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Cellular and molecular alterations induced by low-dose
fisetin in human chronic myeloid leukemia cells
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Abstract. The present study aimed to evaluate the cellular
and molecular effects of low concentrations of the flavonoid,
fisetin, on K562 human chronic myeloid leukemia cells, in the
context of both potential anti-proliferative and anti-metastatic
effects. Thiazolyl blue tetrazolium bromide assay, Trypan
blue exclusion assay, Annexin V/propidium iodide test, cell
cycle analysis, Transwell migration and invasion assays, the
fluorescence staining of P-catenin and F-actin as well as
reverse transcription-quantitative polymerase chain reaction
were performed to achieve the research goal. Furthermore, the
nature of the interaction between fisetin and arsenic trioxide
in the K562 cells was analyzed according to the Chou-Talalay
median-effect method. We found that low concentrations of
fisetin had not only a negligible effect on the viability and
apoptosis of the K562 cells, but also modulated the mRNA
levels of selected metastatic-related markers, accompanied
by an increase in the migratory and invasive properties of
these cancer cells. Although some markers of cell death were
significantly elevated in response to fisetin treatment, these
were counterbalanced through anti-apoptotic and pro-survival
signals. With decreasing concentrations of fisetin and arsenic
trioxide, the antagonistic interactions between the 2 agents
increased. On the whole, the findings of this study suggest that
careful consideration should be taken when advising cancer
patients to take fisetin as a dietary supplement and when
considering fisetin as a potential candidate for the treatment of
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chronic myeloid leukemia. Further more detailed studies are
required to confirm our findings.

Introduction

In recent years, dietary polyphenols have attracted increasing
scientific attention as potential chemopreventive and chemo-
therapeutic agents, due to their putative low toxicity profiles,
their common availability, low cost and a wide range of biolog-
ical activities (1-4). Despite the large variety of structural
variants of dietary polyphenols, not all of these share the same
antitumor activity; hence, a considerable focus of researchers
has been concentrated on selected groups, including flavonoids.
One of the most intensely studied compound of this class has
become fisetin (3,3'4'7-tetrahydroxyflavone; FIS), whose anti-
cancer properties have relatively recently been discovered, and
earlier mainly its antimicrobial, as well as its neuroprotective
activities had been known. FIS belongs to a flavonol subgroup
of flavonoids and constitutes common ingredient of the human
diet, as it can be found in several fruits, vegetables and nuts,
including strawberries, apples, kiwi fruit, grapes, persimmons,
onions and cucumbers (5). There is accumulating evidence that
FIS may exert anti-proliferative, anti-inflammatory, pro-death,
anti-invasive, anti-migratory and anti-angiogenic effects in
a large panel of human cancer cell lines and several animal
models (6-8). At the cellular and molecular level, these anti-
carcinogenic effects of FIS have been shown to be associated
with the modulation of multiple signal transduction pathways,
including the phosphatidylinositol 3-kinase/AKT/mammalian
target of rapamycin (PI3K/AKT/mTOR), cyclooxygenase
2 (COX-2), Janus kinase/signal transducer and activator of
transcription (JAK/STAT), extracellular-signal regulated
kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK) and
p38 mitogen-activated protein kinase (p38 MAPK) pathways,
AMP-activated protein kinase (AMPK) signaling, KIT
receptor signaling, growth hormone receptor signaling, as well
as Wnt/p-catenin, epidermal growth factor receptor (EGFR)
and nuclear factor kB (NF-«kB) pathways. Furthermore, FIS has
been found to bind and inhibit the activity of cyclin-dependent
kinases (CDKs) 2,4, 6, decrease the levels of cyclin B1, D1 and
cyclin E, suppress retinoblastoma protein (pRb) phosphoryla-
tion, increase the levels of p21, p27 and p53, as well as to
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function as an antagonist of DNA topoisomerases I, II and as
a ligand for the androgen receptor (AR) (5,7,9). At the cellular
level, FIS possesses a microtubule stabilizing property and
binds to f-tubulin, leading to the disruption of microtubule
dynamics (10). It has been demonstrated that FIS-induced
cancer cell death occurs predominantly through apoptosis,
although its ability to trigger autophagy and mitotic catastrophe
has also been documented (11-13). FIS-induced apoptosis has
been found to be associated with endoplasmic reticulum (ER)
stress (14,15), the activation of the caspase cascade (16-19),
the inhibition of heat shock factor 1 (HSF1) (20), the induc-
tion (19) or the suppression (17) of reactive oxygen species
(ROS) production, the downregulation of anti-apoptotic
Bcl-2, Bel-X, , Mcl-1L, cIAP-1/2, XIAP, survivin and TRAF1
proteins, and the upregulation of pro-apoptotic Bcl-2 family
members, such as Bax, Bim and Bad (16,19,21,22). The occur-
rence of apoptosis following treatment with FIS has been
demonstrated in a wide variety of cancer types, including
chronic myelogenous leukemia (23,24), promyelocytic
leukemia (25), melanoma (26), hepatocellular carcinoma (18),
multiple myeloma (19), breast (27), bladder (22), liver (6),
pancreatic (28), cervical (29), prostate (16), colon (20,30,31),
epidermoid (32), laryngeal (33) and oral squamous cell
carcinoma (34,35). However, the therapeutic application of
FIS, similar to other flavonoids, has been hampered due to
insufficient oral bioavailability as a result of its poor aqueous
solubility, poor absorption, as well as extensive and rapid
metabolism. Therefore, considerable efforts have been made
to improve the bioavailability of FIS through e.g., co-crys-
tallization with caffeine, nicotinamide and isonicotinamide,
complexation with cyclodextrins and encapsulation with
nanoparticles (36-39).

