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Abstract

Background: Cell migration and invasion are essential processes for metastatic dissemination of cancer cells.
Significant progress has been made in developing new therapies against oncogenic signaling to eliminate cancer
cells and shrink tumors. However, inherent heterogeneity and treatment-induced adaptation to drugs commonly
enable subsets of cancer cells to survive therapy. In addition to local recurrence, these cells escape a primary tumor
and migrate through the stroma to access the circulation and metastasize to different organs, leading to an
incurable disease. As such, therapeutics that block migration and invasion of cancer cells may inhibit or reduce
metastasis and significantly improve cancer therapy. This is particularly more important for cancers, such as triple
negative breast cancer, that currently lack targeted drugs.

Methods: We used cell migration, 3D invasion, zebrafish metastasis model, and phosphorylation analysis of 43
protein kinases in nine triple negative breast cancer (TNBC) cell lines to study effects of fisetin and quercetin on
inhibition of TNBC cell migration, invasion, and metastasis.

Results: Fisetin and quercetin were highly effective against migration of all nine TNBC cell lines with up to 76 and
74% inhibitory effects, respectively. In addition, treatments significantly reduced 3D invasion of highly motile TNBC
cells from spheroids into a collagen matrix and their metastasis in vivo. Fisetin and quercetin commonly targeted

different components and substrates of the oncogenic PI3K/AKT pathway and significantly reduced their activities.
Additionally, both compounds disrupted activities of several protein kinases in MAPK and STAT pathways. We used

phytochemicals against TNBC cells.

molecular inhibitors specific to these signaling proteins to establish the migration-inhibitory role of the two

Conclusions: We established that fisetin and quercetin potently inhibit migration of metastatic TNBC cells by
interfering with activities of oncogenic protein kinases in multiple pathways.

Keywords: Phytochemical, TNBC, Cell migration, Invasion, Metastasis, Protein kinases

Background

Cell migration is essential for progression of cancers to
incurable metastatic disease [1, 2]. In a primary tumor
environment, cancer cells migrate away from the tumor
mass to access blood or lymphatic circulation and intra-
vasate. Additionally, following extravasation in distant
organs, cancer cells migrate into the stroma to colonize
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and form metastases. Both histopathological examina-
tions of human tumors and intravital imaging studies in
mice show that cancer cells may migrate individually, as
loosely-attached cell streams, and collectively while
maintaining cell-cell adhesions [3]. During migration,
cancer cells undergo dramatic morphological and struc-
tural changes such as cytoskeletal reorganization to de-
velop membrane protrusions [4], and rupture and repair
of the nuclear envelope to facilitate movements through
confined spaces [5]. Both cell intrinsic factors and tumor
microenvironments regulate the migration mode [6, 7].
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Despite potential benefits of blocking cancer cell migra-
tion to prevent metastasis, the majority of existing thera-
peutics are only designed to kill proliferating cancer cells
or suppress active oncogenic signaling. Although these
therapies show some initial success against tumor growth,
they have limited or no efficacy against metastasis.

Identifying chemical compounds with the potential to in-
hibit metastatic cell migration is critically important for can-
cers with high prevalence of metastasis and without
molecular therapy options, such as triple negative breast can-
cer (TNBC). Despite comprising only ~15% of all breast
cancers, TNBC is an aggressive disease with poorer progno-
sis than other subtypes of breast cancer [8]. Due to the lack
of estrogen and progesterone receptors and low HER2 ex-
pression on TNBC cells, patients do not have targeted ther-
apy options available with other breast cancer subtypes.
Molecular profiling of TNBC tumors and understanding of
the disease drivers have recently led to some novel discover-
ies for TNBC [9]. It was shown that tubulointerstitial neph-
ritis antigen-like 1 suppresses TNBC progression and
inhibits metastasis in mice by simultaneously blocking
fibronectin-integrin binding and EGFR dimerization, thereby
inhibiting downstream oncogenic kinase pathways that drive
growth and metastatic migration of cancer cells [10]. Inhib-
ition of actin-bundling activity of fascin, which facilitates
membrane protrusions and cell motility, by a natural com-
pound analog significantly blocked migration and metastatic
colonization of the TNBC cells [11]. Disrupting formation of
membrane protrusions and actin polymerization by targeting
an actin-related protein complex subunit using benproperine
blocked migration of TNBC cells in vitro and metastasis in
mice [12]. These promising studies demonstrated that inhib-
ition of cell migration may be used as a therapeutic strategy
against cancer metastasis and highlighted the need for novel
anti-metastatic compounds.

To address this need, we recently screened 20 natural
compounds against migration of two metastatic TNBC cell
lines and quantitatively ranked their effectiveness [13]. From
this collection, fisetin and quercetin most effectively reduced
migration of TNBC cells dose-dependently and at sub-lethal
concentrations. Our preliminary analysis showed that fisetin
and quercetin significantly reduced activity of MAPK path-
way. Additionally, the treatments scavenged intracellular re-
active oxygen species that regulate cell motility through
activation of kinase signaling [14]. To evaluate to what extent
these two phytochemicals have broad activities against
TNBC cell migration and to understand the underlying mo-
lecular mechanisms, here we screened these compounds
against a panel of TNBC cells and performed a comprehen-
sive molecular analysis of oncogenic protein kinases impli-
cated in cell migration. We demonstrated that fisetin and
quercetin effectively reduced migration and matrix invasion
of TNBC cells in vitro and TNBC cell metastasis in zebrafish.
Our comprehensive molecular analysis showed a significant,
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broad inhibition of oncogenic kinases in TNBC. While these
phytochemicals do not show the specificity that molecular
inhibitors have against a single target, their activity against
multiple signaling molecules offers the advantage of targeting
several pathways without having to use combinations of sev-
eral inhibitors that often cause excessive toxicity [15, 16].
Overall, this study established the potential of fisetin and
quercetin as therapeutic agents against metastatic TNBC
and identified multiple molecular targets that can be har-
nessed for TNBC treatment.

