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Figure 9. Fisetin induces a G,/M phase arrest as well as apoptosis (subG;) in MDA-
MB-468 breast cancer cells and a S-phase arrest in MDA-MB-231 breast cancer
cells. (A) MDA-MB-468 breast cancer cells were treated with 50 uM concentration of
fisetin, vehicle, or medium alone and (B) MDA-MB-231 breast cancer cells were treated
with 50 uM and 100 uM concentrations of fisetin, vehicle or medium alone for 48 h. The
cells were harvested, stained with PI, and analyzed by flow cytometry to quantify the
percentage of cells in each phase of the cell cycle. The graph represents the mean of 6
individual experiments +/- SD. Statistical significance in comparison to the vehicle
control was determined by the Tukey-Kramer multiple comparisons test; * denotes p<

0.05.
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Figure 10. Fisetin induces cell death by apoptosis and late apoptosis/necrosis in
MDA-MB-468 and MDA- MB-231 breast cancer cells. MDA-MB-468 and MDA-MB-
231 cells were treated with concentrations of fisetin (25, 50 or 100 uM), vehicle or
medium alone for 24, 48 or 72 h. Cells were harvested with trypLE, washed with PBS,
and labeled with annexin-V-FLUOS and propidium iodide. Cells stained with only
annexin-V represent apoptosis and cells stained with both annexin-V and propidium
iodide represent late apoptosis/necrosis. The analysis was performed by flow cytometry.
(A) MDA-MB-468 and (B) MDA-MB-231 are representative graphs (n=3) after 72 h of
treatment. (C) MDA-MB-468 and (D) MDA-MB-231 data from 3 individual experiments
was averaged and expressed as total cytotoxicity with a division of percent of cells in
apoptosis and late apoptosis/necrosis +/- SD. Statistical significance in comparison to
the vehicle control was determined by the Tukey-Kramer multiple comparisons test for
total cytotoxicity, apoptotosis and late apoptosis/necrosis; * denotes p< 0.05 for total
cytotoxicity; xx denotes p< 0.05 for apoptosis; LA/N denotes p< 0.05 for late

apoptosis/necrosis.
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Figure 11. Fisetin does not induce LDH release by MDA-MB-468 and MDA-MB-231
breast cancer cells. MDA-MB-468 and MDA-MB-231 cells were treated with
concentrations of fisetin (25, 50 or 100 uM), vehicle or medium alone for 24, 48 or 72 h.
LDH release was calculated using the equation [(T/S)/(M/S)] x 100, where T equals
treatment induced LDH release, S equals spontaneous LDH release (medium control),
and M equals maximal LDH release. Maximal lysis was achieved using repeated
freeze/thaw cycles as well as mechanical manipulation. (A) MDA-MB-468 and (B)
MDA-MB-231 graphs represent the mean of 3 independent studies +/- SEM. Statistical
significance in comparison to the vehicle control was determined by the Tukey-Kramer

multiple comparisons test; * denotes p< 0.05.
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Figure 12. Fisetin induces loss of mitochondrial membrane potential in MDA-MB-
468 and MDA-MB-231breast cancer cells with corresponding cytochrome c release
in MDA-MB-468 breast cancer cells. MDA-MB-468 and MDA-MB-231 cells were
treated with concentrations of fisetin (25, 50 or100 uM), vehicle or medium alone for 72
h. Cells were harvested, stained with DiOCg, and analyzed by flow cytometry. (A) Data
from MDA-MB-468 and (B) MDA-MB-231 breast cancer cells are shown as
representative graphs (n=3) after 72 h of treatment with vehicle or fisetin concentration of
100 uM. The loss of mitochondrial membrane potential is represented by the leftward
shift on the x-axis showing a reduction of DiOC¢ staining. (C) MDA-MB-468 breast
cancer cells were treated with treated with concentrations of fisetin (25 or50 uM), vehicle
or medium alone for 24 h. The cells were harvested and cellular protein was collected.
Western blotting was performed for cytochrome c¢. Equal loading was confirmed using
actin expression as a control. The graph represents densitometry analysis of 3 individual
experiments +/-SEM. Statistical significance in comparison to the vehicle control was

determined by the Tukey-Kramer multiple comparisons test; * denotes p< 0.05.
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Figure 13. Fisetin induces caspase-dependent apoptosis as well as necrosis in MDA-
MB-468 breast cancer cells. MDA-MB-468 were pretreated with 50 uM concentration
of either Z-VAD-FMK and BOC-D-FMK (pancaspase inhibitors), medium or vehicle for
1 h prior to treatment with fisetin (50 and 100 uM), vehicle or medium alone for 72 h.
Cells were harvested with trypLE, washed with PBS, and labeled with annexin-V-
FLUOS and propidium iodide. The analysis was performed by flow cytometry. (A)
Representative data from a single experiment and (B) average data from 3 individual
experiments expressed as total cytotoxicity with a division of cells in apoptosis and late
apoptosis/necrosis = SD. Statistical significance was determined by the Tukey-Kramer
multiple comparisons test for total cytotoxicity, apoptosis and late apoptosis/necrosis; *
denotes p< 0.05 for total cytotoxicity; ** denotes p< 0.05 for apoptosis. Statistical
significance was also determined for Z-VAD-FMK and BOC-D-FMK pretreatment
compared to fisetin or vehicle alone T denotes p< 0.05 for total cytotoxicity; LA/N

denotes p< 0.05 for late apoptosis/necrosis; NS denotes non significant.
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Figure 14. Fisetin induces PARP-1 cleavage in MDA-MB-468 breast cancer cells.
MDA-MB-468 were treated with 50 uM of fisetin, vehicle or medium alone for 24 h.
Cells were harvested, cellular protein collected and Western blotting completed to detect
PARP and PARP cleavage product. Data from as a representative Western blot is shown.
Actin was used to ensure standardization to loading quantity. The graphs represent
densitometry analysis with the mean of 3 individual experiments +/- SEM. Statistical
significance in comparison to the vehicle control and fisetin treatment was determined by