Although numerous in vitro studies have been devoted to
investigating the antitumor efficacy, as well as the mechanisms
of action of FIS, only few of these have used low, in vivo
achievable concentrations of this agent. To limit a lack of
reproducibility of the in vitro studies in clinical trials, the use
of clinically relevant concentrations in the in vitro testing of
agents is currently strongly recommended (40). Therefore, in
this study, we aimed to investigate the cellular and molecular
effects of in vivo attainable concentrations of FIS on K562
human chronic myeloid leukemia (CML) cells. Furthermore,
since we, as well as others have previously reported that FIS
can act synergistically with certain anticancer drugs (27,41-43),
thereby establishing its potential as a possible candidate for
combination therapy, herein we also aimed to assess whether
this flavonoid may enhance the anticancer effects exerted by
arsenic trioxide (ATO) against K562 leukemic cells.

Materials and methods

Cell culture and treatment. The K562 human chronic
myeloid leukemia cells (ATCC) were maintained in Roswell
Park Memorial 1640 medium (RPMI-1640; BioWhittaker,
Lonza) supplemented with 10% fetal bovine serum (FBS,
Sigma-Aldrich) and 50 pg/ml gentamycin (Sigma-Aldrich). A
humidified atmosphere of 95% air and 5% CO, at a constant
temperature of 37°C was provided by the CO, incubator. After
reaching approximately 70-80% confluency, the cells were
passaged and seeded on 12- or 6-well plates (BD Falcon) for
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further assays. Concentrated stock solutions of FIS (100 mM;
Abcam) were prepared in dimethyl sulfoxide (DMSO;
Sigma-Aldrich), stored at -25°C and serially diluted in complete
growth medium right before use. ATO (Sigma-Aldrich) was
dissolved in 1 M of NaOH to generate 100 mM stock solution,
which was then stored at 4°C and serially diluted in complete
growth medium immediately prior to cell treatment. The
control cells were cultured under identical conditions, although
without the addition of the test agents. The final concentra-
tions of DMSO or NaOH (0.02 and 0.0001%, respectively) did
not influence the experimental results (data not shown). The
cells were evaluated for mycoplasma contamination by DAPI
staining methods. Cells at low passage were used for all the
experiments (<5). The range of concentrations for cell viability
assays (10-50 uM) were selected to enable the construc-
tion of the dose-response curves for the estimation of the
half-maximal inhibitory concentration values and drug-drug
interaction analysis. Since in vivo achievable levels of FIS
are only up to 20 M (44), 10 and 20 uM concentrations of
this flavonoid were employed for all subsequent experiments.
Likewise, clinically-relevant (1.5-2.5 M) and sub-therapeutic
(0.5-1.0 uM) concentrations of ATO were used in drug-drug
interaction experiments, as such an approach has previously
been recommended to limit its toxicity and to reduce unwanted
side-effects (45,46). Given the stability and cellular uptake of
several flavonoid compounds (47,48), the incubation time was
24 and/or 48 h, unless otherwise stated.

Cell viability assays. The cytotoxic effects of the test agents on
the viability of the K562 cells was evaluated by the thiazolyl
blue tetrazolium bromide (MTT) colorimetric assay, as well
as Trypan blue dye exclusion test. For both experiments, the
cells were seeded into 12-well plates and treated with FIS at
concentrations of 10, 20, 30, 40, 50 M for 24 or 48 h. After
the indicated treatment period, the cells were incubated in
the MTT working solution, which was prepared by diluting
the MTT stock solution [made by dissolving 5 mg of MTT
(Sigma-Aldrich) in 1 ml of PBS] with the culture medium
without phenol red (HyClone, Thermo Fisher Scientific) at a
ratio of 1:9. Following 3 h of incubation in the CO, incubator
at a standard condition, the resulting formazan crystals were
dissolved in isopropanol (POCH, Poland) and the absorbance
was read at 570 nm using a spectrophotometer (Spectra
Academy, K-MAC). Following Trypan blue staining (3 min
at room temperature), at least 100 cells per data point were
counted under an Eclipse E800 light microscope (Nikon
Corp.) and blue stained cells were considered dead. The cell
viability was calculated assuming the absorbance of control
cells as 100%.

Drug interaction analysis. To determine the combined effects
of FIS and ATO on K562 cells, the data of MTT assay were
analyzed with CompuSyn software (ComboSyn Inc.) based
on the combination index method of Chou and Talalay (49).
This method is entirely based on the physical, chemical and
mathematical principles of the mass-action law, i.e., unified
median-effect equation and the combination index equation,
and it is the most cited and the broadest cited method for drug
combination studies (50). For MTT assays, ATO (at concentra-
tions of 0.5, 1.0, 1.5,2.0,2.5 uM) or FIS (10, 20, 30,40, 50 xM)
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were added to the cells for 24 h as either single or combined
agents at a fixed concentration ratio of 1:20. The combination
index (CI) values for each concentration and the corresponding
effect level, referred to as the fraction affected (f,; the fraction
of cells inhibited after the drug exposure, e.g., 0.5 when cell
growth is inhibited by 50%), were determined. The resulting
combination index offers a quantitative determination of drug
interaction, where CI <1, = 1 and >1 indicates synergism, an
additive effect and antagonism, respectively. For a graphical
illustration of drug interaction, the F,-CI plot was constructed
by computerized simulation of serial CI values over a range
of £, levels from 0.001 (IC,,) to 0.90 (IC,,). The dose reduc-
tion index (DRI) at f,=0.5 was also calculated to indicate the
fold of dose reduction allowed for each agent in the combina-
tion treatment compared to the single-agent treatment that is
required to achieve the same effect level. DRI = 1 signifies no
dose reduction, whereas DRI >1 and <1 represent favorable
and unfavorable dose-reduction, respectively (51).

Cell apoptosis assay. To quantify cell apoptosis, the Annexin
V-Alexa Fluor 488 and Propidium Iodide kit (Thermo Fisher
Scientific) was used according to the manufacturer's instruc-
tions with some modifications. In brief, following 24 and 48 h
of incubation with 10 and 20 M FIS, the cells were collected
from 6-well plates, centrifuged (300 x g, 5 min, room tempera-
ture), resuspended in Annexin V Binding Buffer (ABB) and
incubated with Annexin V-Alexa Fluor 488 at room tempera-
ture in the dark. Following 20 min of incubation, the cells were
once more centrifuged (300 x g, 5 min, room temperature) and
resuspended in ABB. Finally, 1 ul of propidium iodide (PI)
was added for 5 min at room temperature in the dark. The data
were acquired with the Tali image-based cytometer (Thermo
Fisher Scientific) and analyzed using the FCS express Research
Edition Software (version 4.03; De Novo Software). The sum
of the early (Annexin V*/PI) and late (Annexin V*/PI*) apop-
totic cells represented the total apoptosis.