Methods

Cell culture

Nine triple negative breast cancer (TNBC) cell lines were
used. HCC1806 (cat No. ATCC CRL-2335), HCC70 (cat No.
ATCC CRL-2315), HCC1937 (cat No. ATCC CRL-2336),
BT-549 (cat No. ATCC HTB-122), BT-20 (cat No. ATCC
HTB-19), Hs578T (cat No. ATCC HTB-126), MDA-MB-
231 (cat No. ATCC HTB-26), MDA-MB-157 (cat No.
ATCC HTB-24), and MDA-MB-468 (cat No. ATCC HTB-
132) were purchased from ATCC in 2016. BT-549 cell line
was purchased from National Cancer Institute-Frederick
cancer DCTD tumor/cell line repository. All cell lines were
mycoplasma-free and used within the first 10 passages.
HCC1806, HCC70, HCC1937, and BT-549 were cultured in
RPMI-1640 medium. BT-20 was cultured in Eagle’s Mini-
mum Essential Medium (EMEM). Hs578T, MDA-MB-231,
and MDA-MB-157 were cultured in Dulbecco’s Modified
Eagle Medium (DMEM). MDA-MB-468 was cultured in Lei-
bovitz’s L-15 medium. Each medium was supplemented with
10% fetal bovine serum (FBS), 1% glutamine, and 1% anti-
biotic. One passage prior to migration experiments with
chemical compounds, phenol red-free growth medium was
used to culture the cells. Cells were cultured in T75 flasks in
a humidified incubator at 37°C with 5% CO, until they
formed a monolayer of about 90% confluent. Then, cells
were dislodged using 3 ml of a 0.25% trypsin (Life Technolo-
gies) for 5-8 min in an incubator, collected with 6 ml of
complete growth medium, and centrifuged down at 1000
rpm for 5min. After removing the supernatant and re-
suspending the cell pellet in 1 ml of complete medium, cells
were counted with a hemocytometer.

Test compounds

Fisetin, dactolisib, GSK1059615, BML-277, and WNK463
were purchased from Selleckchem. Quercetin was purchased
from Sigma-Aldrich. Stock solutions of the compounds were
prepared on the day of an experiment by dissolving the pow-
der in dimethyl sulfoxide (DMSO). Stock solutions were kept
at —80°C for long-term storage. Working concentrations
were diluted from respective stock solutions using complete
growth medium. Dilutions of fisetin and quercetin were pre-
pared in phenol red-free media. All solutions were protected
from light.
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Cell viability experiments

An AlamarBlue assay (Life Technologies) was used to de-
termine viability of TNBC cells treated with the test com-
pounds. The Alamar Blue reagent contains an active
ingredient, resazurin, which is reduced by metabolically
active cells to a fluorescent form, resorufin. The level of
fluorescent signal correlates with cell viability. TNBC cells
were seeded in a 96-well plate and maintained in a con-
centration range of 0—200 uM fisetin or quercetin for 48
h. Then, 10% of the total well volume of the AlamarBlue
reagent was added to treated and non-treated (vehicle
control) cells. After 6 h of incubating the cells at 37 °C, cell
viability was determined by measuring the fluorescent sig-
nal using a plate reader (Synergy H1M, Biotek Instru-
ments). Only those concentrations from each compound
that resulted in a viability of greater than 90% were used
in subsequent migration experiments.

Preparation of aqueous two-phase system

Our cell migration assay used a polymeric aqueous two-
phase system (ATPS) [17]. An ATPS was formed with 10.0%
(w/v) polyethylene glycol (PEG), Mw 35kDa, (Sigma-Al-
drich) and 6.4% (w/v) dextran (DEX), Mw 500 kDa, (Phar-
macosmos), as phase-forming polymers [18]. Both polymeric
solutions were prepared in a phenol red-free complete
growth medium 1 day prior to experiments with the phyto-
chemicals. To facilitate dissolving the polymers, the solutions
were vortexed and incubated in a water bath at 37 °C for 1
hour. The solutions were stored at 4°C. While the DEX
phase solution was used at this concentration, the aqueous
PEG phase was diluted to 5.0% (w/v) after mixing with cell
suspension, as explained below.

Micropatterning of migration niche

We used ATPS to generate a cell-excluded migration niche
[19]. Aqueous DEX phase drops of 1 pl volume were simul-
taneously printed in 96-well plates (Greiner Bio-One) using
a robotic liquid handler (SRT Bravo, Agilent), one drop in
the center of each well. The plate, with its lid covered, was
kept inside a sterile biological safety cabinet for 24h to
allow the drops to dry. This protocol consistently gives
dehydrated DEX phase drops of 2.00 + 0.1 mm [18]. The
density of each TNBC cell line was optimized to give a con-
fluent layer of cells around the dehydrated drop. Cell sus-
pensions were adjusted to a density of 3.5 x 10° cells/ml of
Hs578T, MDA-MB-231, BT-549, HCC1937, and BT-20,
4.5 x10° cells/ml of HCC1806 and HCC70, and 5.0 x 10°
cells/ml of MDA-MB-157. The suspensions were thor-
oughly mixed with an equal volume of the 10.0% (w/v)
aqueous PEG phase. Each well was loaded with 100 pl of
the resulting suspension of each cell line. This addition
rehydrated the DEX phase drop. The interfacial tension be-
tween the two immiscible aqueous phases prevented the
cells from entering into the drop such that cells could only
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adhere to the well surface around the drop [20]. This re-
sulted in a well-defined cell-excluded gap within a mono-
layer in each well. After 12h of incubation, the ATPS was
replaced with growth medium only (vehicle control) or
medium containing a test compound. The area of the cell-
excluded gap within well plates averaged to 3.33 +0.09
mm? A conventional scratch migration assay was per-
formed for MDA-MB-468 cells in 6-well plates due to the
difficulty with creating a micropatterned migration niche
with these cells.