the Student’s t-test; » denotes p< 0.05.
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Figure 15. Fisetin did not induce ROS production. MDA-MB-231 breast cancer cells
were treated with concentrations of fisetin (25, 50 or 100 uM), vehicle or medium alone
for 48 h. Cells were harvested, stained with dihydroethidium (DHE), and analysed by
flow cytometry. A shift of the curve on the x-axis to the right represents superoxide
production but fisetin alone also shifts the curve from a representative experiment (n=3)

is shown.
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Figure 16. Fisetin decreases the quantity of MDA-MB-468 breast cancer cells in the
presence of antioxidants. MDA-MB-468 breast cancer cells were pretreated with
medium alone or with 10 uM concentration of GSH or NAC for 1 h. The cells were then
treated with concentrations of fisetin (25, 50 or 100 uM), vehicle or medium alone were
applied for 72 h. Crystal violet (0.4% in methanol) was applied to the cells which were
then dissolved in DMSO and absorbance measure. The graph is the mean of 3 individual

experiments +/- SEM.
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Figure 17. MCF-7 TX400 and MCF-7 MITX breast cancer cells are resistant to
fisetin. MCF-7 TX400 (pacletaxel-resistant), MCF-7 MITX (mitoxantrone-resistant) and
MCF-7 (native) breast cancer cells were treated with concentrations of fisetin (50, 100 or
200 pM), vehicle or medium alone for 24, 48 and 72 h. (A) Crystal violet (0.4% in
methanol) was applied to the cells to stain all protein. Cell were then dissolved in DMSO.
The graph represents the mean of 6 individual experiments +/- SEM. (B) Phosphatase
assay measured the quantity of cytosolic phosphatase from viable cells The graph
represents the mean of 3 individual experiments +/-SEM. Statistical significance relative
to the vehicle control was determined by Tukey-Kramer multiple comparison test; %

denotes p < 0.05.
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Figure 18. MCF-7 MITX breast cancer cells over-expresses Breast Cancer
Resistance Protein—1 (BCRP-1) while MCF-7 TX400; MCF-7 MITX and MCF-7
have the same resistance to mitoxantrone; MCF-7 TX400 are resistant to paclitaxel
compared to MCF-7. (A) MCF-7, MCF-7 TX400 and MCF-7 MITX cells were
harvested, cellular protein collected and Western blotting completed to detect BRCP-1.
(B) MCF-7 or MCF-7 TX400 breast cancer cells were cultured in the absence or presence
of the indicated concentrations of paclitaxel then phosphatase activity was measured. The
graph represents the mean of 3 individual experiments +/- SEM. Statistical significance
relative to the vehicle control was determined by Tukey-Kramer multiple comparison

test; * denotes p < 0.05.
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Figure 19. Increased cytotoxic effect by fisetin in combination with radiation. (A)
MDA-MB-468 and (B) MDA-MB-231 breast cancer cells were treated with
concentrations of fisetin (25 or 50 uM), medium alone or DMSO control for 1 hr prior to
exposure to various doses of gamma radiation (0, 1, 2 or 4 Gy). The cells were then
incubated for 72 h, washed and crystal violet was applied to stain protein. Cells were then
dissolved in DMSO> The graphs represent the mean of 3 individual experiments +/-
SEM. Statistical significance in comparison to the radiation dose control was determined
by the Tukey-Kramer multiple comparisons test; *x denotes p< 0.05. An intragroup
comparison was also performed within fisetin concentrations to 0 Gy; x* denotes p<

0.05.
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Figure 20. Increased cytotoxic effect by fisetin in combination with cisplatin. (A)
MDA-MB-468and and (B) MDA-MB-231 breast cancer cells were treated with
concentrations of fisetin (25 and 50 uM), vehicle or medium alone for 1 h prior to
exposure to range of cisplatin concentrations (0 to 8 ug/ml). The cells were incubated for
72 h, washed, crystal violet was applied and the cells were solubilised in DMSO.The
graphs represent the mean of 3 individual experiments +/- SEM. Statistical significance
in comparison to the cisplatin monotherapy was determined by the Tukey-Kramer

multiple comparisons test; * denotes p< 0.05.
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Figure 21. Increased cytotoxic activity by fisetin in combination with an active
metabolite of cyclophosphamide, 4-hydroxycyclophosphamide (4-HO). (A) MDA-
MB-468 and (B) MDA-MB-231 breast cancer cells were treated with concentrations of
fisetin (25 and 50 uM), vehicle or medium alone for 1 h prior to exposure to a range of 4-
HO concentrations (0 to 4 ug/ml), the active metabolite of cyclophosphamide. The cells
were incubated for 72 h, washed, crystal violet was applied and the cells were solubilised
in DMSO.The graphs represent the mean of 3 individual experiments +/- SEM. Statistical
significance in comparison to 4-HO monotherapy was determined by the Tukey-Kramer

multiple comparisons test; * denotes p< 0.05.
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Figure 22. Increased cytotoxicity by fisetin in combination with doxorubicin. (A)
MDA-MB-468 and (B) MDA-MB-231 breast cancer cells were treated with
concentrations of fisetin (25 or 50 uM), vehicle or medium alone for 1 h prior to exposure
to a range of doxorubicin concentrations (vehicle (0) to 0.2 pg/ml). The cells were
incubated for 72 h, washed, crystal violet was applied and the cells were solubilized in
DMSO. The graphs represent the mean of 3 individual experiments +/- SEM. Statistical
significance in comparison to doxorubicin monotherapy was determined by the Tukey-