Cell cycle assay. To examine cell populations in various
phases of the cell cycle, the measurement of the DNA content
was performed using the Guava Cell Cycle reagent (Merck
KGaA) according to the manufacturer's protocol. Briefly, the
cells treated with 10 and 20 M FIS for 24 and 48 h were
harvested from 6-well plates, centrifuged (300 x g, 5 min,
room temperature) and then fixed in ice-cold 70% ethanol at
4°C followed by overnight incubation at -25°C. The cells were
then centrifuged at 650 x g for 5 min at room temperature
and washed with PBS. Following centrifugation at 500 x g
for 7 min at room temperature, the cells were resuspended in
Guava Cell Cycle reagent, and incubated for 30 min at room
temperature in the dark. The cells were then analyzed with the
Guava easyCyte 6HT-2L Benchtop Flow Cytometer (Merck
KGaA), and the percentage of cells in each phase of the cell
cycle was determined using InCyte software (version 4.03; De
Novo Software).

Transwell invasion and migration assays. The invasion and
migration of the K562 cells was assessed using the Transwell
chamber system. The upper side of 24-well polycarbonate
filter inserts (8 ym pore size; Corning, Inc.) were pre-coated
for 24 h at 37°C with 40 ul of Matrigel (2 mg/ml in serum-free
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medium). The cells treated or untreated with the flavonoid
were placed in the upper compartment of the chamber at a
density of 3.0x10°. Transwell inserts were then placed in the
lower chamber filled with 750 ul of medium containing 10%
FBS as a chemoattractant and allowed to invade for 40 h under
standard culture conditions provided by a CO, incubator.
After the indicated period of time, invaded or migrated cells
recovered from the lower chamber were counted with the
Tali image-based cytometer (Thermo Fisher Scientific), and
the results were expressed relative to control cells, set as 1.
Transwell migration assay was performed in a manner similar
to the above-described invasion assay with the exception that
Matrigel was omitted and the cells were counted following
20 h of incubation.

Fluorescence staining of f-catenin and F-actin. f-catenin
and filamentous actin (F-actin) fluorescence staining was
performed according to a previously described protocol (52).
Briefly, control and FIS-treated K562 cells were collected from
12-well plates and centrifuged onto glass coverslips (768 x g,
10 min, room temperature), and then fixed with 4% parafor-
maldehyde (Serva), as well as permeabilized with 0.25% Triton
X-100. F-actin was labeled with Alexa Fluor 488-conjugated
phalloidin (dilution 1:40 in PBS, 20 min; Life Technologies).
Non-specific background was blocked with 1% bovine serum
albumin (BSA). Rabbit polyclonal anti-B-catenin antibody was
used as a primary antibody to label 3-catenin (dilution 1:150 in
BSA, 60 min; cat. no. SAB4500541, Sigma-Aldrich), followed
by incubation with a secondary goat anti-rabbit antibody
conjugated to Alexa Fluor 594 (dilution 1:200 in BSA, 60 min;
cat. no. R37117, Thermo Fisher Scientific). Cell nuclei (DNA)
were stained with 4',6-diamidino-2-phenylindole (DAPI,
dilution 1:20,000, 10 min; Sigma-Aldrich). All incubations
were carried out at room temperature, whereas fluorescence
staining was performed in the dark. Finally, the slides were
mounted in Aqua-Poly/Mount (Polysciences) and analyzed
using the C1 laser-scanning confocal microscope (with a 100X
oil immersion objective; Nikon) and Nikon EZ-C1 software
version 3.80 (both from Nikon). The acquisition parameters,
including laser power, pixel dwell time and gains, were main-
tained at the same level for all fluorescence images captured
with the confocal microscope. The fluorescence intensity of
[-catenin was normalized to DAPI signal and measured using
Imagel] software (version 1.52k; National Institutes of Health).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Total RNA was isolated from the K562 cells
using the Total RNA Mini Plus kit (A&A Biotechnology)
according to the provided manufacturer's instructions,
followed by the spectrophotometric determination of RNA
concentration and purity (BioSpectrometer basic; Eppendorf).
A one-step RT-qPCR was carried out with LightCycler
RNA Master SYBR-Green I kit (Roche Applied Science)
on a LightCycler 2.0 Instrument (Roche Applied Science).
The total reaction mixture (20 pl per single LightCycler
capillary) contained 100 ng of RNA and 0.2 yuM of each
primer (oligo.pl) in addition to the LightCycler RNA Master
SYBR-Green I kit components. The following thermocycling
conditions were used: One cycle of reverse transcription for
20 min at 61°C, one cycle of denaturation for 1 min at 95°C,
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Table I. Details of the investigated and reference genes.

Gene Primer sequence

AIF Forward: 5'-CTGAAAGACGGCAGGAAGGTAG-3'
Reverse: 5'-CTCCAGCCAATCTTCCACTCAC-3'

AKT Forward: 5'-GGCTATTGTGAAGGAGGGTTG-3'
Reverse 5'-TCCTTGTAGCCAATGAAGGTG-3'

BAX Forward: 5'-AGATGTGGTCTATAATGCGTTTTCC-3'
Reverse:5'-CAGAAGGCACTAATCAAGTCAAGGT-3'

BCL2 Forward: 5'-AACATCGCCCTGTGGATGAC-3',
Reverse: 5'-AGAGTCTTCAGAGACAGCCAGGAG-3

BECNI Forward: 5'-AGCTGCCGTTATACTGTTCTG-3'
Reverse: 5'-ACTGCCTCCTGTGTCTTCAATCTT-3'

CASP3 Forward: 5-TGGTTCATCCAGTCGCTTTG-3'
Reverse: 5'-CATTCTGTTGCCACCTTTCG-3'