Cell migration experiments

Migration experiments with the TNBC cells treated with
fisetin and quercetin were performed for 48 h. A vehicle
control condition was used with culture medium only and
without any test compounds. Each condition had 8 repli-
cates. Then, cells were stained with 2 pM Calcein AM (Life
Technologies) for 30 min. Each well containing fluorescing
cells was imaged using an inverted fluorescent microscope
(AxioObserver, Zeiss) equipped with an AxioCam MRm
camera (Zeiss). The initial gap area (A;) and final gap area
after incubation (A,) were computed using Image] (NIH).
The migration of cells over time was quantified as (l—ﬁ—‘f)*

100 [19]. The inhibition in migration of cancer cells by a
chemical compound was quantified as the difference in mi-
gration of vehicle control cells and the migration of treated

(A2 (tre:zlfment)) _ (Az(;:»lmu/)) " To

study inhibitory effects of fisetin and quercetin against mi-
gration of TNBC cells, the largest concentration of each
compound that resulted in a cell viability of at least 90% in
cytotoxicity tests was used. In separate experiments, dose-
dependent migration inhibition experiments were per-
formed using GSK1059615 and WNK463 at concentrations
of 625nM, 125nM, 250nM, 500nM, 1uM, and 5uM
against 4 TNBC cell lines MDA-MB-231, MDA-MB-157,
HCC1806, and BT-59. In addition, BML-277 was used to
stimulate migration of these cells for 6 h, 12 h, and 24 h.

cells, i.e, migration inhibition=

3D invasion assay

MDA-MB-157 and BT-549 cells were stained with 2 uM
Calcein AM before harvesting the cells for spheroid for-
mation. An ATPS technology was used to form spheroids
[21]. Spheroids were suspended in an ice-cold 4 mg/ml so-
lution of type I rat tail collagen (Corning) and then incu-
bated at 37°C for 30min to allow collagen gelation.
Invasion of the spheroids in collagen matrix was captured
using fluorescent confocal microscopy (Nikon A1 confocal
system) at a 10X magnification. FITC filter was used to
capture images with a z-spacing of 20 pum. NIS Elements
software was used for image acquisition. Z-projected im-
ages were reconstructed by collapsing the stacks using
Image] (NIH) and total area of pixels was found using
color thresholding of the resulting images.
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Zebrafish in vivo tumor metastasis and drug treatment
assays

All procedures with zebrafish were conducted in accord-
ance with NIH guidelines for the care and use of labora-
tory animals and approved by the Georgetown
University Institutional Animal Care and Use Commit-
tee. The maximum tolerable dose (MTD) of fisetin for
zebrafish was first determined by fisetin treatment
(6.25uM - 100 uM) in fish water for 7 days. A 0.5%
DMSO treatment was used as vehicle control. Two days
post fertilization (dpf), fish were arrayed in 24 well
plates, 5 fish in each well, and scored for death and
edema daily. A MTD of 100 uM for fisetin was deter-
mined where there was no death of fish and negligible
edema due to drug exposure. For the evaluation of me-
tastasis, cells were first labeled with a lipophilic CM-dil
dye (Thermo Fisher) according to the manufacturer’s in-
structions. MDA-MB-157 and BT-549 cells were pre-
treated with fisetin or 1% DMSO for 3 h during the la-
beling step, washed vigorously and injected in to the
yolk sac of 2 dpf zebrafish embryos. Zebrafish embryos
were injected with 100-200 labeled cancer cells into the
yolk sac. Invasion of the vasculature was monitored as a
surrogate of metastatic potential at 10x magnification
using an Olympus IX-71 inverted microscope. Injected
embryos were evaluated at 2-3 h post injection to dis-
card embryos from analysis if they showed any cells in
the vasculature as that would indicate improper injec-
tion. Properly injected embryos were arrayed in 96-well
plates. Fish injected with cells were treated with 100 uM
fisetin, whereas 0.5% DMSO treated fish were used as a
vehicle control. Embryos were evaluated daily for tumor
cell migration and health. With each of the cell lines, at
least 200 fish were injected for the fisetin treatment group
and 100 fish for the DMSO control group. Box plots of
scores of fish were made using Statview 5.01 (SAS Insti-
tute, Cary, NC, USA). Paired student's t-test was per-
formed on the data and p <0.05 represented statistically
significant differences. Transgenic zebrafish, Tg (kdri:
grefp)znl, expressing green reef coral fluorescent protein
in the vascular endothelium, were used for tracking of
cancer cells. This line, which was obtained from the Brant
Weinstein Lab in National Institute of Child Health and
Human Development, has been propagated at
Georgetown University in our zebrafish facility for the
past 15 years. Zebrafish embryos were euthanized by
hypothermia following the conclusion of the experiments.

Phospho-kinase array experiments

TNBC cells were treated with fisetin and quercetin at a
200 uM concentration for 6 h. A human phospho-kinase
dot blot array (ARY003B; R&D Systems) was used to sim-
ultaneously detect the relative levels of phosphorylation
of 43 human kinases and total amounts of 2 related
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proteins. An equal amount of cell lysate (300 pg) from
each TNBC cell line was used for these experiments. The
array was visualized using a FluorChem E Imaging Sys-
tem (ProteinSimple). All arrays of one experiment were
exposed simultaneously. An adequate exposure time was
chosen to capture the differences in protein kinase activ-
ity. A pixel density module in Image] was used to quan-
tify phosphorylation levels of the proteins. The pixel
density of the background signal was subtracted from the
average of measured signal of a pair of dots for each pro-
tein on the array. The phosphorylated level of each pro-
tein in a treated group was determined by normalizing it
to the pixel density value in the respective vehicle control

group.