Kramer multiple comparisons test; x denotes p< 0.05.
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Figure 23. Increased cytotoxic effect of fisetin in combination with 5-FU. (A) MDA-
MB-468 and (B) MDA-MB-231 breast cancer cells were treated with concentrations of
fisetin (25 or 50 uM), vehicle or medium alone for 1 h prior to exposure to a range of 5-
FU concentrations (vehicle (0) to 200 uM). The cells were incubated for 72 h, washed,
crystal violet was applied and the cells solubilised in DMSO. The graphs represent the
mean of 3 individual experiments +/- SEM. Statistical significance in comparison to 5-
FU monotherapy was determined by the Tukey-Kramer multiple comparisons test; %

denotes p< 0.05.
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Figure 24. Increased cytotoxic effect of fisetin in combination with docetaxel. (A)
MDA-MB-468 and (B) MDA-MB-231 breast cancer cells were treated with
concentrations of fisetin (25 or 50 uM), vehicle or medium alone for 1 h prior to exposure
to a range of docetaxel concentrations (vehicle (0) to 8 ng/ml). The cells were incubated
for 72 h, washed, crystal violet was applied and the cells solubilised in DMSO. The
graphs represent the mean of 3 individual experiments +/- SEM. Statistical significance
in comparison to docetaxel monotherapy was determined by the Tukey-Kramer multiple

comparisons test; * denotes p< 0.05.
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Figure 25. Fisetin does not affect Zebrafish embryo viability. Zebrafish were used to
investigate the effect of various fisetin concentrations (12.5, 25, 50, 100 or 200 uM) on
viability. The embryos were treated in a 96-well plate with one embryo per well at 72 h
post fertilization. The embryos were treated for a 72 h time period and assessed for
viability. The graphs represent the mean of 3 individual experiments +/- SD at 72h.
Statistical significance in comparison to vehicle was determined by the Tukey-Kramer

multiple comparisons test; * denotes p< 0.05.
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Chapter 4.0 Discussion

4.1 Fisetin reduces breast cancer cell number in a cell specific manner

Fisetin has demonstrated a cytotoxic effect against numerous cancer cell lines,
including bladder, hepatocellular, prostate, cervical, colon, pancreatic, and lung cancers,
in addition to some lymphomas and leukemias (Kuntz, Wenzel et al. 1999; Chen, Shen et
al. 2002; Lee, Shen et al. 2002; Lu, Chang et al. 2005; Lu, Jung et al. 2005; Haddad,
Venkateswaran et al. 2006; de Sousa, Queiroz et al. 2007; Sung, Pandey et al. 2007; Lim
do and Park 2009; Murtaza, Adhami et al. 2009; Salmela, Pouwels et al. 2009; Suh, Afaq
et al. 2009; Haddad, Fleshner et al. 2010; Kim, Jeon et al. 2010; Touil, Seguin et al. 2010;
Li, Cheng et al. 2011; Yu, Yang et al. 2011). To date, studies evaluating the effects of
fisetin on breast cancer have primarily involved cell quantity assays, and were limited to
one cell line in an attempt to identify ECsy (Kuntz, Wenzel et al. 1999; Haddad,
Venkateswaran et al. 2006). The initial experiments of my study were designed to expose
a panel of breast cancer cells (MDA-MB-468, MDA-MB-231, MCF-7, T-47D and
SKBR-3 breast cancer cell lines) to fisetin in order to investigate fisetin’s effects on a
range breast cancers with different mutations. Descriptive characteristics of these cellular
phenotypes in the literature include: MDA-MB-468 triple negative breast cancer cells
(Oliveras-Ferraros, Vazquez-Martin et al. 2008; Hirsh, Iliopoulos et al. 2009) , which
have mutated p53 and are pRb negative (Carlson, Dubay et al. 1996); MDA-MB-231
breast cancer cells are triple negative (Liu, Fan et al. 2009) and have mutated p53
(Zhuang and Miskimins 2011) ; MCF-7 breast cancer cells that are ER" (positive) and
PR (positive) (So, Guthrie et al. 1997; Rockwell, Liu et al. 2005), express wild type p53

(Carlson, Dubay et al. 1996; Zhuang and Miskimins 2011), are pRB positive (Carlson,
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Dubay et al. 1996) and do not express caspase-3 (Zhuang and Miskimins 2011); T-47D
breast cancer cells have mutated p53 and are ER" (Zhuang and Miskimins 2011); SK-
BR-3 breast cancer cells over-express HER-2 (Moulder, Yakes et al. 2001). Note that
there are several phenotypic disparities described in the literature that can be observed
also in tissue culture.

The first series of experiments in my research was performed to assess the effect
of fisetin exposure on breast cancer cell number. The crystal violet assay was used to
measure the amount of protein present (Saotome, Morita et al. 1989); the MTT assay to
measure mitochondrial succinate reductase activity (Mosmann 1983); and the acid
phosphatase assay to determine cytosolic phosphatase activity (Yang, Sinai et al. 1996).
The observed decrease in cell quantity was cell line specific with MDA-MB-468 breast
cancer cells being most sensitive to fisetin, exhibiting a maximum reduction of 82%
(Figure 3B) in contrast to the more resistant T-47D breast cancer cells, which only
demonstrated a 27% reduction in number in response to fisetin (Figure 4A). The results
for MCF-7 breast cancer cells were somewhat consistent with the ECs, value of 80-118
uM reported in the literature (Kuntz, Wenzel et al. 1999; Haddad, Venkateswaran et al.
20006).

All breast cancer cell lines were investigated using at least two of the
aforementioned assays. Each assay was susceptible to different potentially confounding
variables that were controlled for during each study. Note that control data not shown for
acid phosphatase and crystal violet assays. In the MTT assay, fisetin caused tetrazolium
salt to be reduced to formazen crystals despite the absence of cells (Figure 5). A possible

explanation for this observation is that fisetin has the ability to donate an electron
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(Markovic, Mentus et al. 2009) and thereby, cause direct reduction of tetrazolium salt. A
similar effect has been previously described for other phytochemicals such as kaempferal
and resveratrol (Bruggisser, von Daeniken et al. 2002). Although this is a potential
confounder, any transition of tetrazolium salt due to fisetin would lead to an
overestimation the amount of viable cells present and therefore, underestimate fisetin’s
cytotoxic effect.

The fisetin-treated cells were all viewed under the microscope to identify any
discrepancies between assay outcomes and direct observed cell numbers; this provided a
further internal control. Another assay to use in future experiments to evaluate a fisetin-
induced change in cell quantity is to count cells under the microscope using the trypan
blue exclusion assay (Bardon, Vignon et al. 1987).

