
contrast, stems B-treated mitotic cells did not contain spindles. We then 
calculated the percentage of cells in mitosis relative to the total popu
lation, and of those in mitosis, the percentage of cells that had a mitotic 
spindle (Fig. 4B). The non-treated sample had 5 ± 1 % of the cells in 
mitosis, of which 53 ± 2 % contained bipolar spindle organization, 
which is consistent with the mitotic phases (prophase to telophase). 
None of the nocodazole-treated cells contained a spindle structure, 
whereas all the paclitaxel-treated cells had a spindle structure, as ex
pected. The stems A-treated mitotic cells showed 46 ± 4 % with a 
spindle structure, and the remainder had no organized tubulin struc
tures. In contrast, only 1 % of the stems B mitotic cells contained a 
spindle structure.

We then explored the possibility that the stems A extract might 
contain two distinct anti-mitotic activities by applying column chro
matography. The stems A extract was fractionated by LH-20 column 

Fig. 1. HT-29 and U2OS cells treated with Pulsatilla nuttalliana ethanolic and dichloromethane whole plant extracts acquire a rounded morphology. A. Pulsatilla 
nuttalliana (Ranunculaceae) in prairie habitat. Flowers (left); leaves and stems (right). B. UV/visible absorbance spectra of P. nuttalliana ethanolic (EtOH, solid line) 
and dichloromethane (DCM, dotted line) whole plant extracts. C. HT-29 cells and D. U2OS cells were either not-treated, treated with 500 nM nocodazole, or treated 
with 50 µg/mL EtOH or DCM extracts for 18 h. Images were taken by light microscopy and representative images are shown. Scale bar represents 50 µm.
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chromatography, yielding 12 fractions (including a void volume frac
tion). Cells were then either not-treated or treated with nocodazole, 
stems A, or a column fraction. After 18 h, the cells were observed by 
microscopy for cell rounding (Fig. 5A). Not-treated cells had relatively 
few rounded cells, whereas treatment with nocodazole or stems A 
extract induced many rounded cells, as expected. Prominent cell 
rounding effects were observed in fractions 1 through 5 inclusive, and 
not in the void volume or fractions 6 through 11. Fraction 2 and fraction 

5 were selected for further investigation because they were chromato
graphically distant while still inducing cell rounding. We compared 
stems A, fraction 2, and fraction 5 by spectrophotometry and observed 
distinct spectra, suggesting that different compounds were eluted in 
each fraction (Fig. 5B). We then tested whether fraction 2 or fraction 5 
induced either of the two types of spindle profiles (spindle or no spindle) 
that were observed in the stems A whole extract again utilizing immu
nofluorescence microscopy (Fig. 5C). Both fraction 2- and fraction 5- 

Fig. 2. HT-29 cells treated with ethanolic or dichloromethane extracts of P. nuttalliana leaves, stems, or flowers acquire a rounded morphology. A. HT-29 cells were 
either not-treated or treated with 500 nM nocodazole, P. nuttalliana ethanolic extracts (labelled as A) or dichloromethane extracts (labelled as B) of leaves, stems, or 
flowers for 18 h. Images were taken by light microscopy and representative images are shown. Scale bar represents 100 µm. B. The mean percentages of cells 
exhibiting a rounded morphology after treatment. Error bars represent the SEM of at least three independent experiments. Statistical significance was determined 
using one-way ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means that are significantly different from the mean of the not-treated control are represented 
with a different letter (a, b).

Fig. 3. Plant extracts stems A and stems B are both moderately cytotoxic and cause a cell cycle arrest associated with the G2/M phase. A. UV/visible absorbance 
spectra of stems A (solid line) and stems B (dotted line). B. Percent cell viability of HT-29 cells was plotted as a function of the extract treatment concentration. C. HT- 
29 cells were either not-treated or treated with 500 nM nocodazole, 150 µg/mL stems A or 50 µg/mL stems B and prepared for cell cycle analysis by flow cytometry. 
Histograms of representative experiments are shown with DNA content along the x-axis and cell count along the y-axis.
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treated cells had high numbers of PH3-positive cells, supporting the 
evidence that cell rounding was an arrest in mitosis. Close observation of 
fraction 2-treated cells revealed that 87 ± 1 % of the cells positive for 
PH3 had a spindle structure, as did cells treated with paclitaxel, albeit 

the spindle morphologies were different. In contrast, fraction 5-treated 
cells were PH3-positive but did not display spindles (2 ± 1 %), similar 
to that of cells treated with nocodazole (Figs. 5C, D) and 4-deoxy
podophellotoxin (Supplemental Figure 5). Fraction 3-treated cells 