Western blot experiments

Cells were washed with PBS and lysed in 500 uL of
complete RIPA buffer (50 mM Tris-HCl, 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS, pH
7.4 £0.2) with protease inhibitor (complete mini, Roche
Diagnostics) and phosphatase inhibitor (Life Technolo-
gies). Total protein concentration was determined using a
BCA quantification assay kit (Life Technologies). Equal
amounts of protein were loaded onto a 4—15% gel (Biorad)
for electrophoresis and the gel was transferred onto a
nitrocellulose membrane by electroblotting. Membranes
were blocked with 5% BSA (Sigma) for 1h. Primary anti-
bodies used were phospho-WNK1 (p-WNK1), WNK1,
phospho-Akt (Serd73), and Akt (pan) (C67E7), all pur-
chased form Cell Signaling Technology. Solutions of pri-
mary antibodies were prepared at concentrations
recommended by the manufacturer. Membranes were in-
cubated with the primary antibody solutions at 4 °C over-
night. After repeated washing, membranes were incubated
with a horseradish peroxidase (HRP)-conjugated second-
ary antibody for 1h, followed by another round of re-
peated washing. Detection was carried out with an ECL
chemiluminescence detection kit (GE Healthcare) using a
FluorChem E imaging system.

Statistical analysis

Statistical analysis was performed in Excel using a two-
tailed distribution and heteroscedastic student’s t-test.
For cell viability studies, p-values were obtained using
viability of cells treated with a phytochemical and the ve-
hicle control group. Statistical significance was defined
as p<0.05. An agglomerative hierarchical cluster ana-
lysis with the complete linkage method was used to as-
sign the relative phosphorylation levels of phospho-
kinases in TNBC cells into different clusters. The same
analysis was used to cluster phospho-kinases of TNBC
cells after treatment with fisetin or quercetin.
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Results

Migration of TNBC cells

Selective partitioning of cells to the aqueous PEG phase
resulted in adhesion of cells to the well bottom around
the DEX phase drop and formation of circular gap (Fig. 1a,
left). Over time, cells migrated into the gap and reduced
the available area (Fig. 1a, middle and right). We quanti-
fied migration of TNBC cells using the gap closure. Fig-
ure la shows a typical time-dependent gap closure for
BT-549 cells that occupied 69 and 93% of the gap after 24
h and 48 h, respectively. We have previously demonstrated
that while cell proliferation within the monolayer of cells
play a supportive role for the forward movement of the
cells at the leading edge, the gap closure primarily results
from cell migration [18]. The nine TNBC cell lines mi-
grated at different rates (Additional file 1: Figure S1).
Mesenchymal-like (ML) TNBC cells showed an overall
greater migration than basal-like (BL) TNBC cells, with an
exception of HCC1937 that is a basal subtype TNBC but
migrated faster than all 4 ML cells and occupied ~ 93% of
the gap only after 24 h (Additional file 1: Figure S2). BT-
20 cells, an unclassified TNBC subtype, were the slowest
and only occupied 35% of the gap after 48 h. Based on this
result, we selected a 48 h-window to test migration inhib-
ition potential of the chemical compounds.

Inhibitory effects of phytochemicals on migration and
matrix invasion of TNBC cells

In a previous study, we examined the potential of 20 phy-
tochemicals to block migration of two metastatic TNBC
cell lines and identified fisetin and quercetin as the most
effective compounds [13]. To establish whether these phy-
tochemicals are broadly active against migration of TNBC
cells, we tested them against nine TNBC cell lines. Prior
to these experiments, we performed dose-dependent cell
viability tests to determine threshold concentrations that
give over 90% viability for each TNBC cell line during a
48-h incubation to match the duration of subsequent mi-
gration experiments (Additional file 1: Figure S3a-b). We
also visually examined morphology of the cells under
treatments. Interestingly, cells in the vehicle control group
had a spindle ML shape, whereas cells treated with fisetin
or quercetin were less elongated and had a cuboidal
epithelial-like shape (Additional file 1: Figure S3c-e). This
shift in morphology was more prominent in the ML
TNBC cells than in the BL TNBC cells.

We used the threshold concentrations to investigate
anti-migratory effects of fisetin and quercetin on TNBC
cells by calculating inhibition of migration using pre-
migration and post-migration images of cells from ve-
hicle control and treated groups, as shown for BT-549
cells (Fig. 1b). Fisetin and quercetin were effective and
reduced migration of the nine TNBC cells in a range of
20 to 76% (Fig. 1c) and 13 to 74% (Fig. 1d), respectively.
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The results also suggested a subtype-dependent inhib-
ition of migration by the compounds. Fisetin treatment
inhibited migration of all ML TNBC cells more effect-
ively than the BL cells, except for the BL HCC1937 cells
that ranked third in terms of migration inhibition (Fig.
1c). Similarly, the effect of quercetin treatment to inhibit
migration of ML TNBC cells was more pronounced than
the BL cells, except for the BL HCC1937 cells that
ranked fourth and the ML MDA-MB-231 cells that
ranked seventh among all TNBC cells (Fig. 1d).

Next, we asked whether phytochemicals have inhibi-
tory effects against TNBC cell migration and invasion in
3D environments. We formed spheroids of highly motile
ML MDA-MB-157 and BT-549 cancer cells, embedded
them in a type I collagen matrix of ~2.7kPa elastic
modulus to mimic human breast tumors [22], treated
them with fisetin, and performed confocal imaging of
cells. Fisetin suppressed collagen invasion of MDA-MB-
157 cells by four and six folds after 24 and 72 h of treat-
ment, respectively, compared to the vehicle control
group (Fig. 2a-b). Similarly, fisetin treatment reduced
the matrix invasion of BT-549 spheroids by two and four
folds after 24 and 72 h, respectively (Fig. 2c-d).