The potential benefit of any novel treatment for breast cancer must always be
weighed against its effect on normal cellular proliferation, as negative effects on normal
cells can also translate into toxicity associated with the compound being studied. These
effects on normal cells must also be investigated in preparation for translation into an in
vivo model. It is known that various cancer cells rely on specific tumor-stromal
interactions; for example, the [normal cellular growth] fibroblast-tumour symbiosis, in
which fibroblasts enhance tumour initiation and progression (Bhowmick, Neilson et al.
2004). Another example is the necessity for proximal angiogenesis for growth and
progression of solid tumours (Hanahan and Weinberg 2011). As such, toxic drug effects
intended for cancer cells also often affect “normal” cells in order to interfere with this

growth relationship.
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The normal cell lines used for this research were HMEC, normal adult human
dermal fibroblasts and HUVEC. The effect of fisetin on these cells was studied using the
crystal violet assay, which was the most consistent assay, in my research, for cellular
quantification assessment. The effects of fisetin on cell growth were, again, noted to be
cell-type specific (Figure 6), fibroblasts did not demonstrate a significant decrease in
response to fisetin treatment but HMEC did decrease in number at 100 uM fisetin.
Although this may raise concern for a potentially negative effect of fisetin on the body’s
healthy normal cells, statistically significant cytotoxicity was reached in all breast cancer
cell lines at lower doses and earlier time points than in normal cells (Figure 3; Figure 4).
The only exception was in the T-47D breast cancer cell line. Further clarification of
whether the effect of fisetin is cytostatic or cytotoxic on normal cells is necessary, since
this will have significant implications in an in vivo model. If the effect is cytostatic on
normal cells but cytotoxic on breast cancer cells then fisetin is expected to be effective as
a therapeutic agent.

An interesting observation was that HUVEC exhibited a significant decrease in
number at all fisetin treatment concentrations and time points (Figure 6). Although
HUVEC were initially investigated as a “normal” cell, they have also been used to study
the effect of various compounds on angiogenesis. Fisetin has previously been
demonstrated to mitigate angiogenesis in vitro (Fotsis, Pepper et al. 1997) and in vivo in a
mouse model (Touil, Seguin et al. 2010). These studies, however, utilized other types of
vascular cells whereas the observation made in HUVEC in the current study is
preliminary. Future directions in this area of research should include an evaluation of the

effect of fisetin on angiogenesis in vitro using a three-dimensional collagen gel and
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measuring penetration and sprout length of vascular cells in the absence or presence of
fisetin (Fotsis, Pepper et al. 1997); a “scratch”/wound healing assay to evaluate the ability
of fisetin-treated HUVEC to move and reclaim disrupted area (Malinda, Sidhu et al.
1998); the effect of fisetin on growth factors like vascular endothelial growth factor
(Sung, Pandey et al. 2007) and signaling pathways that regulate angiogenesis such as the
PI3K pathway (Zhong, Chiles et al. 2000). Another option would be to investigate effects
of fisetin on the vasculature of zebrafish, as discussed below.

The results of the cell quantity assay led me to focus on the MDA-MB-468 and
MDA-MB-231 breast cancer cell lines in order to further investigate the specific effects
of fisetin on cell death and cell cycle progression. These particular cell lines were
selected because they exhibited a range of dose- and time-related responses to fisetin,
which suggests that different underlying processes might be responsible for the observed
decreases in cell quantities (Figure 3). In addition, both breast cancer cell lines exhibited
the triple negative phenotype, which eliminated receptor status as a variable. Also, triple
negative breast cancer cells are of great clinical relevance, as systemic treatment of triple-

negative breast cancers is limited to chemotherapy.

4.2 Fisetin reduces cell proliferation

The results from the experiments with the MTT, crystal violet and acid
phosphatase assays only represent changes in the quantity of cells. Thus, the next step
was to delineate whether this effect was the result of anti-proliferative effects due to

restricted cell division.
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When cells undergo mitosis, the dye will be equally distributed in both daughter
cells and the number of cell divisions can therefore be counted. Fisetin-treated MDA-
MB-468 and MDA-MB-231 breast cancer cells demonstrated a significant decrease in the
number of cell divisions (Figure 7) when assessed with Oregon Green 488"; these results
supported results obtained from the cell quantification assays, which demonstrated that
the MDA-MB-468 breast cancer cells were more sensitive than MDA-MB-231 breast
cancer cells to the effect of fisetin.

To further investigate this anti-proliferative effect of fisetin, clonogenic assays
were completed on the two breast cancer cell lines (Figure 8) to determine the effect of
fisetin over a longer period of time with shorter exposure periods. The assessment is
based on the understanding that cells may still be viable and metabolically active after
exposure to compounds but can no longer divide or form colonies (i.e., they are
senescent) (Tannock, Hill et al. 2005). After being exposed to fisetin for a 24 hour period,
viable cells were plated. All cells at this time point were viable (i.e., no cells that were
examined had allowed the trypan blue stain to enter the cell). This observation suggests
that the decrease in the quantity of cells at this point in time was due to a fisetin-induced
decrease in proliferation as opposed to cell death. Another interesting observation was
that MDA-MB-231 breast cancer cells formed significantly more colonies than MDA-
MB-468 breast cancer cells; this observation might reflect the aggressive characteristics

inherent to MDA-MB-231 breast cancer cells.
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4.3 Fisetin induces cell specific cell cycle arrest

Fisetin has anti-proliferative effects on several cancer cell lines; the mechanism of
action of these effects was found to be specific to a given cell-line. In addition, fisetin
causes cell cycle arrest at different phases in a variety of other cancer cells; it causes a
Gy/M arrest in prostate cancer cells (Haddad, Venkateswaran et al. 2006; Haddad,
Fleshner et al. 2010) and a G¢/G, arrest in bladder cancer cells (Li, Cheng et al. 2011).
Fisetin has also been shown to bind and inhibit CDKs, including CDK1, CDK2, CDK4
and CDK6 in colon cancer cells (Lu, Chang et al. 2005; Lu, Jung et al. 2005), which
would affect all phases of the cell cycle. The mechanism of the inhibitory effect of
fisetin on breast cancer cell proliferation was the relevant question for my research.