CD44 Forward: 5'-~ACCCCAACTCCATCTGTGC-3'
Reverse: 5'-TTCTGGACATAGCGGGTG-3'

GAPDH Forward: 5'-ACAACTTTGGTATCGTGGAAGG-3'
Reverse: 5'-GCCATCACGCCACAGTTTC-3'

MAPILC3B Forward: 5'-CGGTGATAATAGAACGATACAAGG-3'
Reverse: 5'-CTGAGATTGGTGTGGAGACG-3'

MMP2 Forward: 5'-GATACCCCTTTGACGGTAAGGA-3'
Reverse: 5'-CCTTCTCCCAAGGTCCATAGC-3'

MMP9 Forward: 5'-CCCTGGAGACCTGAGAACCA-3'
Reverse: 5'-CCCGAGTGTAACCATAGCGG-3'

MTOR Forward: 5'-TCACATTACCCCCTTCACCA-3'
Reverse: 5'-TCAGCGAGTTCTTGCTATTCC-3'

PI3K Forward: 5'-AGTAGGCAACCGTGAAGAAAAG-3'
Reverse: 5'-GAGGTGAATTGAGGTCCCTAAGA-3'

PYK2 Forward: 5'-GAGACCTACCGCTGTGAAC-3'
Reverse: 5'-CTGCTAGGGATGAGGTTTTG-3'

RHOA Forward: 5'-CCAAATGTGCCCATCATCCTAGTTG-3'
Reverse: 5'-TCCGTCTTTGGTCTTTGCTGAACAC-3'

RIP3 Forward: 5'-AATTCGTGCTGCGCCTAGAAG-3'
Reverse: 5'-TCGTGCAGGTAAAACATCCCA-3'

ROCK1 Forward: 5'-GGTGCTGGTAAGAGGGCATT-3'
Reverse: 5'-AGCATCCAATCCATCCAGCAA-3'

SNAII Forward: 5'-TTCAACTGCAAATACTGCAACAAG-3'
Reverse: 5'-CGTGTGGCTTCGGATGTG-3'

SNAI2 Forward: 5'-TGTGACAAGGAATATGTGAGCC-3'
Reverse: 5'-TGAGCCCTCAGATTTGACCTG-3'

SOSTM1/P62 Forward: 5'-GGGGACTTGGTTGCCTTTT-3'
Reverse: 5'-CAGCCATCGCAGATCACATT-3'

TWIST Forward: 5'-GTCCGCAGTCTTACGAGGAG-3'
reverse: 5'-GCTTGAGGGTCTGAATCTTGCT-3'

VIM Forward: 5'- AGTCCACTGAGTACCGGAGAC-3'

Reverse: 5'-CATTTCACGCATCTGGCGTTC-3'

and 45 cycles of denaturation for 5 sec at 95°C, followed by
annealing and extension for 20 sec at 55-60°C (depending on
the melting temperature of the primers) and 5 sec at 72°C,
respectively. The results obtained from at least 3 indepen-
dent experiments were analyzed with LightCycler Software

version 4.0. The expression of each target mRNA relative to
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
internal control was calculated based on the AACq method
(2-22%method) (53). The primers used for the PCR reactions
are listed in Table I.
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Statistical analysis. Statistical analysis was performed with
the Prism software package (version 7.01, GraphPad Software).
The evaluation of data normality was carried out with the
Shapiro-Wilk test. One-way or two-way ANOVA with Tukey's
or Sidak's post hoc comparisons, Kruskal-Wallis with Dunn's
post hoc tests or unpaired t-test with Welch's correction were
used for data comparison where appropriate. All values are
expressed as the means + standard deviation and all statistical
assessments were two-sided. Probability (P)-values <0.05 was
considered to indicate statistically significant differences.

Results

Effects of FIS treatment on the viability of the K562 human
chronic myeloid leukemia cells. To examine the cytotoxic
effects of FIS towards the K562 cells, we first performed an
MTT assay, which is a sensitive and reliable indicator of meta-
bolically active mitochondria. As depicted in Fig. 1A, FIS at
concentrations ranging from 10 to 50 xM was not highly toxic
to the K562 cells, as approximately 80% of the cells managed
to survive following treatment with the highest concentra-
tion of this compound, regardless of the incubation time. At
low concentrations (10 and 20 xM), FIS did not cause any
apparent changes in the viability of the K562 cells; however,
at higher concentrations (30-50 yM), it led to a statistically
significant, although slight decrease in the survival rate of
these cells. Furthermore, all tested concentrations resulted
in no significant differences in cell viability between the two
incubation periods (24 vs. 48 h). The results of MTT assays
were confirmed by Trypan blue exclusion assay (Fig. 1B).

Effects of FIS on apoptosis induction and cell cycle distribu-
tion in the K562 human chronic myeloid leukemia cells. To
determine whether FIS at low concentrations can induce the
apoptosis and cell cycle arrest of the K562 cells, Annexin
V/PI double staining and PI single staining were performed,
respectively, following 24 and 48 h of exposure to the 10
and 20 uM concentrations of this flavonoid. As shown in
Fig. 2A, FIS was not found to be a potent inducer of apoptosis
and triggered only low cell death in the K562 cells. At the
10 #M concentration of the agent, the increase in the number
of apoptotic cells was significant only following the longer
exposure time; however, simultaneously, there were no statisti-
cally significant differences between the two incubation times
(24 vs. 48 h). At the 20 uM concentration of FIS, the increase
in apoptosis was found to be significant in response to both
exposure time periods in comparison to the control; however,
in this case as well, the longer incubation time did not result
in a marked change in apoptosis when compared to the shorter
incubation time. As depicted in Fig. 2B, treatment of the K562
cells with FIS at both concentrations did not cause any signifi-
cant changes in cell cycle distribution when compared to the
untreated cells.