Phytochemical treatment inhibition of metastasis in
zebrafish

We aimed to determine whether phytochemicals inhibit
cell migration and metastasis in vivo. We used a zebra-
fish tumor metastasis model because it has been vali-
dated for studies of human cancer cell metastasis and
allows high throughput testing of a large number of fish
with convenient imaging and analysis [23]. Consistent
with our in vitro experiments above, we treated fish with
fisetin to evaluate inhibition of metastasis of MDA-MB-
157 and BT-549 cells. Injection of MDA-MB-157 cells
into the yolk sac of 2 dpf stage embryos resulted in rapid
movement of a small fraction of cells to the tail and
head regions as early as 4 days post injection in the
DMSO-treated group (Fig. 3a). Cells intravasated into
the dorsal aorta, and more than 5 cells were observed
throughout the tail. We obtained similar results with
BT-549 cells injected into 2 dpf zebrafish embryos under
DMSO treatment with more than 5 cells intravasating
into the main blood vessel in the tail 4 days post injec-
tion (Fig. 3c). These results established the metastatic
potential of the TNBC cell lines in zebrafish. As a meas-
ure of metastasis, we scored the number of embryos
with cells that migrated to the tail after 4 days and quan-
tified the number of fish with metastasis if there was
more than one cancer cell in the vasculature [24]. With
MDA-MB-157 and BT-549 cells, 69 and 45% of fish in
vehicle control groups developed metastasis (data bars
labeled High in Fig. 3e, g). When we treated fish with
fisetin, metastasis of cells to the tail significantly reduced
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Fig. 1 Phytochemicals inhibit migration of TNBC cells. a A micropatterned circular gap within a layer of BT-549 TNBC cells before migration (left,
Ay), after 24 h (middle, A,), and after 48 h (right, A,) of migration. Bar graph in (a) shows percent migration, i.e., 1-(A>/A;), of BT-549 cells for two
different time points. Each bar represents the mean of 8 replicates and each error bar represents standard error from the mean. Scale bar in (@) is
1 mm. b Representative images of migration inhibition of BT-549 cells with fisetin and quercetin treatments compared to non-treated cells. Scale
bar in (b) is T mm. Inhibition of migration of nine TNBC cell lines by (c) fisetin and (d) quercetin. Each bar represents the mean of 8 replicates and
error bars are standard error from the mean. Concentrations shown on the x-axis are threshold concentrations of the compounds to maintain a

viability of over 90% for each cell line

(p <10™%) (Fig. 3b, d and Fig. 3f, h). Fisetin more effect-
ively inhibited migration of MDA-MB-157 cells than
BT-549 cells, i.e., by 1.77-fold and 1.20-fold, relative to
their respective vehicle controls. Overall, this study
established the potential of these phytochemicals against
TNBC cell metastasis.

Molecular analysis of TNBC cells under phytochemicals
treatment

Oncogenic kinase signaling pathways such as PI3K/
AKT/mTOR and MAPK have established roles in mi-
gration and metastasis of TNBC cells [25, 26]. Thus, we
first determined baseline protein kinase activities in un-
treated TNBC cells using a human phospho-kinase
array. This analysis resulted in four major clusters
(Additional file 1: Figure S4). The two clusters in the
top and bottom of this heatmap show highly active

kinases in the TNBC cells. The bottom cluster consists
of proteins of PI3K/AKT/mTOR pathway PRAS40 and
AKT(S473), the multifunctional kinase GSK3a/p, and
phospho-p53(S46 and S392). The top cluster contains
active ERK1/2, WNK-1, HSP60, p53(S15), and CHK-2.
Due to the role of these signaling molecules in TNBC
cell migration, we aimed to identify if anti-migratory ef-
fects of fisetin and quercetin were due to disrupting the
activity of these kinases. We conducted the phospho-
kinase array experiment with all nine TNBC cells after
treatments with a non-toxic concentration of fisetin
and quercetin (Additional file 1: Figure S5). Figure 4a
displays a representative blot array for vehicle control
and treated BT-549 cells. We quantified and normal-
ized the phosphorylation status of various proteins in a
treated group to that of the respective vehicle control
group. Figure 4b shows the normalized phosphorylated
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levels of proteins in these clusters in treated BT-549
cells. We subjected the results with all nine TNBC cell
lines to a cluster analysis. Figure 4c-d show the result-
ing heatmaps for fisetin and quercetin treatments.

The phytochemicals significantly targeted signaling of
PI3K/AKT/mTOR pathway across the TNBC cell lines.
Fisetin reduced p-AKT(S473) and p-AKT(T308) levels
by over 70% and 25-54%, respectively. Additionally, fise-
tin downregulated activities of downstream kinases of
this pathway, including m-TOR(S2448) by 40-61%,
P70S6K(T398) by 10-84%, and P70S6K(T421/S424) by
23-63%. The reduced activities of these proteins oc-
curred in at least seven of the TNBC cell lines. Quer-
cetin significantly reduced p-AKT(S473) levels in all
TNBC cells by 27-88% and inhibited p-AKT(T308) by
25-55% in seven of the cell lines, leading to reduced ac-
tivities of P70S6K and m-TOR in these cells. Significant
inhibition of AKT also decreased active PRAS40 levels
by 14-85% in all nine TNBC cells. Fisetin and quercetin
also reduced phosphorylation of GSK3a/B, which is a
substrate of PI3BK/AKT/mTOR pathway, in the TNBC
cell lines by 40-86% and 12-82%, respectively.

To establish that fisetin and quercetin suppression of
PI3K/AKT pathway signaling contributes to inhibition of
migration of TNBC cells, we treated cells with non-toxic
concentrations of an inhibitor of this pathway,

GSK1059615. We selected four cell lines for this study,
BT-549, MDA-MB-157, HCC1806, and MDA-MB-231,
due to their differential sensitivities to inhibition of mi-
gration by fisetin and quercetin (Fig. 1c-d). This treat-
ment dose-dependently reduced migration of all four
TNBC cells (Fig. 5a-d). GSK1059615 was less effective
than the phytochemicals against BT-549 and MDA-MB-
157 cells, suggesting that other mechanisms additionally
regulate migration of these cells. With HCC1806 and
MDA-MB-231 cells, GSK1059615 generated a signifi-
cantly greater anti-migratory effect than the phytochemi-
cals, indicating strong dependency of these cells on
PI3K/AKT pathway for cell migration. Our molecular
analysis showed a dose-dependent downregulation of p-
AKT (S473) in the cells (Fig. 5e-h), consistent with the
cell migration results. Overall, inhibition of PI3K/AKT
pathway by fisetin and quercetin reduced migration of
TNBC cells but the extent depended on the significance
of this pathway in migration of specific cell lines.