After identifying a fisetin-induced decrease in cell quantity as well as an
antiproliferative effect, the next step was to determine if this was the result of cell cycle
arrest in MDA-MB-468 and MDA-MB-231 breast cancer cells versus fisetin-induced cell
death, or a combination of the two. The cell cycle analysis was performed using flow
cytometry to quantify DNA stained by the fluorescent compound PI after breast cancer
cells were exposed to fisetin. MDA-MB-468 breast cancer cells demonstrated an
increased number of cells in G,/M and subG; phases, which corresponded to a significant
decrease in the number of cells in G; phase (Figure 9A). Apigenin treatment on MDA-
MB-468 breast cancer cells have demonstrated a similar arrest in G,/M by decreasing
CDK1, CDK4, cyclin B, cyclin D and A (Yin, Giuliano et al. 2001). DNA in cells
undergoing apoptosis becomes fragmented and therefore has less than a total of 2N,
falling into the subG; category. Although SubG; phase represents apoptosis, it can also

represent necrotic cells, nuclear fragments, clumps of chromosomes, micronuclei, and
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nuclei with normal DNA quantity but abnormal structure that does not allow PI to bind
(Riccardi and Nicoletti 2006).

Two potential confounders that could affect the parameters of analysis are (i) that
breast cancer cells can display aneuploidy, which might falsely suggest an increase in S-
phase and (ii) the introduction of error in the control group caused by two cells in Go/G;
proceeding through the flow cytometry at the same time, which would suggest a 4N
quantity of DNA or G,/M). These two confounders were minimized by giving each cell
line its own control (constant rate of aneuploidy) and cells were processed by flow
cytometry at a slow rate (no greater than 200 cells/sec). It should also be noted that
MDA-MB-468 breast cancer cells were only analyzed following exposure to 50 uM
fisetin, as it was impossible to analyze cells treated with 100 uM fisetin because of an
inability to identify individual peaks, which suggests significant damage to the cells at
this concentration and time point (48 hours). An analysis of cells exposed to less than 50
uM fisetin would be a consideration for future studies.

Fisetin-treated MDA-MB-231 breast cancer cells demonstrated a different pattern
of cell cycle arrest (Figure 9B), namely, a significant increase in the S-phase cell
population with a corresponding decrease in the proportion in G; phase. In the literature a
S-phase cell cycle arrest has been demonstrated in MDA-MB-231 breast cancer cells with
exposure to quercetin. The arrest has been attributed to decreased levels of thymidylate
synthase, cyclin A and cyclin D (Chien, Wu et al. 2009). This suggests that the cells are
not progressing through the cell cycle and the decrease in quantity by fisetin could be
cytostatic. There was no significant increase in the population of cells in subGy,

suggesting no increase in the number of cells undergoing apoptosis. There was, however,
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a trend toward an increase in the number of cells in this population, and further studies
could utilize a higher concentration of fisetin or longer time period of exposure (>48
hours) to further evaluate this finding.

The above data provide a possible explanation for the decrease in cellular
proliferation observed following fisetin treatment of both breast cancer cell lines.
However, the mechanism of action will require further evaluation of fisetin’s effect on
CDKs, CAKs, retinoblastoma, cyclins, and inhibitors of the cell cycle (i.e., Kip and

INK4).

4.4 Fisetin induces cell death in breast cancer cells

In the cell cycle analysis, the proportion of MDA-MB-468 breast cancer cells in
subG; phase was significant following fisetin treatment and although the results in the
MDA-MB-231 breast cancer cells were not significant, it did demonstrate a trend toward
increasing number of cells in subG; with increased fisetin exposure. Since there are
limitations to the use of subG; as an indicator of apoptosis, the next step was to perform
Annexin-V-FLUOS/PI assay. This assay detects phosphotidylserine, an anionic
phospholipid that is normally located on the inner leaflet of healthy cells but is
translocated to the outer leaflet during apoptosis. Annexin-V-FLUOS is a calcium-
dependent phospholipid-binding protein, with high affinity for phosphatidylserine, which
allows for the localization of phosphatidylserine in the cells being studied (Tannock, Hill
et al. 2005).

MDA-MB-468 breast cancer cells (Figure 10C) and MDA-MB-231 breast cancer

cells (Figure 10D) showed localization of phosphatidylserine to the outer leaflet after
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exposure to fisetin, indicating the induction of apoptosis. The MDA-MB-231 breast
cancer cells were again relatively resistant to fisetin’s effect, which is consistent with
assay results described above. The main reason for conducting this assay over several
time points, in addition to identifying time-dependent differences of fisetin treatment,
was to ensure eventual progression to cell death. Ultimately, cell death is heralded by cell
membrane perforation and PI entrance into the cell. This may represent an apoptotic cell
death since cells will undergo eventual breakdown of the cell membrane in the absence of
phagocytes to ingest apoptotic bodies in tissue culture (i.e., MDA-MB-468 breast cancer
cells showing apoptosis at 24 hours and 48 hours progressing to late apoptosis at 72 hours
in Figure 10C), or a necrotic cell death. This former hypothesis (apoptotic cell death)
was confirmed by the absence of LDH release by fisetin-treated cells (Figure 11), which
demonstrated that the MDA-MB-468 and MDA-231 breast cancer cells underwent cell
death predominantly by apoptosis.

The original description of apoptosis was by direct observation of cells showing
characteristic morphological changes. This was attempted in my study by way of phase
contrast microscopy and Hoechst staining (data not shown), but with minimal success.
The Hoechst stain emits bright blue fluorescence when bound to double-stranded DNA
within apoptotic cells (Araki, Yamamoto et al. 1987). Although a few pertinent
characteristics were observed by microscopy, conclusive data will have to be elucidated
in future studies. Possible options to further substantiate fisetin-induced apoptosis could
include showing DNA laddering (Sellins and Cohen 1987) and using terminal
deoxynucleotidyl transferase-mediated dUPT-biotin nick end labeling (TUNEL) assay

(Gavrieli, Sherman et al. 1992).
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4.5 Fisetin induces mitochondrial destabilization and caspase-dependent apoptosis

After demonstrating that fisetin caused MDA-MB-468 cells to die predominantly
by apoptosis, I next determined the mechanism. Apoptosis involves the caspase cascade,
which includes both initiator caspases (capase-8, -9 and -10) and executioner caspases
(caspase-3, -6, -7); the caspase cascades are initiated by two main pathways, the DR-
pathway and mitochondrial pathway (See section 1.3 for further details), which are not
mutually exclusive.