Effects of FIS on the migratory and invasive behaviors of the
K562 human chronic myeloid leukemia cells. To examine
whether FIS at low concentrations can affect the invasive
and migratory ability of the K562 cells, Transwell invasion
and migration assays were conducted. As shown in Fig. 3A,
the FIS-treated K562 cells exhibited a significantly greater
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Figure 1. Determination of cell viability by (A) MTT assay and (B) Trypan
blue dye exclusion assay. The K562 cells were treated with increasing
concentrations of fisetin for 24 or 48 h or left untreated (CTRL, which is
represented as 100%). Statistically significant differences between the
fisetin treatment groups and the control group were marked with an asterisk
("P<0.05; two-way ANOVA with Tukey's post hoc test). There was no signifi-
cant difference between 24 and 48 h treatment (P>0.05; two-way ANOVA
with Sidak's post hoc test). Data represent the means + standard deviation of
5 (MTT assay) or 4 (Trypan blue assay) independent replicates.

capacity to invade through the Matrigel matrix than the
untreated ones. Likewise, treatment of the K562 cells with
both tested concentrations of this flavonoid visibly increased
the migratory capability through the Transwell membranes
compared with that of the control cells; however, statistical
significance was reached only at the concentration of 20 M
(Fig. 3B).

Effects of FIS on F-actin and B-catenin in the K562 human
chronic myeloid leukemia cells. As shown in Fig. 4A, treat-
ment of the K562 cells with FIS resulted in an increase in
F-actin staining and its more visible redistribution toward
the plasma membrane when compared to the untreated cells.
Furthermore, FIS treatment enhanced the nuclear localization
of B-catenin (Fig. 4).

Effects of FIS on the expression of pro-survival, cell
death-related and metastasis-related markers in the K562
human chronic myeloid leukemia cells. To assess the effects
of FIS at low concentrations on the K562 cells at a molecular
level, the mRNA expression of a range of cell death-related
and metastasis-related markers was investigated by RT-qPCR.
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Figure 2. Determination of (A) apoptosis by Annexin V/PI assay and (B) cell
cycle distribution by PI staining. The K562 cells were treated with 10 and
20 uM fisetin for 24 and 48 h or left untreated. (A) The sum of the early
(Annexin V*/PT) and late (Annexin V*/PI*) apoptotic cells represents the
total apoptosis. An asterisk indicates statistically significant differences
between the control and fisetin treatment groups ("P<0.05; two-way ANOVA
with Tukey's post hoc test). Data represent the means + standard deviation of
(A) 3 or (B) 5 independent experiments.

As depicted in Fig. 5A-C, the flavonoid modulated the tran-
script level of apoptosis-associated genes. It upregulated the
expression of BAX and BCL2, resulting in the ratio of BCL2
to BAX being marginally higher than 1 (1.06 and 1.19 for
10 and 20 uM FIS, respectively; Fig. 4A). Furthermore, this
compound increased the mRNA levels of caspase-3 and AIF;
however, in the case of the former, statistical significance was
reached only at the concentration of 20 M of the agent (similar
to the results obtained for BCL2; Fig. 5A-C). In addition to
apoptosis, the expression of two markers of regulated necrosis,
RIP3 and PARPI, was also markedly upregulated by FIS
(Fig. 5D and E). Furthermore, since the autophagy-associated
gene, BECNI was significantly overexpressed upon treatment
of the K562 cells with 20 M FIS (Fig. 5F), the mRNA levels
of two other autophagy markers, LC3B and p62, were also
measured in these cells. However, the expression levels of
these markers did not indicate the activation of autophagy in
response to FIS exposure, as the expression of the former was
unaltered and that of the latter was markedly elevated (Fig. 5G
and H). Likewise, the mRNA level of the master negative
regulator of autophagy, MTOR, increased upon FIS treatment
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Figure 3. Evaluation of invasion and migration using a Transwell assay. The
K562 cells were treated with 10 or 20 M fisetin or left untreated (CTRL).
The results are expressed relative to control cells (set as 1) and statistical
significance between control and treated groups is labeled with an asterisk
("P<0.05; one-way ANOVA with Tukey's post hoc test). Data represent the
means + standard deviation of 2 (migration assay) or 3 (invasion assay) inde-
pendent experiments, each in duplicate.

(Fig. 51). The agent also upregulated the expression of two
other critical nodes in the pro-survival PI3K/AKT and mTOR
signaling pathways, whereby PI3K mRNA was significantly
increased only at the higher concentration of FIS, and AKT
mRNA only at the lower one (Fig. 5J and K).

FIS also influenced the expression of metastasis-related
genes in the K562 cells. At both the tested concentrations, it
significantly increased the CD44, MM P2, SNAIL, SLUG, VIM
and ROCKI mRNA levels; however, it simultaneously had no
effect on RHOA expression (Fig. 6A-G). Furthermore, there
was a significant upregulation of MMP9, TWIST, PYK2 and
CTNNBI expression following treatment with 20 uM FIS. The
10-fold lower concentration of the flavonoid also upregulated
the mRNA level of MM P9, TWIST and PYK2; however, in these
cases, statistical significance was not reached (Fig. 6H-K).

Combined effects of FIS and ATO on the K562 human chronic
myeloid leukemia cells. The interaction between FIS and ATO
was analyzed based on the results of MTT assays and the
median-effect principle of Chou and Talalay (49). As shown in
Fig. 7A, a single treatment with ATO, at concentrations ranging
from 0.5 to 2.5 M, had little if any effect on the viability of
the K562 cells, the results of which are consistent with those of
previous studies on this cell line (54,55). In turn, the combina-
tion of FIS and ATO produced a highly variable effect on cell
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with Dunn's post hoc test). The representative images of 2 independent experiments are shown; scale bar, 100 ym.