We also observed a significant reduction in p-WNK1
levels (>50%) by fisetin and quercetin treatments in the
TNBC cells. WNK1 has been suggested as a substrate of
AKT [27], with a potential role in regulating EMT and
migration of glioblastoma and non-small cell lung can-
cer cells [28, 29]. We showed that WNK1 activity de-
pends on AKT by treating four TNBC cell lines with
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Fig. 3 Fisetin treatment reduces TNBC metastasis in vivo. MDA-MB-157 and BT-549 cells were injected into two-day post-fertilization zebrafish
embryos. Fish were treated either with 0.5% DMSO or with 100 uM Fisetin. Cells were allowed to migrate to the tail for 4 days. a, ¢ Representative
images of DMSO-treated fish with intravasated cells in to the tail. Green shows fish vasculature and red represents cancer cells. b, d
Representative images of fisetin-treated fish. e, g Fish with less than two cells in the tail were grouped as low and fish equal to or more than two
cells in the tail were grouped as high. f, h Box plots of extravasated cells in vehicle control compared to the treated groups. Note that in fisetin-
treated fish with BT-549 cells, the median is at zero. A blue line in the middle panel of (a) indicates the cut-point for separating the tail from the
rest of the fish. A white arrow in the same panel indicates the site of injection for tumor cells in the yolk sac. Top panels are high-resolution
images for tails to highlight the migrated tumor cells in the tail region. Bottom panel shows the location of tumor cells (red) in the fish
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Error bars represent standard error from the mean (n = 2). Heatmaps of normalized phosphorylated levels of 43 protein kinases and 2 related
proteins in nine TNBC cell lines treated with (c) 200 uM fisetin and (d) 200 M quercetin. Phosphorylated level of each protein from a treated
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J

GSK1059615, which dose-dependently reduced phos-
phorylated WNKI1 levels in all four cell lines (Additional
file 1: Figure S6). Our combination treatment using a
pan-WNK  inhibitor, = WNK463  (0.5pM), and
GSK1059615 (1 uM) did not result in a significant de-
crease of the p-AKT or p-WNK1 compared to the
single-agent treatment with GSK1059615. Both treat-
ments blocked p-AKT by ~98% and p-WNK1 by ~ 79%
(Additional file 1: Figure S7). These results suggest that

WNKT1 activity is regulated by AKT. However, the use of
an inhibitor specific to WNK1 or its direct targeting
through gene silencing is necessary to establish whether
WNKI1 has an independent role from AKT on migration
of TNBC cells.

Activation of CHK2 has been associated with a de-
crease in invasive potential of cells in p53 mutant
cancers [30]. Interestingly, fisetin and quercetin sig-
nificantly increased pCHK2 levels in all nine TNBC
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Fig. 5 GSK1059615 dose-dependently inhibits migration of TNBC cells. a-d Migration inhibition of TNBC cells after 48 h treatment with
GSK1059615. Maximum concentration used for each cell line was limited by toxicity. e-h Western blots of p-AKT and t-AKT for TNBC cells under
GSK1059615 treatment. Note that the y-axis scale is different in panels (a-d)

cells by 6-170% and 13-187%, respectively. These re-
sults led us to the hypothesis that if effects of fisetin
and quercetin against migration of TNBC cells were
in part due to increased CHK2 activity, inhibiting it
would promote cell migration. First, we tested this
hypothesis using a CHK2 inhibitor (BML-277) against
MDA-MB-231 cells. We temporally monitored migra-
tion of cells treated with 0.125uM - 1 uM of the in-
hibitor. At 6h, the vehicle control cells migrated only
by 2.54%, whereas BML-277 treatment of the cells led
to a dose-dependent increase in cell migration by up
to 5.8-fold (Fig. 6). Next, we validated that the role of
CHK2 was not specific to MDA-MB-231 cells by per-
forming migration experiments with BT-549, MDA-
MB-157, and HCC1806 cells. Treatment with BML-
277 increased cell migration by 4.0, 4.4, and 2.0 folds
in these three cell lines, respectively (Additional file 1:
Figure S8). Therefore, increased activity of CHK2 by
phytochemicals is an additional mechanism for inhi-
biting migration of TNBC cells. In addition, the phy-
tochemicals targeted mutant p53 in most TNBC cells.
Fisetin reduced phosphorylated p53 levels by 19-75%
(S392), 17-81% (S46), and 12-79% (S15), whereas
quercetin inhibited p53 phosphorylation by 18-63%
(S392), 7-67% (S46), and 17-76% (S15). These phos-
phorylation sites on p53 encompass several different
upstream kinases, consistent with fisetin and quer-
cetin inhibiting multiple pathways.

Other than the above signaling pathways and mole-
cules that were most commonly targeted by fisetin and
quercetin treatments, we observed cell-specific changes
in the activities of several other pathways frequently im-
plicated in cell migration and invasion. 1) MAPK

pathway is a major driver of progression of various can-
cers including TNBC [31]. Fisetin and quercetin reduced
activities of signaling molecules in this pathway (ERK1/
2, JNK1/2/3, p38a) in several TNBC cell lines, consistent
with our previous preliminary study that showed fisetin
downregulated p-ERK levels in MDA-MB-157 and
MDA-MB-231 by 49 and 5% relative to the respective
vehicle controls [13]. 2) Different STAT proteins includ-
ing STAT3 and STATS5 have been implicated in cancer
invasion and metastasis [32, 33]. Fisetin reduced active
levels of STAT3 by 30-60% in at least three TNBC cells
and STAT5A by 20-30% in seven TNBC cell lines, and
quercetin moderately suppressed various STAT kinases
in four cell lines. (3) The nonreceptor protein tyrosine
kinase SRC plays a crucial role in signal transduction
pathways involved in cell motility [34]. Among SRC ki-
nases, fisetin and quercetin respectively reduced active
Hck levels by 10-50% and 25-40% in seven of the
TNBC cells and also moderately downregulated all seven
SRC kinases in a few of the cell lines. These cell-specific
activities of the phytochemicals potentially reflect differ-
ences in the extent and significance of mutations that
regulate motility of the specific TNBC cells.