Fig. 4. HT-29 cells treated with stems extracts exhibit a phospho-histone H3 signal with and without mitotic spindles. A. HT-29 cells were either not-treated or 
treated with 500 nM nocodazole, 100 nM paclitaxel, 150 µg/mL stems A or 50 µg/mL stems B extracts for 18 h. Cells were analyzed by immunofluorescence mi
croscopy where DNA was detected with DAPI (blue), phosphorylated histone H3 with anti-phospho-histone H3 antibodies (red), and tubulin with anti-α-tubulin 
antibodies (green). The merge column is the combination of phospho-histone H3 and α-tubulin staining. Scale bar represents 50 µm. B. The mean percentages of cells 
exhibiting a phospho-histone H3 signal (mitotic cells, dark grey) and mitotic cells with a mitotic spindle (light grey) after treatment. Error bars represent the SEM of 
at least three independent experiments. Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means that are 
significantly different from the mean of the not-treated control are represented with a different letter (a, b; A, B).
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displayed a spindle structure at 10 μg/mL, but spindles were not 
detected when the concentration was increased to 30 μg/mL, however 
the PH3 signal was present at both concentrations (Supplemental 
Figure 5). We concluded that P. nuttalliana contains two distinct anti- 
mitotic activities: one that arrests cells with mitotic spindles and 
another that arrests cells without spindles.

The two different biological responses (mitotic arrest with spindles 
and mitotic arrest without spindles) and the elution of these activities 
into separate fractions by chromatography suggested that this was the 
result of two distinct compounds. We had previously distinguished anti- 
mitotic chemical families by including a reduction step in the pheno
typic assay [24]. To assess this, we mixed each fraction with the 
reducing agent beta-mercaptoethanol (β-ME) prior to treatment of cell 
cultures. In addition, cells were either not-treated or treated with 
nocodazole in the presence or absence of β-ME. Furthermore, we 
included two other mitotic-arresting compounds: 4-deoxypodophyllo
toxin, which depolymerizes tubulin [31] and is insensitive to β-ME, 

and hymenoratin, a natural product that induces mitotic arrest with 
spindles [23] and is sensitive to reduction by β-ME. After 18 h of 
treatment, the cells were observed by light microscopy (Fig. 6). β-ME did 
not induce mitosis in not-treated cells, nor did it diminish the cell 
rounding in nocodazole- or 4-deoxypodophyllotoxin-treated cells. In 
contrast, β-ME diminished the cell rounding activity of hymenoratin, 
demonstrating that different types of anti-mitotic compounds can be 
distinguished in this assay. Importantly, β-ME also diminished the 
mitotic arrest activity of fraction 2 (mitotic arrest with spindles) but not 
the mitotic arrest activity of fraction 5 (mitotic arrest without spindles). 
These data support the conclusion that P. nuttalliana harbours two 
anti-mitotic activities that are both biologically and chemically distinct.

3.3. Isolation of anemonin from Pulsatilla nuttalliana and 
characterization of mitotic arrest

We used biology guided fractionation to isolate the compound that 

Fig. 5. Fractionation of stems A extract distinguishes the anti-mitotic activities. A. HT-29 cells were either not-treated or treated with 500 nM nocodazole, 150 µg/ 
mL stems A, 150 µg/mL fractions 1 through 11, or void fraction for 18 h. Images were taken by light microscopy and representative images are shown. Scale bar 
represents 100 µm. B. UV/visible absorbance spectra of stems A whole extract (solid line), fraction 2 (dashed line) and fraction 5 (dotted line). C. HT-29 cells were 
either not-treated or treated with 500 nM nocodazole, 100 nM paclitaxel, 150 µg/mL stems A, 30 µg/mL fraction 2 or 150 µg/mL fraction 5 for 18 h. Cells were 
analyzed by immunofluorescence microscopy where DNA was detected with DAPI (blue), phosphorylated histone H3 with anti-phospho-histone H3 antibodies (red), 
and tubulin with anti-α-tubulin antibodies (green). The merge column is the combination of phospho-histone H3 and α-tubulin staining. Scale bar represents 50 µm. 
D. The mean percentages of cells exhibiting a phospho-histone H3 signal (mitotic cells, dark grey) and mitotic cells with a spindle structure (light grey) after 
treatment. Error bars represent the SEM of at least three independent experiments. Statistical significance was determined using one-way ANOVA followed by 
Tukey’s post hoc test (p < 0.005). Means that are significantly different from the mean of the not-treated control are represented with a different letter (a, b; A, B).
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induced the mitotic arrest with spindles from P. nuttalliana stems. 
Through successive rounds of fractionation, we isolated anemonin 
(C10H8O4) from P. nuttalliana (Fig. 7A) and the structure was elucidated 
by analysis of 1D and 2D NMR data and high-resolution mass spec
trometry (supplemental data). The proton and carbon NMR data 
recorded for the sample in DMSO-d6 exactly matched the literature 

values (supplemental data) [30].
We confirmed in cell rounding assays that anemonin induced 44 