survival in dependence of the concentrations of both agents.
Co-treatment with 10 xM FIS and 0.5 uM ATO resulted in
a slight increase in the viability of the K562 cells; however,
the results did not achieve statistical significance compared
to the control or either agent alone (Fig. 7A). The calculated
CI value indicated a very potent antagonism between FIS and
ATO at this experimental point (dose combination) (Table II).
However, when the cells were simultaneously treated with
higher concentrations of FIS (20 or 30 xM) and ATO (1 or
1.5 uM), a significant decrease in cell viability compared to
the control cell population and ATO-treated cells, but not to
the FIS-treated cells was observed (Fig. 7A). The computed
CI values indicated the occurrence of a slight antagonism and
synergism between the former (20 uM FIS + 1 yuM ATO) and
the latter (30 M FIS + 1.5 uM ATO) dose-pair, respectively
(Table II). At the two highest concentrations (40 yM FIS +
2 uM ATO and 50 uM FIS + 2.5 uM ATO), the combined
cytotoxic effects of FIS and ATO against the K562 cells were
greater than those induced by each agent individually (Fig. 7A).
At these experimental points, the interactions of the two agents
were moderately synergistic, as indicated by calculating the
CI values (Table II). Apart from the determination of the CI
values for actual experimental points, the CI values for a wide
range of effect levels were generated by the computerized
simulation, and depicted graphically as combination index
curve (F,-CI plot). As demonstrated in Fig. 7B, this analysis
revealed that the interactions between FIS and ATO varied
from antagonism at lower concentrations (i.e., the lowest f,
values) to synergism at higher ones (i.e., higher f, values). The

dose requirement to achieve 50% growth inhibition (f,=0.5)
decreased to 48.3 and 2.4 uM for FIS, respectively, thus
reducing the dose by 3.1- and 11.5-fold (Fig. 7B). Importantly,
according to the previous reports (44), this concentration of
the flavonoid is still outside physiologically attainable levels
(=20 uM). Likewise, the therapeutic concentrations of ATO
have been reported to be approximately 1-2 uM (56).

Discussion

Advances achieved over the past two decades in the treatment of
CML, associated mainly with the development of BCR/ABLI
tyrosine kinase inhibitors (TKIs), have markedly improved the
prognosis and survival of Philadelphia chromosome-positive
(Ph+) CML patients (57). However, resistance to TKIs and
their toxicity have become an increasingly important cause
of treatment failure (58). Therefore, the identification and
development of novel agents with therapeutic potential against
CML is still an important subject for research. With this aim, in
the present study, we investigated whether the flavonoid, FIS, at
achievable serum concentrations, exhibits anticancer activity
against K562 human chronic myeloid leukemia cells, in the
context of both potential anti-proliferative and anti-metastatic
effects. We decided to focus mainly on these concentrations
of the flavonoid that have previously been reported to corre-
spond with its in vivo attainable levels (<20 uM) (44). The
concentration issue is of particular importance in the field of
both in vitro and flavonoid research since there is currently
the conception that to limit a lack of reproducibility of the cell
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Figure 5. Measurement of the expression level of pro-survival and death-associated markers by RT-qPCR. The K562 cells were treated for 24 h with
10 and 20 xM FIS or left untreated (CTRL). RT-qPCR measurement of the (A) BCL2/BAX, (B) CASP3, (C) AIF, (D) RIP3, (E) PARPI, (F) BECNI,
(G) MAPILC3B, (H) SOQSTM1/P62, (1) MTOR, (J) PI3K and (K) AKT mRNA expression level. Relative gene expression was normalized to the GAPDH
housekeeping gene and expressed as a fold difference relative to a calibrator sample (untreated cells; assumed as 1). An asterisk denotes statistically significant
differences in comparison to the control ("P<0.05; one-way ANOVA with Tukey's post hoc test). Data represent the means + standard deviation of at least 3
independent experiments. BCL2, B-cell lymphoma 2; BAX, BCL2 associated X; CASP3, caspase-3; AIF, apoptosis-inducing factor; RIP3, receptor interacting
serine/threonine-protein kinase 3; PARPI, poly(ADP-ribose) polymerase 1; BECNI1,Beclin 1; MAPILC3B, microtubule associated protein 1 light chain 3 beta;
SOSTM1/P62, sequestosome 1/PP62; MTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase; AK7, protein kinase B.

line studies in clinical trials, it is essential to employ only low,
clinically relevant concentrations of tested agents. In the case
of dietary flavonoids, this issue is mostly related to the fact
that an increasing number of studies have been demonstrating
a dual, dose-dependent functional effect of these compounds
on cancer cell behavior, with a desired anticancer effect at
high doses (usually >60 M) and no or unfavorable response
at lower ones (59-61). Our previous studies (41,42) and the
current study seem to confirm such observations.

In this study, we found that low concentrations (10 and
20 uM) of FIS only negligibly affected the viability of the
K562 cells through the induction of apoptosis, accompanied
by the increase in the migratory and invasive properties of
these leukemia cells. Some markers of cell death were signifi-

cantly elevated in response to FIS treatment; however, they
were counterbalanced through anti-apoptotic and pro-survival
signals. These results are consistent with the current under-
standing that in response to either death or non-lethal stress
from the treatment, apoptotic signals may have functions other
than cell death, including the promotion of a rapid prolifera-
tion of neighboring surviving tumor cells, and the increase in
their metastatic capacity. This process is referred to as
apoptosis-induced proliferation (AiP) and its direct crosstalk
with signaling networks linked to migration and invasion has
recently been proposed (62-67). Diverse mechanisms of AiP,
such as the ‘Phoenix Rising’ (PR) pathway have been more
recently identified and the role of the latter in tissue regenera-
tion, as well as tumor repopulation and resistance following
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Figure 6. Measurement of the expression level of metastasis-related markers by RT-qPCR. The K562 cells were treated for 24 h with 10 and 20 #M FIS or
left untreated (CTRL). RT-qPCR measurement of the (A) CD44 (B) MMP2, (C) SNAIL, (D) SNAI2, (E) VIM, (F) ROCK1, (G) RHOA, (H) MMP9, (1) TWIST,
(J) PYK2, (K) CTNNBI mRNA expression level. Relative gene expression was normalized to the GAPDH housekeeping gene and expressed as a fold differ-
ence relative to a calibrator sample (untreated cells; assumed as 1). An asterisk denotes statistically significant differences in comparison to control ("P<0.05;
one-way ANOVA with Tukey's post hoc test). Data represent the means + standard deviation of at least 3 independent experiments. CD44, cluster of differentia-
tion 44; MMP2, matrix metalloproteinase 2; SNA/I, snail family transcriptional repressor 1; SNAI2, snail family transcriptional repressor 2; VIM, vimentin;
ROCK]I, Rho associated coiled-coil containing protein kinase 1; RHOA, Ras homolog family member A; MMP9, matrix metalloproteinase 9; TWIST, Twist
family BHLH transcription factor 1; PYK2, proline-rich tyrosine kinase 2; CTNNBI, catenin beta 1.

cytotoxic therapies (either ionizing radiation or chemotherapy)
has also been reported (68-70). Therefore, it is possible that
pro-apoptotic proteins, mostly caspase 3 confer a pro-survival
and pro-invasive phenotype to FIS-treated K562 cells through
the PR pathway. However, the assessment of other key molec-
ular players of the PR pathway [e.g., caspase-7, prostaglandin
E2 (PGE2), protein kinase Cd (PKCJ), calcium-independent
phospholipase A2 (iPLA2), COX-2, NF-«kB] should be
performed, among other assays (71-72), to confirm this
assumption.