Discussion

TNBC has the highest prevalence of metastasis and the
poorest prognosis and survival among different subtypes
of breast cancer. With the lack of targeted and endocrine
therapies for TNBC, strategies to tackle metastasis can
potentially enhance survival of patients. However, exist-
ing cytotoxic and cytostatic agents used to treat TNBC
are primarily designed to kill cancer cells and shrink tu-
mors without directly targeting key events in metastasis.
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mean of 8 samples and error bars represent standard error from
the mean. Scale bar is 1 mm

There is currently a pressing need for novel chemicals
that target processes central to metastatic disease includ-
ing migration and invasion of cancer cells. We demon-
strated the feasibility of this approach through a
comprehensive set of phenotypic and molecular studies
using fisetin and quercetin. These phytochemicals effect-
ively reduced migration of a panel of TNBC cells, with a
greater effect against mesenchymal-like (ML) subtype
than basal-like subtype cells. Only two of the cell lines
(ML MDA-MB-231 and BL HCC1937) did not follow
this trend. Importantly, the treatments altered the
morphology of metastatic TNBC cells from a spindle
shape to a cuboidal shape, suggesting transition from a
mesenchymal to an epithelial phenotype (mesenchymal-
to-epithelial transition, MET). This is consistent with
the reduced migration and ECM invasion of TNBC cells
and inhibition of metastasis in zebrafish, although de-
tailed molecular studies are required to substantiate
whether these treatments induce MET. Overall, these
studies established the potential of fisetin and quercetin
as therapeutic agents against TNBC metastasis.

At a molecular level, fisetin and quercetin broadly tar-
geted various signaling molecules. Their most common
targets were components of the PI3K/AKT pathway, in-
cluding AKT1/2/3, PRAS40, and mTOR, and additionally,
GSK3, WNK-1, p53, and CHK-2. This is consistent with
studies from cell-based assays and mouse models that
showed a major role for PI3K/AKT/mTOR pathway in
promoting migration and invasion of TNBC cells [35].
The treatments also reduced GSK3a/p phosphorylation in
the TNBC cells, resulting in increased GSK activity [36].
While GSK3 activity is critical for normal cells to maintain
an epithelial phenotype [37], its deregulation in cancer cells
promotes activities of transcription factors such as AP-1
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frequently implicated in cancer [38], and stability of Snail
protein to facilitate EMT and invasion of cancer cells [36,
39]. Conversely, active GSK3 renders various EMT transcrip-
tion factors such as Slug and Snail inactive and inhibits cell
migration. Pharmacological inhibition of GSK3 generates
various anti-tumor effects [40]. Significant suppression of
GSK3o/p phosphorylation in TNBC cells by fisetin and quer-
cetin is consistent with the role of this protein kinase in can-
cer cell motility and metastasis.

In agreement with our results of inhibitory role of CHK-
2 in cell migration, suppression of YAP1 (an EMT marker)
upregulated p-CHK2 in TNBC cells with mutant p53 [30],
and upregulation of CHK2 activity by a natural podophyl-
lotoxin analog, 4'-demethyl-deoxypodophyllotoxin gluco-
side (4DPG), abrogated invasion of TNBC cells by
restraining Twistl [41]. Additionally, our finding that fise-
tin and quercetin treatments reduce phosphorylation of
mutant p53 to interfere with TNBC cell migration is con-
sistent with the role of gain-of-function mutant p53 in
tumorigenesis, migration, invasion, and metastasis of can-
cer cells, through various mechanisms such as binding to
and inactivating p63 and the Mrell nuclease [42—44]. The
inhibitory effect of reduced mutant p53 activity on TNBC
cell migration in our study is also consistent with reduced
migration and invasion of TNBC cells both in vitro and in
mice through RNAi-mediated knockdown of mutant p53
[45]. Considering that all nine TNBC cells used in our
study have p53 mutations, our results suggest that reduced
activity of mutant p53 in part accounts for the inhibition
of TNBC cell migration by fisetin and quercetin.

Apart from these proteins, we observed cell-specific ef-
fects of the phytochemicals on various signaling mole-
cules that can be explained by key mutations in these
cells (Additional file 1: Figure S1) [46], such as in the fol-
lowing examples:

(1) BT-549 cells have a PTEN mutation. Genomics and
proteomics analyses and histological examination of
breast tumors showed an association between
PTEN mutation, EMT, and metastasis driven by
activated PI3K/AKT and MAPK signaling [47, 48].
This is consistent with our findings that fisetin and
quercetin significantly downregulated activities of
signaling molecules of these pathways in BT-549
cells, including AKT (S473/T308), TOR,
P70S6K(T421/S424 and T389), and PRAS40 by 37—
77% and 40—87%, respectively, GSK3a/p activity by
77 and 81%, and p-ERK by 30 and 66%.

(2) MDA-MB-157 cells contain a mutation in
Neurofibromatosis type 1 (NF1). Truncations and
deletions in NF1 activate RAS and its downstream
pathways RAF/MEK/ERK and PI3K/AKT [49, 50],
both of which are prominent drivers of breast
cancer metastasis. Fisetin downregulated p-ERK by
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50% and several kinases of PI3K/AKT pathway such
as p-AKT and mTOR by 30 and 40%. Quercetin
also downregulated p-ERK by 20% and kinases of
PIBK/AKT pathway such as p-AKT(S473) by 19%,
PS0S6K (T389) by 14%, and PRAS40 by 14%
respectively.