Because most apoptotic pathways eventually converge on the caspase cascade, the
annexin-V-FLUOS/PI assay with two different pan-caspase inhibitors (Z-VAD-FMK and
BOC-D-FMK) were used to determine caspase involvement in fisetin-induced apoptosis.
These pan-caspase inhibitors affect both initiator and executioner caspases. This study
was performed at 72 hours of fisetin treatment of MDA-MB-468 breast cancer cells. The
100 uM fisetin plus pan-caspase inhibitor demonstrated a significant decrease in total
cytotoxicity and apoptosis when compared with 100 uM fisetin alone, suggesting that
fisetin-induced apoptosis occurs through caspase activation (Figure 13A). Fisetin has
been demonstrated to induce apoptosis through caspase activation in leukemia cell lines
(Lee, Shen et al. 2002) and hepatocellular carcinoma (Chen, Shen et al. 2002).

It is noteworthy that breast cancer cells treated with 50 uM of fisetin in the
presence of a pan-caspase inhibitor revealed no significant difference in total cytotoxicity
or apoptosis when compared to the vehicle control (Figure 13A), despite the fact that this
concentration of fisetin had previously demonstrated a significant increase in total

cytotoxicity (Figure 10C). Breast cancer cells treated with 100 uM fisetin plus pan-
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caspase inhibitor showed substantial total cytotoxicity and late apoptosis/necrosis
compared to the vehicle control, suggesting that in the presence of pan-caspase inhibitors,
the dominant form of cell death is necrosis rather than apoptosis.

This particular study was only performed on MDA-MB-468 breast cancer cells
because they demonstrated significant induction of apoptosis under multiple fisetin
treatment conditions (Figure 10C). It would be interesting to determine whether the
alternate form of cell death that occurs in the presence of the pan-caspase inhibition is the
same form of cell death induced by fisetin in MDA-MB-231 breast cancer cells. Since
late apoptosis/necrosis seemed to occur more prominently in the MDA-MB-231 breast
cancer cell line, this might explain the death of MDA-MB-468 breast cancer cells treated
with fisetin in the presence of pan-caspase inhibitors.

This alternate form of cell death necrosis/oncosis has been described in the
literature, as cells can be sensitized for necrotic cell death in the presence of caspase
inhibitors (Vercammen, Beyaert et al. 1998; Vandenabeele, Berghe et al. 2006). A
possible pathway is through the PARP-1-mediated caspase-independent cell death
pathway. PARP-1 is a DNA repair enzyme, and PARP-1-mediated cell death is due to the
depletion of NAD and ATP, resulting in energy depletion and subsequent necrosis.
Future studies could attempt to examine the effect of pan-caspase inhibitors plus fisetin
on PARP-1 cleavage in breast cancer cells.

Since PARP-1 is a cornerstone of apoptosis and a substrate of the caspase
cascade, this molecule was investigated to further evaluate caspase activation (Herceg
and Wang 2001). PARP-1 cleavage in MDA-MB-468 breast cancer cells was assessed

after treatment with 50 uM fisetin for 24 hours; the results demonstrated an increase in
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the cleavage product of PARP-1 as well as a corresponding decrease in intact PARP
(Figure 14), which supports the presence of activated caspase in fisetin-treated breast
cancer cells.

I next studied the effect of fisetin on mitochondrial stabilility in breast cancer
cells, since this is a target of the intrinsic pathway of apoptosis. Mitochondrial
destabilization is also involved in the DR-pathway with the crossover of caspase-8
activation. The mitochondrial membrane can therefore be destabilized at the end of the
caspase cascade, regardless of the apoptosis initiation pathway. A fluorescent dye
compound, DiOCs, which enters the cell and binds to membrane-bound organelles, was
used to detect mitochondrial membrane destabilization. It was necessary to use a 40 nM
concentration of the dye in order to have preferential binding to the mitochondria
(Koning, Lum et al. 1993). This experiment demonstrated a loss of the mitochondrial
membrane potential in both MDA-MB-468 and MDA-MB-231 breast cancer cells at 72
hours of fisetin treatment (Figure 12A and 12B).

When a mitochondrion loses its membrane potential, transmembrane pores open
and release pro-apoptotic molecules such as cytochrome-c, SMAC/Diablo, AIF and
endonuclease G (Chinnaiyan 1999; Gupta 2001). Western blotting showed an increase in
cytosolic cytochrome-c at 24 hours of fisetin treatment (Figure 12C), which is consistent
with destabilization of the mitochondrion. The timeline of these events, however, is still
not clear. The DiOCg assessment was performed at 72 hours and Western blotting was
performed at 24 hours. This suggests that there may be both an early and late role of the

mitochondria in the cell death process that results from breast cancer cell exposure to
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fisetin.. An alternate explanation is that the two assays have differing sensitivities for

identifying the change in mitochondria membrane integrity.

4.6 ROS production is not involved in fisetin-induced cytotoxicity

ROS production is a normal product of cellular metabolism; ROS can act as both
a signaling pathway for, and be produced by, death stimuli. Necrosis and/or apoptosis
may be the result of ROS production. Necrosis occurs in the setting of high oxidative
stress, whereas apoptosis typically occurs in the setting of moderate oxidative stress due
to upregulation of different signaling pathways (Verheij, Bose et al. 1996; Hampton and
Orrenius 1997; Yin, Terauchi et al. 1998). Preliminary studies were therefore undertaken
in order to investigate whether ROS production was involved in fisetin-induced breast
cancer cell death.

DHE is a non-polar, non-fluorescent compound that diffuses into the cell and, in
the presence of superoxide anions, becomes converted to fluorescent ethidium (Fink,
Laude et al. 2004); DHE was therefore used in order to investigate the role of ROS
production in fisetin-induced cell death. Although there was a shift in fluorescence
during flow cytometry analysis that appeared to suggest ROS production, no conclusions
can be drawn from this assay because fisetin is also fluorescent (Figure 15). I
subsequently performed a preliminary experiment using MDA-MB-486 cell line that was
more sensitive to fisetin-induced cell death. If ROS production was a major component in
fisetin-induced cell death, the presence of an antioxidant should reduce the effect of
fisetin on cell number. However, the fisetin-treated breast cancer cells continued to show

a significant decrease in cell quantity in the presence of GSH (Figure 16). This finding is
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consistent with the literature, which indicated that that fisetin has antioxidant effects in
several physiological conditions. The molecular structure of fisetin with its 4 phenolic
rings makes it an excellent free radical scavenger (Shia, Tsai et al. 2009). Paradoxically,
fisetin in low concentrations (0 to 25 uM) protects against free radicals but in high
concentrations (50 to 250 uM) induces apoptosis (Kim, Jeon et al. 2010).