There are currently a few studies on the effects of FIS
on human CML cells and their authors suggest that this
flavonoid has a promising activity against these cells (23,24).
Indeed, in K562 cells, FIS has been shown to arrest the cell

cycle at both the S and G2/M phases with the subsequent
induction of mitochondrial- and caspase-dependent apop-
tosis. Simultaneously, wide genome microarray analysis has
revealed that this flavonoid dose-dependently modulates
hundreds of genes implicated in proliferation, differentiation,
cell cycle, growth arrest, apoptosis, DNA repair, invasion and
metastasis, including those being well-recognized oncogenes
and tumor suppressor genes, e.g., NFKBIA (also known as
IkBa), metallothionin (MT) family genes, PMAIP1/NOXA,
CDKNI1A (p21/WAF1/Cipl), GADD45B, MYC (v-myc avian
myelocytomatosis viral oncogenehomolog), MYB (v-myb
avian myeloblastosis viral oncogene homolog), C-KIT (v-kit
Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog),
tubulin family members, such as TUBAIA and TUBAIC,
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Figure 7. Combined effects of fisetin (FIS) and arsenic trioxide (ATO) on the
K562 cells. The cells were treated with various concentrations of ATO (0.5,
1.0,1.5,2.0,2.5 uM) and FIS (10, 20, 30,40, 50 uM), either alone or in a fixed
ratio of 1:20, for 24 h. (A) Cell viability was determined by MTT colorimetric
assay. Data are expressed as a percentage of the control. The symbols $ and #
indicate statistically significant differences compared with FIS or ATO treat-
ment alone, respectively (P<0.05; unpaired t-test with Welch's correction).
The asterisk (*) indicates statistically significant differences compared with
the control. All values represent the means + standard deviation of 5 inde-
pendent experiments. (B) Combination index plot (F,-CI plot) for FIS and
ATO co-treatment in K562 cells. CI values are plotted as a function of the
fractional inhibition (f,) of cell viability by computer simulation (CompuSyn
software) from 0.001 to 0.90. Triangles represent CI values derived from the
actual data points. CI <1 indicates synergism (denoted by green line), CI=1
designates additivity (denoted by a dashed line), and CI >1 represents antago-
nism (denoted by red line). The dose reduction index (DRI) =1 signifies no
dose reduction, whereas DRI >1 and <1 represent a favorable and unfavorable
dose-reduction, respectively.

serpin family members, STAT proteins and the downstream
targets of JAK/STAT pathway, such as PIM1/2 kinases (24).
The above-mentioned effects required the concentrations of
FIS far outside those reported as physiologically achievable
levels (up to 200 M) as well as the prolonged incubation time
(IC, values at 48 and 72 h were estimated as 163 and 120 M,
respectively) (24). Simultaneously, it should be emphasized that
the IC;, values reported by the cited authors for FIS-treated
K562 cells were similar to those obtained by us, whereas in
the studies presented by another research group, 50-uM FIS
promoted a robust cell death of nearly 50% of K562 cells after
24 h of treatment (23). Following the same concentration and
incubation period, we found that FIS induced apoptosis in
nearly 14% of the K562 cells (data not shown). Such discrep-
ancies between the in vitro drug effects can be quite often
found in the literature and usually result from differences
in culture conditions, which are rather difficult to discuss,
when there is a lack of methodological details provided in
the study. Furthermore, the cited authors have demonstrated

KLIMASZEWSKA-WISNIEWSKA ef al: EFFECTS OF FISETIN ON CHRONIC MYELOID LEUKEMIA CELLS

that the FIS-induced apoptosis of CML cells was mediated by
nitric oxide (NO), although the exact underlying mechanism
was investigated in THP-1 acute monocytic leukemia cells,
which were much more sensitive to this flavonoid than K562
cells (23). Therefore, even if, in contrast to our results, 50 xM
of FIS is able to induce a high level of apoptosis of K562
CML cells, it is currently considered that the concentrations
of FIS (as well as most other dietary polyphenols) >20 M are
unachievable in vivo, and some researchers set this limit even
at half lower dose (10 uM) (73-75).