(3) Among several other mutations, HCC1937 cells are
BRCAI1-mutant. Normally, BRCA1 negatively regu-
lates the PI3K/AKT pathway through ubiquitination
of p-AKT, leading to its degradation [51]. Activa-
tion of this pathway in BRCA1-deficient breast can-
cer leads to EMT, cell motility, and tumor
progression and metastasis [52, 53]. We found that
fisetin downregulated signaling molecules of PI3K/
AKT pathway including AKT(S473/T308),
P70S6K(T421/S424 and T389), and PRAS40 by 54—
75%. Similarly, quercetin downregulated
AKT(S473), AKT(T308), mTOR, P70S6K(T389),
P70S6K(T421/S424), and PRAS40 by 40—82%. Add-
itionally, fisetin and quercetin treatments downreg-
ulated GSK3a/p by 76 and 73%, mutant p53 by 19—
42% and 33—-49%, and p-ERK by 64 and 76%,
respectively.

Overall, our results are consistent with multiple mecha-
nisms that drive migration and metastasis of these TNBC
cells and highlight the efficacy of fisetin and quercetin
against various oncogenic signaling events. We emphasize
that although the lack of specificity against a single target
may be perceived undesirable, these compounds broadly
impact multiple oncogenic proteins in different pathways
that cannot be achieved with standard chemotherapeutics
or without using multiple molecular inhibitors. Addition-
ally, the use of a molecular inhibitor against a single target
often results in feedback activation of other oncogenic
pathways, rendering the treatment ineffective. For ex-
ample, inhibition of the MAPK pathway almost always
leads to activation of the PI3K pathway or overexpression
of certain receptor tyrosine kinases such as EGFR and
IGFR to activate other oncogenic kinase pathways.
Treatment with a combination of several compounds is
a strategy to address the problem, but this approach
often leads to excessive toxicity. Therefore, simultaneous
targeting of multiple pathways by fisetin or quercetin is
a major benefit to prevent or reduce feedback signal-
ing of pathways in TNBC cells. In addition to their
role in cell migration, protein kinases regulate other
processes such as cancer cell proliferation, survival,
metabolism, and apoptosis [54]. While we compre-
hensively evaluated the impact of targeting protein ki-
nases by fisetin and quercetin on TNBC cell
migration and invasion, future studies should explore
how these phytochemicals regulate other processes in
TNBC and other cancers.
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Conclusions

Using our high throughput cell migration technology,
we demonstrated that fisetin and quercetin effectively
inhibited migration and matrix invasion of TNBC cells
and significantly reduced metastasis in zebrafish. Our
comprehensive analysis of an array of phospho-kinases
showed high baseline activity levels of various oncogenic
protein kinases in these cells. Treatments with the phy-
tochemicals generated broad effects at a molecular level.
The most common targets of fisetin and quercetin were
components of PI3K/AKT pathway and its substrates,
consistent with the significant inhibition of migration
and invasion of several TNBC cell lines with constitutive
activity of this pathway. Therefore, these compounds
may significantly benefit cancers primarily driven by dys-
regulated PI3K/AKT activities. Additionally, fisetin and
quercetin reduced activities of distinct signaling mole-
cules cell-specifically, likely due to the role of the spe-
cific protein kinases in motility of the cells. Due to their
broad effects on multiple signaling molecules in cancer
cells, these phytochemicals may benefit targeting of sev-
eral signaling events using only one compound, albeit
without specificity of combinations of molecular inhibi-
tors but without the associated toxicities. The use of
fisetin and quercetin with tumor models composed of
patient-derived cells will help elucidate their transla-
tional potential as therapeutic compounds.

Additional file

Additional file 1: Table S1. Coordinates of protein kinases in the
phospho-kinase dot blot array. Figure S1. (a) Migration of TNBC cells into
the cell-excluded gap after 48 hrs without any treatment. (b) Subtypes of
TNBC cell lines and their major mutations. Figure S2. Basal-like HCC1937
cells migrated into and occupied the gap almost within 24 hrs. Scale bar
is 1 mm. Figure S3. Cytotoxicity analysis TNBC cells treated with (a) fise-
tin and (b) quercetin. Each data point represents the mean of 8 samples
and error bars represent standard error from the mean. (c-e) Representa-
tive images of Hs578T show that the spindle-like mesenchymal morph-
ology of cells changes to epithelial cell morphology with fisetin and
quercetin treatments. Note that with fisetin treatment of HCC1806 cells
and quercetin treatment of HCC1937 cells, a sigmoidal curve could not
be fitted to the dose response data. Figure S4. Baseline relative phos-
phorylation of 43 protein kinases and 2 related signaling proteins in nine
TNBC cell lines without any treatments. The hierarchical clustering identi-
fied 4 major clusters: Cluster 1 is highlighted with a red box (high base-
line activity), Cluster 2 is highlighted with an orange box (high to
moderate baseline activity), Cluster 3 is highlighted with a green box
(moderate baseline activity), and Cluster 4 is highlighted with blue box
(low baseline activity). Figure S5. Fisetin and quercetin treatments are
non-cytotoxic to TNBC cells. Viability of nine TNBC cell lines after treat-
ments with (a) 200 pM fisetin and (b) 200 uM quercetin for 6 hours. Fig-
ure S6. GSK1059615 treatment dose-dependently downregulated p-
WNKT. (a-d) Western blots of p-WNKT1 and t-WNK in TNBC cells treated
with GSK1059615 for 6 hrs. Figure S7. Combination treatment of TNBC
cells with GSK1059615 and WNK463 inhibitors produced an additive ef-
fect, suggesting that p-WNK1 is a p-AKT effector. (a) Western blot for sin-
gle agent and combination treatments for 6 hrs. (b-c) Levels of p-AKT/t-
AKT and p-WNK1/t-WNKT in HCC1806 cells, respectively. ns represents
lack of statistically significant difference. Figure $8. CHK2 inhibition pro-
moted migration of different TNBC cells. Images of cell migration (a-c)
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without any treatment and (d-f) treatments with BML-277. Scale bar is 1
mm. (g) Quantified increased migration of TNBC cells by CHK2 inhibition.
Each bar represents a mean of 8 samples, and error bars represent stand-
ard error from mean.
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