Interestingly, I observed that in the presence of antioxidants the potency of fisetin
was increased (Figure 16), perhaps because fisetin maintains its parent form when at a
higher concentration. The reactivity of fisetin may be required for its underlying
interaction with the cell such as the demonstrated intercalation of DNA by fisetin

(Sengupta, Banerjee et al. 2005). This area will require further study.

4.7 MDR breast cancer cells are resistant to fisetin

Resistance of tumours to chemotherapy can be a devastating problem because
tumours that become chemoresistant generally have the ability to progress, often resulting
in increased patient mortality. The study of MDR breast cancer cells is important, since
the sensitivity of these cells to a new compound might provide alternate options for
therapy. It is also important to investigate whether phytochemicals interact with
mechanisms that govern chemoresistance in breast cancer cells.

Two cell lines that were developed by growing MCF-7 breast cancer cells in the
presence of mitoxantrone (MCF-7 MITX) and paclitaxel (MCF-7 TX400) were used to
examine breast cancer cell resistance to fisetin. Both of these cell lines demonstrated a
relative resistance to fisetin (Figure 17). Chemoresistance was confirmed by an increased

expression of BCRP in MCF-7 MITX breast cancer cells (Figure 18A), while MCF-7
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TX400 demonstrated a relative resistance to paclitaxel compared with MCF-7 native cells
(Figure 18B). These findings suggest that the mechanisms of mitoxantrone resistance and
paclitaxel resistance may also impart fisetin resistance to breast cancer -cells.
Alternatively, although BCRP was expressed on MCF-7 MITX breast cancer cells, it
does not necessarily mean that resistance to fisetin is also mediated by this protein.
Mitoxantrone resistance can also occur through altered topoisomerase II activities
(Harker, Slade et al. 1991; Errington, Willmore et al. 1999), or over-expression of the
drug efflux pump P-glycoprotein (p-Gp) (Consoli, Van et al. 1997). Since fisetin also
inhibits topoisomerase II (Olaharski, Mondrala et al. 2005) and increases the
effectiveness of p-Gp for its drug substrates (Chung, Sung et al. 2005), further
investigation is necessary to identify the specific mechanisms of fisetin resistance. For
MCF-7 TX400, the mechanism of resistance is thought to be through overexpression of
p-Gp but again, further study is required to understand the mechanisms of fisetin

resistance in this cell line.

4.8 Fisetin enhances cytotoxicity of radiation and chemotherapeutic agents

Any novel therapy must be compared to the established gold standards. Not
infrequently, new therapies are used in conjunction with current therapies in an attempt to
improve outcomes. It is clear that fisetin has a cytotoxic effect on breast cancer cells, so
the next step was to investigate its use in combination with radiation or different
chemotherapeutic agents. It not only important to identify potential benefits of these
treatment combinations, but also to ensure that current effective treatments are not

impeded by the addition of a new compound.
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Preliminary investigations examined the combined use of radiation and fisetin.
Radiation therapy is used extensively throughout clinical practice for both palliative and
curative treatment of breast cancer. Of interest is the possibility that fisetin’s antioxidant
potential might protect cells from the radiation-induced free radicals, which are necessary
for the intended cytotoxic effect of radiation treatment. In addition, the body has naturally
occurring mechanisms (e.g., thiol compounds, glutathione, cysteine, and manganese
superoxide dismutase to counter excessive ROS ((Tannock, Hill et al. 2005). Combining
fisetin with radiation therefore has three potential outcomes: increased cytotoxicity, no
effect or increased protection from radiation-induced cell death.

My initial experiments used clinically relevant doses of radiation (0 to 4 Gy); a
standard daily fraction in clinical use is 2 Gy (Whelan, MacKenzie et al. 2002). Figure 19
illustrates the results of the use of a crystal violet assay of breast cancer cells treated with
various concentrations of fisetin and radiation dose combinations for 72 hours, and shows
that fisetin alone, and radiation alone, both induce cell death. The results of the
combination treatment are difficult to assess but the slope of both MDA-MB-468 and
MDA-MB-231 breast cancer cells suggest that there is likely a beneficial effect.

Only limited conclusions can be drawn from the analysis of this data, as the time
period for study was relatively short (maximum of 72 hours post treatment). Radiated
cells either died immediately following treatment or maintained their viability but lost
their ability to replicate indefinitely. Possible loss of immortality can only be assessed
over longer periods of time, and requires such tests as clonogenic assays. The literature
confirms that significant findings can be observed after hours to days, depending on the

cell line (Tannock, Hill et al. 2005). In addition, there are issues with correlating the data
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from MTT assays with clonogenic assays (Tannock, Hill et al. 2005). Clonogenic assays
and spheroid assays could further evaluate the effect of these combinations of fisetin and
other therapies. These assays could be used to study the combination of fisetin and
radiation longer time periods or radiation given over time with multiple exposures as
observed in clinical therapy (multiple daily fractions over several weeks) (Whelan,
MacKenzie et al. 2002).