± 4 % cell rounding at 15 μM in HT-29 cells which was similar to the 
effect of fraction 2 which induced 45 ± 3 % cell rounding. An increase in 
the concentration of anemonin to 50 μM did not increase the percentage 
of cell rounding (Fig. 7B, C). An independent source of anemonin was 

Fig. 6. Cell rounding activity of fraction 2 was diminished after reduction by beta-mercaptoethanol, whereas the cell rounding activity of fraction 5 was maintained. 
HT-29 cells were either not-treated or treated with 500 nM nocodazole, 50 nM 4-deoxypodophyllotoxin (DPT), 15 µM hymenoratin, 30 µg/mL fraction 2 or 150 µg/ 
mL fraction 5 for 18 h. Treatments were administered either alone or after preincubation with beta-mercaptoethanol (β-ME). Images were taken by light microscopy 
and representative images are shown. Scale bar represents 100 µm.
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purchased and tested in a separate experiment and induced cell 
rounding, confirming its activity (data not shown). We then tested 
whether the cell rounding activity of anemonin could be diminished 
after incubation with β-ME, as observed in experiments using extract 
fraction 2. Cells were either not-treated, or treated with β-ME, anemo
nin, or anemonin that was preincubated with β-ME (Fig. 7D). As we 
observed with fraction 2, the cell rounding activity of anemonin was 
diminished by β-ME. Finally, we confirmed that anemonin was the 
compound responsible for the mitotic arrest with spindle structures by 
immunofluorescence microscopy (Fig. 7E). These data provided evi
dence that P. nuttalliana harbours two distinct anti-mitotic compounds: 
one that arrests cells in mitosis without mitotic spindles, and another 
that arrests cells in mitosis with spindle structures which we identified as 
the natural product anemonin.

4. Discussion

This study is the first to report two distinct anti-mitotic activities in 
one botanical species and to identify the anti-mitotic activity of the 
natural product anemonin. The Pulsatilla genus harbours numerous 
biological activities [32], including inhibition of cancer-related signal
ling pathways by P. patens extracts [33], increased cancer cell death by 
P. decoction extracts [34], inhibition of cell proliferation by pulsatilla 
saponin D [35] and inhibition of mitosis by deoxypodophyllotoxin [27], 
both isolated from P. koreana. Neither of the two North American species 
from this genus, P. nuttalliana and P. occidentalis, a have been investi
gated previously for biological activity.

Anemonin is a bicyclic butenolide first isolated in 1792 [36] and is a 
natural product present in species of the Ranunculaceae family, 
including P. chinensis [37], P. wallichiana [38], Clematis chinensis [39], 
and now P. nuttalliana. It is recognised for its anti-inflammatory activity 
[40,41] and has been reported to exhibit cytotoxicity against certain 
cancer cell lines [38,39]. Anemonin, however, has not been previously 
reported to arrest cells in mitosis. We observed that cells treated with 
anemonin exhibit cell rounding, a phosphorylated histone H3 signal, 
and a prolonged mitotic arrest with distorted spindles. This suggests that 
anemonin inhibits a protein required for mitotic progression. The ac
tivity of anemonin in these cell-based assays was similar to those of 
previously identified sesquiterpene lactones isolated from the Aster
aceae botanical family, including hymenoratin [23], pulchelloid A [22], 
6-O-angeloylplenolin [42] and psilostachyins A and C [43]. Interest
ingly, the features of distorted mitotic spindles and sensitivity to 
reduction by β-ME were also seen in (+)-6-tuliposide A, which we 
recently identified from Erythronium grandiflorum (Liliaceae) [24], sug
gesting that this anti-mitotic phenotype is not exclusive to sesquiterpene 
lactones nor exclusive to the Asteraceae family.

The similarity in the biological and chemical responses between 
these compounds may be due to the shared α,β-unsaturated carbonyl 
which is the functional group responsible for their biological activity, as 
demonstrated in structure-activity studies with coronopilin [44] and 
psilostachyin A [43]. α,β-unsaturated carbonyls react with nucleophiles, 
such as the cysteine residues found in the reaction centers of some 
proteins [45–47], and can inhibit the activity of proteins required for 
mitotic progression. The Ranunculaceae and Asteraceae families 
diverged over 140 million years ago [48], which presents a phylogenetic 
distance that may lead to chemical divergence of anti-mitotic 

compounds. This expands the botanical sources harbouring electrophile 
functional groups, which may act as Michael acceptors and are sensitive 
to β-ME. It supports the search for compounds beyond the Asteraceae 
family to identify similar anti-mitotic phenotypes through phylogenetic 
bioprospecting, an important tool in drug discovery [49–54].