Our efforts towards assessing the effects of FIS on some
markers of both cancer cell migration/invasion and cancer cell
growth/death were related to emerging evidence demonstrating
that some chemotherapeutic drugs, alongside their cytotoxic
activity, may promote invasive behaviors of cancer cells,
resulting in the induction or acceleration of metastasis forma-
tion (76,77). With regard to CML, a recent example of such
action has been derived from imatinib studies. For instance,
Ovcharenko et al reported an increase in the adhesion, migra-
tory and invasive capabilities of K562 cells following imatinib
exposure and identified proline-rich tyrosine kinase 2 (PYK2)
as one of the major mediator of these processes (78). Herein, we
found that of treatment the K562 cells with FIS also resulted in
the upregulation of the PYK?2 transcript level, in addition to its
ability to increase the expression of ROCK]I, although not the
expression of upstream RHOA, both of which have been impli-
cated in the proliferation, migration and invasion of CML cells
and are currently considered as therapeutic targets for CML
patients (79,80). Moreover, the PI3K/AKT/mTOR signaling
pathway enhances not only the growth and survival of cancer
cells, including CML, but also cell invasion, migration and drug
resistance (81,82). Likewise, a high expression of CD44 has been
linked to tumor invasion, metastasis, proliferation, recurrence
and chemoresistance (83), and with regard to the K562 cell line,
it has been suggested that the proliferation of these cells depends
to a greater extent on CD44 (84). Therefore, it is not without
significance that FIS led to the increase in the transcript levels
of these above-mentioned markers in CML cells. Furthermore,
although epithelial-mesenchymal transition (EMT)-related
proteins are well recognized for playing a pivotal role in the
invasiveness, migration capability, stemness, and drug resistance
of epithelial tumors, evidence of their similar importance in the
hematological malignancies (despite their mostly mesenchymal
status, as blood cells originate from the embryonic meso-
derm) has been increasingly provided in recent years (85-87).
EMT-related transcription factors, including TWIST, SLUG and
SNAIL have been linked with the enhanced aggressiveness of
CML cells (88-90), and we found that FIS at in vivo relevant
concentrations increased their mRNA level in K562 CML cells.
Likewise, this flavonoid promoted the overexpression of the
EMT-associated markers, vimentin and MMP2/9, as well as the
nuclear localization of (3-catenin. Furthermore, FIS treatment
resulted in enriched F-actin staining and its visible remodeling
toward the plasma membrane. These results were in agreement
with our in vitro migration and invasion assays, and therefore, it
can be hypothesized that all these cellular and molecular changes
underlie the increased migration and invasion of K562 cells in
the presence of this flavonoid and constitute a clear undesirable
outcome of its in vitro testing in this cancer model. Although
further studies are required, particularly those evaluating the
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Table II. The combination index values at actual experimental points for the combination of fisetin and arsenic trioxide in K562
cells.

Drug combination

FIS (uM) ATO (uM) CI f, Interaction type

10 05 3391 0.001 Very potent antagonism
20 10 1.13 0.102 Slight antagonism

30 1.5 0.68 0.245 Synergism

40 2.0 0.78 0.279 Moderate synergism
50 2.5 0.76 0.341 Moderate synergism

The combination index (CI) values were calculated according to the method of Chou-Talalay using CompuSyn software. CI <1 represents
synergism, with CI of 0.1-0.3 indicating strong synergism, 0.3-0.7 indicating synergism, CI of 0.7-0.85 indicating moderate synergism, CI of
0.85-0.90 indicating slight synergism, CI of 0.90-1.10 indicating a nearly additive effect, CI of 1.10-1.20 indicating a slight antagonism, CI of
1.20-1.45 indicating a moderate antagonism, CI of 1.45-3.3 indicating antagonism, CI of 3.3-10 indicating strong antagonism, and CI above 10

indicating very potent antagonism. f,, fraction affected by dose; FIS, fisetin; ATO, arsenic trioxide.

effects of low-dose FIS on a larger panel of cancer-related
markers at both mRNA and protein level, as well as the phos-
phorylation status of selected proteins, it can be concluded that
a particular caution should be taken when considering FIS as a
potential candidate for CML treatment.

Given the lack of utility of FIS in the monotherapy of
CML, as well as our (41,42) and other (27,43,91) recent findings
on its considerable efficacy in the combination with standard
chemotherapeutic drugs in some cancer models, herein we
also decided to assess whether this flavonoid may synergize
with ATO in K562 cells. ATO is known for its high in vitro
and clinical activity against acute promyelocytic leukemia
(APL), and numerous preclinical data have also supported its
role as a therapy for CML (92,93). ATO treatment has been
shown to present similar cellular effects on CML cell lines
as on APL ones, although higher and clinically unachievable
concentrations are required to promote the cell cycle arrest
and apoptosis of the former leukemia cells (54,55,94,95).
Therefore, there has been a rationale for the development of
optimized ATO-based combination regimens to maintain or
potentiate a treatment response, while reducing its dosage
to sub-pharmacological, non-toxic levels (95-98). In this
study, we found that the interactions between FIS and ATO
varied from potent antagonism at lower concentrations (i.e.,
the lowest f, values) to potent synergism at higher ones (i.e.,
higher f, values). This raises two important concerns. Firstly,
the dose-dependence of the in vitro interaction patterns
between FIS and ATO make it difficult to predict the nature
of their interaction in vivo, where the drug concentrations vary
depending on their pharmacokinetic profile and intra-tumoral
distribution. Secondly, it was the low, physiologically achiev-
able concentrations of FIS, which acted antagonistically with
clinically relevant doses of ATO, what again implies that the
utility of FIS in the combination of ATO as a chemotherapy for
CML is rather limited. This also suggests that the supplemen-
tation of FIS during the treatment of CML patients with ATO
may detrimentally affect therapeutic response. This seems of
particular importance when taking into consideration that FIS
is widely available in the form of dietary supplements (at the

recommended dose of 100-200 mg per day), which are usually
taken without medical supervision. However, since the interac-
tion patterns between FIS and ATO were examined only based
on the results of MTT assays and at a particular concentration
range, it is of importance to confirm our findings using various
concentration ratios of both agents and additional assays, e.g.,
Annexin V/PI assay.

In conclusion, the present study revealed that low-dose FIS
had not only negligible effect on the viability and apoptosis of
K562 cells, but also modulated the mRNA level of selected
metastatic-related markers, accompanied by the increase in
the migratory and invasive properties of these cancer cells.
Although the levels of some markers of cell death were
significantly elevated in response to FIS treatment, they were
counterbalanced through anti-apoptotic and pro-survival
signals. FIS dose-dependently interacts with ATO; however, it
was the low, in vivo achievable concentrations of the flavonoid,
which acted antagonistically with clinically relevant doses of
cytostatic drug. All these results suggest that careful consider-
ation should be taken when advising FIS as dietary supplement
in cancer patients and when considering this flavonoid as a
potential candidate for the treatment of CML. However, it
should be emphasized that our results were obtained under
specific in vitro culture conditions, hence their relevance
to human health is currently limited, and only in vivo and
particularly clinical studies will be able to verify the potential
advantages and disadvantages of using FIS in patients with
CML.
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