The combination of fisetin with chemotherapeutic agents, in a preliminary study,
demonstrated a trend toward benefit, although possible complications were also observed.
The pattern that emerged with the crystal violet assay over 72 hours demonstrated that
fisetin did not significantly inhibit the chemotherapeutic drug’s action and may in fact
have a beneficial effect (Figures 20, 21, 22, 23, and 24). Further experiments are
required, such as the clonogenic assay discussed above to confirm theses findings, but
one interesting pattern was observed in this data. Figure 20B demonstrated that fisetin in
combination with cisplatin had increased effectiveness in a stepwise fashion, suggesting
potentially additive beneficial effects. All of these studies will require further evaluation
with clonogenic assays in order to generate survival curves and produce isobolograms,
which are a method of identifying whether two compounds act in a synergistic (the effect
of two or more drugs/treatments are greater than the sum of their individual effects),
additive (the effect of two or more treatments are equivalent to the sum of their individual
effects), or antagonistic (a treatment that partially or totally prevent the effects the other

treatment) manner (Hollinger 2003).
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4.9 Toxicity of fisetin

The goal of in vitro research that investigates novel therapeutic compounds is to
transition tissue culture findings to an in vivo model and, eventually, to humans. In
preparation for use of a novel compound in an in vivo model, toxicity must first be
evaluated. Flavonoids have been linked to liver failure, contact dermatitis, hemolytic
anemia, and estrogenic-related concerns that include effects on sexual reproduction
(Galati and O'Brien 2004). One fisetin-specific concern is that topoisomerase II inhibition
has been shown to induce some forms of leukemia (Olaharski, Mondrala et al. 2005).

Initial investigations into fisetin’s effect on normal cells in culture were
completed as discussed earlier in this section. Subsequently, the in vivo effect of fisetin
on cell mortality was investigated using an emerging model for cancer research,
zebrafish. Because fisetin is hydrophobic and insoluble in cold water, and only minimally
soluble in warm water (Sando and Bartlett 1918), concentrations of fisetin higher than
200 uM were not possible. Zebrafish embryos are usually maintained in a 28.5°C
environment, but in preparation for xenograft, after being treated the embryos were
maintained at 37°C. The temperature limitations might represent a significant barrier to
the use of this model and alternative routes of fisetin administration may be required.
Embryo viability was not affected at these concentrations during 72 hours of exposure
(Figure 25).

Bioavailability is another further area of interest for fisetin because fisetin has
limited solubility in water (hydrophobic) (Guzzo, Uemi et al. 2006). In my research, the
solubility problems of fisetin were also demonstrated by the inability to have

concentrations greater than 200 uM in Zebrafish egg water without crystallization.
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Another concern is the concentration of fisetin available in its parent form. For instance,
fisetin was involved in oxidation/reduction reactions, as demonstrated in the MTT control
experiment. Fisetin may benefit from exploring alternate delivery methods such as
liposomal formulations, nanoparticles, microemulsions and polymeric implantable
devices as described in the literature (Bansal, Goel et al. 2011; Mignet, Seguin et al.

2012).

4.10 Future directions and conclusions

The research that I have presented focused on the initial understanding of fisetin’s
effect on breast cancer cells in vitro. The use of multiple cell lines, with emphasis on two
triple negative cell lines (MDA-MB-468 and MDA-MB-231), have identified the
potential therapeutic benefits of this compound, but also demonstrated relative resistance
in breast cancer cell lines. One limitation of this research is that cell culture is a simulated
model in an isolated environment; as such, the effects may not be entirely transferable to
an in vivo model. Although the effect of fisetin on normal cells (i.e. HMEC, fibroblasts
and HUVEC) have also been evaluated, further study regarding fisetin’s interaction with
these cells in the presence of breast cancer cells, as well as in the dynamic
microenvironment of a solid tumour is still required; toward that end, several suggestions
for future directions of research have been presented. A summary of future research
directions, and potential barriers to their completion, are further discussed below.

First, additional studies to advance the understanding of fisetin’s mechanism of
action are of paramount importance. The focus of the current research on triple negative

breast cancer cell lines has provided preliminary information on possible different
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pathways of fisetin-induced cell death. In MDA-MB-468 breast cancer cells, fisetin
induced apoptosis by triggering caspase activation. If, however, the caspase pathway was
blocked, a different mechanism for cell death was employed that appeared to act in a
similar fashion as the pattern of necrosis observed in fisetin-treated MDA-MB-231 breast
cancer cells. These specific mechanisms should be further evaluated using individual
caspase inhibitors and Western blot analysis of specific components such as the initiator
and executioner caspases. Because fisetin also causes cell line-specific cell cycle arrest,
the effects of fisetin on cell cycle inhibitors, checkpoints and promoters also need to be
studied in more depth.

Secondly, the evaluation of other cell lines that are sensitive to fisetin (e.g., MCF-
7 breast cancer cells) should also be undertaken. MCF-7 breast cancer cells express wild
type p53 (Carlson, Dubay et al. 1996; Zhuang and Miskimins 2011), as well as estrogen
and progesterone receptors (So, Guthrie et al. 1997; Zhuang and Miskimins 2011), but
not caspase-3 (Zhuang and Miskimins 2011). Since fisetin induces apoptosis via p53 in
colon cancer cells (Lim do and Park 2009) the use of MCF-7 breast cancer cells could
reveal yet another mechanism of action of fisetin on breast cancer cells.

Finally, movement toward an in vivo model is important to take the research from
a one-dimensional (monolayer) to a three-dimensional model. Limitations to the current
monolayer model include the absence of stroma and hence the inability to assess the
effect of fisetin on crucial stromal-tumour interactions (Kim, Stein et al. 2004).
Preliminary studies examining fisetin’s effect on normal cells have been completed,
however, they were not performed in the presence of breast cancer cells. This area could

be studied using spheroids cultured in different extracellular matrices (Kim, Stein et al.
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2004). This model can be used to evaluate drug-penetrance, in addition to the effect of
fisetin on angiogenesis and metastasis (Lee, Huh et al. 2009; Liao, Shih et al. 2009).

The in vivo zebrafish model that was explored in this research represents
preliminary experiments to evaluate fisetin’s effect on embryo viability. Zebrafish offer
many advantages over a murine model, i.e. these fish are small and inexpensive, and have
the ability to breed in large numbers with a short generation time, in addition to
possessing optical clarity (Parng, Seng et al. 2002). Further study will also allow
evaluation of potentially beneficial effects of fisetin on tumour-associated angiogenesis
and metastasis; positive effects identified could then be substantiated using a xenograft
murine model.

Fisetin has demonstrated cytotoxic effects on a variety of cancer cell types, and I
have shown that this benefit can translate to breast cancer. In conclusion, fisetin shows

promise for possible future use in the treatment of breast cancer.
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