Based on this rationale, similarities between the anti-mitotic activ
ities of other compounds containing α,β-unsaturated carbonyls should 
be considered. The natural product 13-hydroxy-15-oxoapatlin (OZ) was 
found to induce a 30 % mitotic arrest with distorted spindles and mis
aligned chromosomes, and the researchers proposed that OZ may 
interact with a motor protein which would inhibit chromosome con
gression [55]. The natural product ent-15-oxokaurenoic acid (EKA) is 
another example of a compound that induces a 20–30 % mitotic arrest 
with an abnormal spindle structure [56]. These compounds contain 
α,β-unsaturated carbonyl groups that have been shown to be required for 
the anti-mitotic activity of similar compounds since their activity is 
eliminated when the functional group is reduced [24,43,44]. Identifying 
novel protein targets with which to inhibit mitosis contributes to the 
development of new anti-cancer medicines, therefore these distinct 
mitotic arrest phenotypes warrant further investigation.

The results of the bio-assays and chemical tests for P. nuttalliana 
fraction 5 were consistent with those of a 4-deoxypodophyllotoxin-like 
activity. 4-deoxypodophyllotoxin (DPT) is an anti-mitotic compound 
that inhibits microtubule polymerization [31] and has been previously 
identified in P. koreana [27]. β-peltatin, a podophyllotoxin isomer, was 
recently isolated from P. decoction and was found to induce a G2/M cell 
cycle arrest in pancreatic cancer cell lines [57]. The similarities observed 
between the no-spindle phenotype of DPT and fraction 5 include similar 
cell rounding percentages, insensitivity to β-ME, and mitotic arrest 
without spindles. Further investigation of fraction 5 may reveal that its 
chemical composition contains podophyllotoxin, β-peltatin, or a related 
compound characterized to depolymerize tubulin.

It is also noteworthy that the two activities of P. nuttalliana could act 
in parallel (Fig. 4A) suggesting that the two compounds act on different 
pathways. It is possible that the two distinct activities present in stems A 
may account for the variability we observed by the MTT cell viability 
assay (Fig. 3B). We also observed that increasing the concentration of 
fraction 3 in treated cells resulted in different phenotypes. These results 
suggest that both activities were present but in different amounts in the 
sample (Supplemental Figure 5). In future studies, it is possible that 
phenotypic diversity can be anticipated among the biological activity of 
secondary metabolites from botanical species in extreme and variable 
conditions, such as those found in Canadian ecological zones [12].

We report that anemonin is a member of a growing number of nat
ural products that cause mitotic arrest phenotypes with distorted spin
dles. This emerging group of compounds may help identify novel targets 
to inhibit mitosis. We identified that one botanical species, P. nuttalliana, 
contains two distinct anti-mitotic activities. Further investigations will 
include identifying the chemical compound inducing the 
podophyllotoxin-like activity, followed by the identification of the 
precise cellular targets for both compounds. Our new data describing the 
natural product anemonin sets the stage for future mechanistic studies 
on its anti-mitotic activity. Canadian plant species hold tremendous 
potential as sources of natural products for advancing our understanding 
of mitotic regulation and contributing to the development of new 
medicines.

Fig. 7. Anemonin, isolated by biology-guided fractionation of P. nuttalliana, induced cell rounding in HT-29 cells and its activity can be eliminated by beta- 
mercaptoethanol reduction. A. The structure of anemonin. B. HT-29 cells were either not-treated or treated with 30 µg/mL fraction 2 or varying concentrations 
of anemonin for 18 h. C. The mean percentages of cells exhibiting a rounded morphology after treatment. Error bars represent the SEM of at least three independent 
experiments. Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test (p < 0.0001). Means that are significantly different 
from the mean of the not-treated control are represented with a different letter (a, b). D. HT-29 cells were either not-treated or treated with 15 µM anemonin for 18 h, 
where treatments were either administered alone or after preincubation with beta-mercaptoethanol (β-ME). Images were taken by light microscopy and represen
tative images are shown. Scale bar represents 100 µm. E. HT-29 cells were either not-treated or treated with 15 µM anemonin for 18 h. Cells were analyzed by 
immunofluorescence microscopy where DNA was detected with DAPI (blue), phosphorylated histone H3 with anti-phospho-histone H3 antibodies (red), and tubulin 
with anti-α-tubulin antibodies (green). The merge column is the combination of phospho-histone H3 and α-tubulin staining. Scale bar represents 50 µm.
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